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FOREWORD
As a practicing cancer physician, I find my patients often come to their appointments with a sheaf of papers
downloaded from the Internet, seeking guidance. John
Boik’s previous book, Cancer and Natural Medicine, is
dog-eared because it has been a constant source of information in my own practice. I am delighted to add his
new book, Natural Compounds in Cancer Therapy, to
my shelf; it deserves to be included in the personal reference library of every researcher and cancer doctor.
But most of all, it is my hope this book will be read by
every cancer patient interested in including natural compounds in his or her treatment.
Cancer patients and cancer physicians are two sides of
a single coin: we share similar hopes and dilemmas.
Patients hope to be cured of cancer without paying an
unbearable price; doctors hope to cure the cancer without harming the patient. Understandably, cancer patients want to survive not only the disease but also the
treatment, without loss of function or quality of life.
The dilemma, of course, is that when you blast cancer
with the big guns of modern Western medicine, little
may be left standing after the smoke clears.
Faced with dismaying treatment options, it is no wonder that horrified patients turn to alternative therapies.
Unfortunately, in seeking to educate themselves, they
find information that is unscientific, disorganized, or
biased by media or commercial hype. That is why everyone should welcome this book; it is honest, scientific,
it organizes the available information, and it fills a huge
need—for patients, doctors, researchers, and everyone
concerned with better treatments for cancer.
As its starting point, this groundbreaking book adopts
the scientific approach. Scientists and physicians demand proof that alternative treatments work, and the
book adheres to the scientific accountability necessary to
satisfy these demands. This approach is also important
for patients because it helps them see cancer as a multifaceted process, not a sole event. Boik shows us why
each part of the process is a potential target for treatment, and why all parts will be inhibited most effectively when combinations of compounds are used. In
other words, instead of looking for a single magic bullet
to cure cancer, we would do well to consider that a holster full of carefully chosen ones might produce the
greatest good. Overall, this book is unique in integrating basic information on molecular biology with clinical
targets for cancer therapy, and will be of use to anyone
wanting to understand either.

In addition to the scientific information it provides, the
book makes a crucial contribution by drawing a clear,
organized picture of what we know so far about natural
compounds. Today, doctors and patients alike have to
sort through an overwhelming bombardment of information on both natural and traditional cancer therapies.
Boik gives us an extremely valuable overview of what is
known and what remains to be learned. The use of natural compounds in cancer therapy is a field still in its infancy, as he states, but publication of this book is a huge
step forward.
For the patient, this book addresses the hype in the lay
media about the merits of natural compounds and counters it with solid, scientific information. It emphasizes
the scientific rationale for a multipronged approach and
provides an organized starting point for a team effort by
patients and their doctors.
For the physician, Boik delivers a better scientific understanding of the activities of natural compounds and
the scientific basis for using them in applied cancer therapy. Physicians desperately need this information for
two reasons. First, traditional Western medicine in the
past has discounted the role of natural compounds in
cancer therapy because the scientific approach was lacking. Second, the modern physician needs to serve patients who are sorting through more information than
ever before. With this book, the value of using natural
compounds in cancer therapy will gain new respect because it makes the scientific framework accessible to the
physician for the first time.
For the researcher, this book organizes the details of
the work done so far, which for the most part is at the
level of in-vitro (test tube) and animal studies. But it
also provides the big picture, indicating how the results
of these studies can guide human investigations—the
next logical and necessary step toward developing effective natural compounds for cancer treatment. It will
help researchers set the direction for this undertaking.
Natural Compounds in Cancer Therapy fills the gap
between patient expectations and the reality of scientific
information available in the field. It is a bridge between
the skepticism of physicians and the hope of patients.
John Boik provides physicians, patients, and researchers
with a map of where we are, where we need to go, and
how we will get there.
I hope that one day we will not need to label medicine
as alternative or traditional, complementary or integrative, Eastern or Western, but simply “Good Medicine.”
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Good medicine will be defined as medicine that prevents
illness, cures disease, avoids injury to the body, and
brings comfort to the soul of the patient. We will help
cancer patients by curing them sometimes, treating them
meanwhile, comforting them ever, hoping with them
always.

Israel Barken, M.D.
Urologic Oncologist
Chairman and Medical Director
Prostate Cancer Research and Education Foundation
San Diego, California

PREFACE
This book discusses numerous natural compounds that
show promise in the treatment of cancer. It examines
fully what research has told us about them, and it proposes ways of using them that could significantly increase their value in cancer treatment beyond what has
previously been demonstrated. To understand the meaning of this new approach, one needs to see it in the context of the big picture of cancer research.
We stand at a turning point in the field of cancer chemotherapy. The last 50 years have been dominated by
drugs that are not highly specific to cancer cells. Being
nonspecific, these drugs also destroy normal cells, and
in the process can cause significant and sometimes
deadly adverse effects. Before long, a new generation of
more powerful but less toxic drugs promises to be available. These new drugs will target events and processes
that are more specific to cancer cells, and thus they will
not be as harmful to normal cells. This revolution in
therapy is already evident in the laboratory, and within
the next 10 years or so it will become evident in the
clinic. The ability to design and test this new generation
of drugs comes from the many scientific discoveries
made over the last 20 years that allow us to peer into the
workings of a cancer cell at the molecular level. By
seeing more clearly how cancer cells work, we are now
better able to design drugs to halt their proliferation and
spread. This new approach of targeting the mechanisms
by which cancer cells prosper has been called, appropriately, a mechanism-based approach.
These developments paint a very encouraging picture
for the eventual success of modern medicine in its battle
to defeat cancer. But with such promising drugs on the
horizon, the reader may ask, “Why does it make sense to
turn to the study of natural compounds?”

WHY NATURAL COMPOUNDS?
There are three main reasons why natural compounds
are worth studying. First, natural compounds that show
anticancer potential fit into the mechanism-based approach as perfectly as a hand fits into a glove. All the
natural compounds discussed in this book have been
reported to inhibit cancer. Although most of the information available comes from preclinical (test tube and
animal) studies, as is the case with most new mechanism-based drugs, some human studies have also been
conducted. There is solid evidence that these compounds inhibit cancer by interfering with one or more of
the mechanisms that researchers now feel are central to

cancer progression. In fact, some of the natural compounds discussed here have been used as probes in studies that unraveled the mechanisms of cancer
progression.
This is not to imply that these natural compounds have
been clinically proven to inhibit cancer. Multiple human
trials will be needed for that. What matters is that the
preclinical information presented here, as well as data
from the human trials, is promising. And the most crucial point, central to this book, is that the beneficial effects of these compounds are likely to be much more
apparent when they are used in large combinations,
permitting additive and synergistic interactions to occur.
Second, although the future does look bright for eventual success in the fight against cancer, we are not there
yet. Much more work remains to be done. As a science,
the field of natural compound research can contribute to
a greater understanding of cancer and a faster development of successful therapies.
Third, we must study natural compounds because they
are already being used in cancer treatment (and in the
treatment of other diseases). For better or for worse,
hundreds of thousands if not millions of patients around
the world are experimenting with natural compounds in
their efforts to heal themselves of cancer. Researchers
estimate that anywhere from 10 to 80 percent of U.S.,
European, Australian, and Mexican cancer patients use
some form of complementary medicine as part of their
overall therapy.1–12,_a For many of these patients, the use
of natural compounds is an essential part of the complementary approach. For example, two studies in the
United States have reported that roughly 40 to 60 percent of cancer patients who use some form of complementary medicine include the use of herbs, vitamins,
antioxidant, or all three.12,_13 Most of these patients are
using natural compounds without the guidance of their
oncologist or any real guidance from scientific studies.
Because the popularity of using natural compounds in
cancer treatment appears to be growing rather than declining, we are compelled to study natural compounds
so that we can properly guide the public.

a

Superscript numbers throughout the book refer to the numbered
references at the end of each chapter. Hence, some numbers will
occasionally be repeated or appear out of sequence.
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OBSTACLES TO RESEARCH ON
NATURAL COMPOUNDS
Certainly, natural compounds have received some research attention, as is evidenced by the many studies in
this book. But this is still a small number of studies
compared to what is needed. There appear to be two
main reasons why research is still lacking.
First, structure patents, granted for new and unique
chemical structures, are impossible to obtain for the
natural compounds discussed here, since their structures
are already common knowledge. For this reason, these
compounds are not generally thought of as profitable.
Use patents, granted for a new and unique use of a compound, are somewhat easier to obtain for natural compounds, but these patents are less valuable than structure
patents.
The ability to obtain a patent, especially a structure
patent, is a very important aspect of drug development.
A massive number of studies are required to test a drug
and get it approved for market, and the cost of these
studies can be many millions, possibly hundreds of millions of dollars. Pharmaceutical companies recoup this
investment by either licensing their patent to other
manufacturers or by acting as the sole manufacturer
themselves. Since a large portion of the total research
money available comes from pharmaceutical companies,
the natural compounds discussed in this book have not
received the full attention they deserve.a
Second, adequate attention is not given to the natural
compounds I discuss because none are likely to become
the “silver bullet” miracle cancer cure for which everyone has been searching. In fact, when used alone, the
inhibitory effects of most of these compounds would be
considered modest at best. Their true potential will be
realized only when they are used in synergistic combinations, and here they may shine.

SYNERGISTIC INTERACTIONS
Until now, the search for miracle cures has meant that
compounds not likely to be silver bullets are often
viewed as unworthy of further investigation. It is my
belief, however, that this search for the silver bullet is
actually one reason we have not yet found many suitable
cancer treatments. The new mechanism-based approach
informs us that many different events contribute to the
eventual success of a cancer. Any single drug can at
best target a small number of these events, leaving the
a

For those readers who have the ability and interest to help fund
anticancer research on natural compounds, please see Appendix
M.

rest to occur uninterrupted. Moreover, we know that
cancer cells have some ability to adapt to therapy. We
can imagine that a cancer cell can adapt better to one or
a few interrupted events than to many. Hence, my central thesis is that the most successful cancer therapies
will be those that target all the primary events involved
in cancer cell survival. The second part to this thesis is
that to accomplish this task, multiple compounds used in
combination will be necessary. Natural compounds are
ideally suited for this type of application; they are active
at reasonable concentrations, and yet their mild nature
allows a variety of large combinations to be used safely.
There are several reasons why the concept of using
large synergistic combinations of compounds has not
been embraced by Western medical science. First, although small combinations of chemotherapy drugs are
routinely used in research and clinical practice, the size
of these combinations is normally limited to about three
to five agents.b Larger combinations are not tested because as the size of the combination increases, so does
the expense, technical difficulty, and potential for adverse effects. For example, the statistical analysis of
interactions becomes very difficult with combinations
larger than about five compounds. Nonetheless, this
book considers combinations containing perhaps 15 to
18 compounds. Although this may seem excessive to
some readers, we must keep in mind that these are relatively nontoxic compounds and that combinations of this
size or slightly smaller have been routinely used in
herbal medicine traditions from around the world. Thus
humans have been following this general practice with
some success for many hundreds, if not thousands of
years. With a focused effort, we should be able to overcome any technical difficulties that the study of large
combinations of natural compounds may present.
Another reason this concept of large combinations has
not been embraced is because many agents must be
available for testing. Some pharmaceutical firms, especially smaller firms, have only a few cancer drugs under
development. These firms have little incentive to spend
money showing their product works best when combined with products from competitors.
One last reason is that since the first half of the 1900s,
regulatory agencies and medical researchers have preferred to work with pure, well-defined substances. In
contrast, most of the compounds discussed here are
b

Note that the combinations of chemotherapy drugs in current
use tend to contain agents that primarily focus on a single cellular target: the interruption of DNA activity. Thus such combinations do not address the full spectrum of events important in
cancer progression and do not meet the criteria suggested here
for optimal design of combinations.
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commonly used in the form of concentrated plant extracts. These extracts are complex mixtures, and combinations of these extracts are even more complex. It is
only very recently that the U.S. Food and Drug Administration (FDA) has considered granting Investigational
New Drug (IND) status to complex plant extracts. (IND
status is needed for human studies.) Humans have been
using complex mixtures much longer than isolated compounds, and the new openness of regulatory agencies is
both promising and welcome.
In spite of any difficulties involved in testing large
combinations, this work needs to be done. For one
thing, large combinations hold more promise than single
agents or small combinations. In addition, large combinations of natural compounds are already being used
(perhaps haphazardly) by many thousands of cancer patients. An even larger number of patients use them for
treatment of other diseases. Thus, however complex
their study, we have a responsibility to apply ourselves
to the task.

PURPOSES OF THIS BOOK
The first purpose of this book is to inform the reader
what has been accomplished in the field. This necessarily entails a description of how natural compounds fit
into the mechanism-based approach. It also requires
discussions on dose calculations, toxicology, and other
aspects of clinical use. Some of the information on dose
and toxicology has not been previously published and
was developed exclusively for this book.
I have tried not only to synthesize the total body of information into a coherent whole but also to construct a
framework the reader can use to understand new information on these compounds as data become available.
Moreover, as more studies are conducted, the usefulness
of additional natural compounds will undoubtedly come
to light, and some compounds discussed here may no
longer seem as valuable. It is hoped that the structure
provided here will assist evaluation of these new compounds.
The second purpose is to propose a thesis as to how
natural compounds (or other drugs) might best be used
in cancer treatment. This thesis has two parts: 1) the
most successful cancer treatments will be those that address all the primary events in cancer progression; 2)
large combinations will be needed to accomplish this
task. Clearly, this book does not prove the thesis; but it
does take the first step by arguing that the thesis is plausible and deserves full investigation. As part of these
arguments, original research conducted by my colleagues and myself is presented in Chapter 13, which
illustrates the potential benefits of large combinations.

xi

The third purpose is to help guide future research in
natural compounds. By presenting the available information as a whole, I hope to make the gaps where information is lacking more obvious, and to steer future
research toward the study of combinations. Also, by
presenting information on doses and other clinical aspects, I hope to guide the development of future study
designs. As a simple example, I encourage future animal studies to use orally administered compounds at
doses relevant to human use, a practice, unfortunately,
often not followed.
I want to be clear I am not suggesting that patients
self-medicate, nor am I suggesting natural compounds
be used in lieu of beneficial conventional treatments
when they are available. In fact, in some instances the
best use of natural compounds will probably be as adjuncts to conventional treatments, and I have accordingly devoted an entire chapter to this topic. Thus my
final purpose is to educate patients to help them work
more effectively with their practitioners, who in turn
should find much supportive information here for developing their own recommendations. Because this book is
based primarily on preclinical information, the suggestions herein are not intended as ready-made treatment
plans. Obviously, much work remains to determine the
safety and efficacy of the compounds discussed. In
those cases where patients and their doctors feel that
certain combinations of natural compounds may be useful, I trust they will use them wisely, with caution, and
after consulting other resources.
In writing this book, I am attempting to reach the patient, the doctor, and the researcher—three quite different audiences. With the patient in mind, I have placed
the most technical material in the appendices. A less
technical book at such an early stage of development in
the field would not have been as appropriate because a
simplified guide would not be as effective in advancing
research on natural compounds as I hope this book will
be.

ORGANIZATION
The book is divided into three parts, with Chapter 1
serving as an introduction to Parts I and II. Chapter 1
provides an overview of the anticancer strategies promoted in this book, discusses in more detail the need for
using combinations of compounds, briefly introduces
the compounds discussed in later chapters, and provides
some practical information for understanding the concentrations and doses reported here.
Part I (Chapters 2 to 6) discusses the various events
involved in cancer progression at the cellular level, including genetic changes, proliferation, cell death, and
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the communication that occurs between cancer cells and
other cells. Each chapter briefly discusses the natural
compounds likely to affect these events. The purpose of
these discussions is both to show how natural compounds can affect cancer through multiple means and to
set the stage for the more clinical discussions of each
compound in Part III.
In Part II (Chapters 7 to 12) the focus shifts from cancer at the level of the cell to cancer at the level of the
organism. Here we discuss the interactions that occur
between groups of cancer cells (i.e., tumors) and the
body, including angiogenesis, invasion, metastasis, and
interactions with the immune system. Again, each chapter includes a brief discussion of the natural compounds
likely to affect these events.
Parts I and II contain the most challenging scientific
material, and the reader may find it useful to read these
chapters sequentially, since all terms are explained as
they are introduced. To further assist the reader, an acronym list is included and the index is extensive.
In Part III, the focus shifts to the individual compounds, the evidence for their efficacy, and the clinical
considerations involved in using them. The introduction
to Part III (Chapter 13) discusses synergism and presents
research by my group and others supporting the thesis
that synergism is a hopeful approach. Chapter 13 briefly
explains my approach in estimating doses and evaluating
toxicology and also contains information on how combinations can be designed. Chapter 13, along with
Chapters 1 and 2, should be considered essential reading, because they introduce the material that forms the
basis of the book.
Chapters 14 to 22 are organized according to the type
of compound in question. For example, polysaccharides
are discussed in Chapter 16 and lipids are discussed in
Chapter 17. This type of organization is used in many
textbooks of pharmacognosy, the study of crude drugs
of natural origin; it is convenient here since many of the
compounds within a given chemical family have similarities in clinical application. The discussion on each
compound includes a review of test tube, animal, and
human anticancer studies; an analysis of their implications; and estimates of a required dose. The last chapter,
Chapter 23, focuses specifically on potential interactions
between natural compounds and chemotherapy and radiotherapy.
The technical material in the appendices includes
chemical structure diagrams for each compound and a
table of molecular weights (Appendix A); a discussion
on pharmacokinetic and pharmacodynamic modeling,
along with a discussion on the methods used to scale
animal doses to their human equivalents (Appendix B);
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and supplementary information for various chapters
(Appendices C to H, and K). Appendix I discusses two
models I developed to estimate the oral clearance of
natural compounds based on their chemical structure
(oral clearance is a value used in estimating doses). It
then discusses predictions of toxicity made for natural
compounds using the TOPKAT model, which also bases
estimates on chemical structure. Lastly, it presents the
methods used to estimate an equivalent oral dose based
on an intraperitoneal or subcutaneous dose. Appendix J
contains a technical discussion of the pharmacokinetics
of most of the natural compounds and explains the dose
calculations made for each. Appendix L gives information on the computer programs used to develop some of
my data, as well as the companies that make the programs. Lastly, Appendix M informs readers of the fund
my colleagues and I have set up at M. D. Anderson Cancer Center at the University of Texas in Houston that
will receive tax-deductible donations to conduct the kind
of research on natural compounds this book calls for.
This book is a continuation of my first book, Cancer
and Natural Medicine.14 There are, however, some significant differences between the two. Whereas the first
book discussed nearly two hundred natural compounds
that may be useful, this book narrows that list to about
three dozen judged to have the greatest potential or to be
of the greatest interest. Furthermore, the discussions on
clinical considerations here are more advanced. The
reader is referred to my first book for information on
theories of Traditional Chinese Medicine (TCM) in cancer treatment, Eastern and Western psychological therapies in cancer treatment, and additional natural
compounds that may be useful in cancer treatment, including many Chinese herbs.

POTENTIAL CRITICISMS
This book discusses some controversial issues, and it
will not be without its critics. One likely criticism is the
lack of clinical evidence to prove or come close to proving that natural compounds are indeed beneficial in the
treatment of human cancers. Certainly, randomized,
double-blind, placebo-controlled studies, the gold standard in proving efficacy, have not been conducted for
most of these natural compounds, much less for combinations of them. It is not my intent to declare that natural compounds will cure cancer but to provide a
snapshot of a promising field in its infancy and to suggest ways in which the field might best mature.
Another criticism likely to arise is that the dose estimates in Part III are so rough they have little value. It is
true they must be refined. For many compounds, only
limited information is available on which to base dose
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estimates, and as I state in numerous places, most estimates provide only rough, ballpark values. They should
not be taken as fact by patients or doctors. They do,
however, represent the best estimates available so far.
Again, this is a field in its infancy. I believe these values are worthwhile, in that they provide researchers with
rough estimates for designing future studies and challenge them to develop more accurate estimates. Also,
with judicious consideration, prudent caution, and consultation of other resources, doctors and patients working together may find some of these estimates helpful in
guiding treatment.
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NOTES FOR THE 2005
DOWNLOADABLE VERSION
Over four years have now passed since this book was
first released. During this time, knowledge has evolved,
both in the field of cancer research and on a more personal level. After release of this book, I entered the
Ph.D. program at the University of Texas as a student
once again. It has been my good fortune to work under
the guidance of Robert Newman, Ph.D. at M. D. Anderson Cancer Center. Are there sections in the book that I
would have written differently? Considering what I
know now, of course there are. Yet, there are also sections that I would leave largely intact. My full schedule
prevents me from making changes for this downloadable
version, but I would briefly like to point out a few areas
that are ripe for overhaul.
First, I would change Chapter 15 on vitamin C and antioxidants. While some of the basic information is
sound, conclusions and extrapolations need to be revisited. These include conclusions on vitamin C, which
requires a more thorough investigation on my part. I
would completely delete the section titled “A Theory on
Antioxidant Effects”, as it would need extensive work to
make it presentable. Also, as part of my graduate work I
am modeling oral clearance and toxicity, but in a more
refined manner than is presented in Appendix I. Thus,
the material in the appendix would need revision, as
well as the dose estimates throughout the book that are
based on the models presented in the appendix. Lastly,
all sections of the book could be updated with information that has been published since the release of the
book. In this spirit, some research updates from 2001
are available on our web site.
I am quite pleased to make this book available in
download form on the honor system. The fact that the
book was well reviewed and well received was a heartwarming, wonderful compensation for my family and
myself. But as a self-published specialty book, revenues
have not come close to paying for the time and expense
of writing and publishing it. So, while I would like to
offer this book for free, I cannot afford to do so. Yet, I
want to make the book available to anyone who believes
they might benefit from it. For these reasons, I am making the book available in electronic form on the honor
system. I trust that readers who use the book will fulfill
their responsibility to mail in due compensation. Our
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address, as well as the price of the book, is given in the
front pages. I will be most pleased to discover that the
honor system works. Happy reading!
J. B.
March, 2005
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BACKGROUND FOR PARTS I AND II
Part I of this book discusses cancer at the cellular
level, and Part II discusses cancer at the level of the organism. The latter refers to interactions between groups
of cancer cells (tumors) and the body. As we will see, a
conglomeration of interrelated events occur within an
individual cancer cell, as well as between tumors and the
body, which allows a cancer to proliferate and spread.
For convenience, I refer to these as procancer events.
For example, one procancer event is the production of
enzymes by tumors that allows them to invade local tissues. The mechanism-based approach to cancer treatment used throughout this book views each of these
procancer events as a potential target for cancer inhibition. Although a very large number of procancer events
occur during a tumor’s life, to simplify and focus this
approach, I group them into seven primary clusters of
events. The inhibition of these seven event clusters thus
becomes the goal of the mechanism-based approach outlined here.
This chapter defines the seven event clusters and identifies each with a strategy for cancer inhibition. In addition, we look more closely at why combinations of
compounds will be most effective at inhibiting these
seven clusters and why the synergism that occurs within
combinations is needed for natural compounds to be
effective. We will also look at how combinations of
compounds might be designed, then introduce the natural compounds to be discussed. Finally, some practical
information is provided to help the reader understand the
concentrations reported and the relationship between
animal doses and their human equivalents.
It seems useful to start with the basics of what occurs
in cancer; thus we begin with a look at how normal cells
behave and how a normal cell becomes a cancer cell
during carcinogenesis.

DEVELOPMENT OF CANCER AND
CHARACTERISTICS OF CANCER
CELLS
Imagine a healthy tissue containing thousands of cells.
Each cell serves the greater good, which is the continuation of a person’s life. Each cell is programmed so that
when the cell is old or no longer needed, it dies a peaceful and timely death. This death is called apoptosis. All
cells are in communication, which allows for the smooth
repair and replacement of tissues and other aspects of
cell behavior. Communication takes place either indi-

rectly, via exchange of messenger compounds such as
hormones and growth factors, or directly, via cell-to-cell
contact. Contact allows cells to respond to the “feel” of
neighboring cells, via cell adhesion molecules, and to
exchange messenger molecules through cell-to-cell portals called gap junctions. With the help of proper communication, appropriate cells proliferate when new cells
are needed, and when enough new cells have been produced, cell division stops.
Cancer cells are the descendants of a normal cell in
which something has gone wrong. In this normal cell,
some kind of internal or external stress causes a mix-up
in its genetic code (its DNA). This event is said to “initiate” the cell to a precancerous state. After its DNA has
been damaged, the cell withdraws from close communication with its neighboring cells. Interrupted cell-to-cell
communication is a common result of DNA damage or
other forms of cellular damage. Separated from the
regulatory controls of its community, it is now at the
mercy of its environment. Let us say that the environment around this cell contains a promoting agent, which
is a compound that stimulates cell proliferation. In response to the promoting agent, this precancerous cell
divides to produce daughter cells, and these daughter
cells divide to produce more daughter cells, and so on.
All are proliferating only in response to the promoting
agent. The promoting agent may be a chemical foreign
to the body, or it could come from a natural process such
as inflammation. One day, the worst occurs. The genetic instabilities passed down through the generations
finally result in one cell that becomes capable of selfstimulation, and on this day an autonomous cancer cell
is born. This cell no longer requires the promoting
agent to stimulate its proliferation. The role of the promoting agent is made obsolete by the cell’s ability to
make proteins such as growth factors that stimulate proliferation.
This original cancer cell divides to produce daughter
cells, these cells also divide, and soon there is a population of cancer cells. As they divide, they develop malignant characteristics, such as the ability to invade and
metastasize. They also develop other characteristics that
help assure survival, for example, the ability to evade
the immune system, to mutate when faced with adverse
conditions, and to induce the growth of new blood vessels through the process called angiogenesis. The development of these characteristics marks the third stage
in carcinogenesis, the first two stages being initiation
and promotion, respectively. In this book, I use the term
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progression to refer to both the third stage of carcinogenesis proper and to the entire postpromotion period of
the cancer’s life. This correctly implies that progression
is an ongoing, evolving process.
Compared to normal cells, cancer cells have lost touch
with their neighboring cells, their community purpose,
and even largely with one another. They are a race of
self-serving, easily adaptable cells, whose proliferation
continues with the slightest provocation. They use more
than their fair share of resources, live longer than their
fair share of time, and produce more than their share of
offspring. In short, they exhibit the two deadly characteristics of cancer: uncontrolled proliferation and uncontrolled spread.

SEVEN STRATEGIES FOR CANCER
INHIBITION
To be clear, not all cancers develop exactly as in the
scenario above. This scenario is common, however, and
within it lies the foundation for all our discussions on
cancer inhibition. From it, we can identify seven clusters of procancer events:
1. Induction of genetic instability. Each cancer cell
carries within itself genetic instability, and this instability increases the chances the cell will be able to
mutate as needed to adapt to its environment.
2. Abnormal expression of genes. In essence, the function of genes is to make proteins—a process called
gene expression. When they are expressed, some
genes produce proteins that inhibit cancer progression, and others produce proteins that facilitate it. In
cancer cells, abnormal expression of genes occurs,
resulting in too few proteins that inhibit cancer and
too many that facilitate it.
3. Abnormal signal transduction. Signal transduction is
the movement of a signal from outside the cell toward the cell’s nucleus, where it can stimulate proliferation or other activities. One important source of
external signals comes from growth factors. Growth
factors are soluble molecules that bind to specific receptors on the cell’s surface and stimulate the cell’s
activities. A second source of external signals comes
from cell adhesion molecules (CAMs). Cells interact
with their environment through CAMs located on
their surface. Cell adhesion molecules are proteins
that act like fingers to regulate the degree of contact
with other cells and tissues and inform cells of their
surroundings. Other factors are also involved in signal generation and signal transduction. For example,
cancer cells can produce their own growth factors,
thereby allowing self-stimulation; they can produce
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extra receptors for growth factors; and they can produce free radicals, which can make growth factor receptors more responsive to stimulation.
4. Abnormal cell-to-cell communication. By decreasing their contact with normal cells, cancer cells are
freed to act independently. As mentioned previously, cell-to-cell communication occurs via portals
between adjacent cells (gap junctions) and through
cell adhesion molecules. Normal cell-to-cell communication through gap junctions maintains homeostasis and discourages cancerlike behavior. Normal
CAM activity keeps cells in place and prevents signal transduction that may be initiated by abnormal
CAM activity.
5. Induction of angiogenesis. Angiogenesis is the
growth of new blood vessels toward and within tumors (or other tissues). Solid tumors require angiogenesis in order to grow. Tumors need blood vessels
to supply oxygen and nutrients, and the blood vessels
created by angiogenesis provide the channel by
which tumor cells metastasize to distant locations.
6. Invasion and metastasis. Tumors can spread both
locally, via invasion of adjacent tissues, and distantly, via metastasis through the blood and lymph
circulation. The spread of cancer, along with uncontrolled proliferation, is a central hallmark of malignancy.
7. Immune evasion. Cancer cells shield themselves
from immune attack, thereby evading destruction;
they can hide from immune cells by employing various camouflaging techniques or can produce immunosuppressive compounds that impair the ability of
immune cells to function.
These seven event clusters provide the targets for the
anticancer strategies laid out in this book. Each of the
seven clusters of procancer events is illustrated in Figure
1.1.
Since each of these seven clusters is a target for therapy, we can identify seven strategies for cancer inhibition. Keep in mind that natural compounds can be used
to carry out each of these seven strategies and that the
best results will be seen when all seven are used together. The seven strategies are as follows:
1. Reduce genetic instability. Genetic instability is aggravated by oxidative stress (stress caused by free
radicals). Cancer cells exist in an oxidative environment, and although such an environment kills
some cells, many continue to survive. As oxidative
stress increases, the declining population of surviving cells exhibits greater instability and higher mutation rates, in theory eventually producing more
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aggressive and successful cancers.
Thus one way of reducing genetic instability is by reducing oxidative
stress. Other possible means of reducing genetic instability are discussed in Chapter 2.
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2. Inhibit abnormal expression of
genes. One way that gene expression
can be normalized is through modifying the activity of transcription factors.
Transcription factors are
proteins that act as switches in the
nucleus to turn on gene expression.
Genes that inhibit cancer progression
are commonly underexpressed in
cancer cells, and genes that facilitate
cancer are commonly overexpressed.
Therefore, cancer can be inhibited by
normalizing the activity of those
transcription factors that control the
expression of these genes. The use
of natural compounds to affect transcription factors is discussed in
Chapter 5.
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3. Inhibit abnormal signal transduction.
The movement of a signal from outside the cell toward the nucleus relies
on several proteins (including kinase
enzymes and ras proteins, discussed
later), and so signal transduction can be inhibited by
blocking the actions of these proteins; using natural
compounds for this purpose is discussed in Chapter
4. Signal transduction is a normal process needed by
healthy cells, but in cancer cells the volume of signal
transduction is excessive, and the signals that flow
favor proliferation and spread. Thus the intent is not
to eliminate signal transduction but to bring it down
to normal levels.
4. Encourage normal cell-to-cell communication.
Normal cell-to-cell communication can be fostered
by improving gap junction communication and by
normalizing CAM activity. Natural compounds that
encourage normal cell-to-cell communication are
discussed in Chapter 6.
5. Inhibit tumor angiogenesis. Like signal transduction, angiogenesis is a normal process; it is needed
during wound healing and in other situations. Angiogenesis in tumors, however, unlike that in normal
conditions, is uncontrolled and ongoing. Our intent
then is not to eliminate angiogenesis but to normalize
its occurrence by normalizing the factors that control
it. Angiogenesis is most successful if certain chemicals called angiogenic factors are present, as well as
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normal cell

loss of gap junction
communication

certain environmental conditions, such as hypoxic
(low-oxygen) ones. Cancer can be inhibited by
blocking the release or action of angiogenic factors
or by otherwise altering the local environment to inhibit tumor angiogenesis. Natural compounds that
inhibit tumor angiogenesis are discussed in Chapters
7 and 8.
6. Inhibit invasion and metastasis. Invasion requires
enzymatic digestion of the healthy tissue surrounding
the tumor. It also requires the migration of tumor
cells. Invasion can be reduced by inhibiting enzymes
that digest local tissues, by protecting normal tissues
from the enzymes, and by reducing the ability of tumor cells to migrate. Natural compounds that inhibit
invasion are discussed in Chapter 9. Metastasis requires that cells detach from the primary tumor, enzymatically digest blood vessel walls to gain access
to and exit from the blood circulation, and evade the
immune system while in the circulation. Thus metastasis can be checked by inhibiting any one of these
processes. Natural compounds that do so are discussed in Chapter 10.
7. Increase the immune response. The immune response against cancer cells can be increased by
stimulating the immune system and by reducing the
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ability of cancer cells to evade immune attack. Both
actions are best taken in tandem, since without prevention of immune evasion, immune stimulation will
have little benefit; healthy, vital immune cells can
destroy cancer cells, but only if the cancer cells can
be recognized as foreign to the body. Chapters 11
and 12 discuss the use of natural compounds to
stimulate the immune system and inhibit immune
evasion.
When natural compounds are used in these strategies,
some will directly inhibit cancer cells, causing them to
die, revert to normalcy (a process called differentiation),
or just stop proliferating. Others will inhibit cancer progression indirectly by inducing changes in the local environment that are unfavorable to angiogenesis,
invasion, or metastasis. This might include, for example, inhibiting the enzymes produced by cancer cells that
allow invasion. Thus we can group natural compounds
into two broad categories of action: those that act directly on cancer cells to inhibit proliferation (called direct-acting compounds) and those that inhibit cancer
progression by affecting tissues or compounds outside
the cancer cell (called indirect-acting compounds). In
addition, we can add a third category: compounds that
inhibit cancer through stimulating the immune system.
Although immune attack produces a direct cytotoxic
effect against cancer cells, immune stimulants themselves generally do not.a

USING NATURAL COMPOUNDS IN
COMBINATION
From the above discussions we begin to see why using
combinations of natural compounds is so important. A
well-designed combination of compounds will target all
seven clusters of procancer events, a task a single compound could not perform. In addition, since most natural compounds inhibit several procancer events, a large
combination of natural compounds will redundantly target all seven clusters of events. Redundant targeting is
useful in that if one compound fails to perform its task,
another is available to back it up. Redundancy is in fact
common in stable systems. In nature, for example, biologic diversity provides redundant controls of insect pest
populations.

Synergism in Combinations
The use of combinations provides one other important
advantage: the possibility of additive or synergistic interactions. (For convenience, unless stated otherwise,
the term synergism is used loosely to refer to either additive or synergistic interactions.) Synergism is important
because it allows lower and safer doses of each compound to be used; in fact, it is more than important, it is
required for our purposes. As discussed in Chapter 13,
most direct-acting natural compounds, if used alone,
would require excessive and unsafe doses to inhibit cancer. My colleagues and I have conducted preliminary
research on large combinations of natural compounds,
and other groups have conducted research on small
combinations of natural compounds. The research as a
whole strongly suggests that when used in combination,
natural compounds can produce synergistic effects in
vitro.b If synergistic effects are also produced in vivo,
and there is reason to believe they would be, such interactions would make essentially all direct-acting natural
compounds discussed in this book potentially effective
when used at safe doses. This is true even if the interactions are additive rather than truly synergistic.
That most direct-acting natural compounds discussed
here require synergism to be effective at safe doses is,
ironically, related to the reason they are included in this
book—they are milder than most chemotherapy drugs
and less apt to produce adverse effects. Most of these
compounds are on the average (geometric average)
about 21-fold less toxic than most chemotherapy
drugs.1,_c Furthermore, the most toxic natural compound
is about 270-fold less toxic than the most toxic chemotherapy drug.d However, they are also less toxic to canb

In vitro, literally, “in glass,” refers to studies conducted in the
test tube, and in vivo, literally, “in life,” refers to studies conducted in animals.
c

The geometric average is used at a few places in this book. It is
the average of a group of n numbers as calculated by (x1 • x2 •
xn)1/n and is near the arithmetic average when the numbers are
evenly dispersed. It is used instead of the arithmetic average
primarily when the arithmetic average is heavily influenced by a
relatively small number of extreme outlying points. In these
cases, the geometric average can be a more meaningful descriptor.
d

a

By convention, we say that a cytotoxic effect occurs if cells are
killed and a cytostatic effect occurs if cells are kept from proliferating. Cytotoxic and cytostatic effects can be readily studied in
vitro. However, many in-vitro tests do not actually differentiate
between the two, and in this book, I use the term cytotoxic to refer
to both cytotoxic and cytostatic effects unless stated otherwise.

The geometric average of the oral lethal dose (LD50) in rats
predicted for 20 of the natural compounds discussed is 1.5 g/kg
(see Table I.4 in Appendix I). This is in contrast to the 21-fold
lower LD50 geometric average of 72 mg/kg for a representative
sample of 17 chemotherapy drugs (NCI data obtained from the
reference given). Furthermore, the lowest LD50 for the natural
compounds is 270 mg/kg, whereas the lowest LD50 for the chemotherapy drugs is 1 mg/kg. The equivalent human doses are about
4.4 grams and 16 milligrams, respectively. Sixteen milligrams is
a very small amount of material!
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cer cells than most chemotherapy drugs. Most of the
natural compounds discussed are active in vitro at concentrations of about 1 to 50 µM. A target concentration
of 15 µM is used in most of the dose calculations in later
chapters. In contrast, standard chemotherapy drugs tend
to be active at much lower concentrations. Based on a
simple analysis of data from the National Cancer Institute, the average effective concentration (IC50) for nine
common chemotherapy drugs was 0.48 µM.2,_a This is
roughly 30-fold lower than the active concentrations of
the natural compounds considered here.
Therefore, high concentrations are required to inhibit
cancer, and this requires large doses. For roughly 65
percent of the direct-acting natural compounds, such
high doses are likely to cause adverse effects. As previously stated, however, synergistic interactions will make
essentially all of these direct-acting natural compounds
potentially effective when used at safe doses.

Designing Combinations
Chapter 13, the introductory chapter to Part III, discusses how natural compounds might be chosen for use
in combinations, but an overview of the process can
provide some context for how the compounds discussed
in Parts I and II might be used. Although compounds
could be chosen for the particular procancer events they
inhibit, it is more practical and probably just as useful to
consider the design of combinations as a process of
elimination; one that can be based on five constraints:
• Using a large number of compounds to assure redundancy, facilitate synergism, and target all seven clusters of procancer events. An ideal number of
compounds might be 15 to 18, which means only
about half the compounds discussed in this book
would be used.
• Choosing compounds so that all three categories (direct acting, indirect acting, and immune stimulants)
are represented. Since each compound tends to inhibit multiple procancer events, by using a large
combination and compounds from all three categories, it is likely that all seven clusters of procancer
events will be inhibited.
• To assure diversity, if a pair or group of compounds
appear to act very similarly, using only one of the
pair or a few of the group.
• Eliminating compounds that are not practical for
whatever reason. For example, some compounds
a

These are actually GI50 values rather than IC50 values. The
GI50 is an adaptation of the IC50 by the National Cancer Institute
to correct for cell count at time zero. The average value quoted
here is based on data from sensitive cell lines.
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discussed may not be commercially available at present.
• Eliminating compounds that do not appear to have
strong anticancer effects relative to the other natural
compounds.
The above process of elimination can be used to guide
the initial design of a combination; after which it could
be refined to meet the needs of a particular patient.

INTRODUCTION TO THE
COMPOUNDS
Of the hundreds of natural compounds known to be active against cancer (at least in vitro), this book focuses
primarily on only 38. This is clearly a very small percentage. Narrowing the focus was necessary for several
reasons. For one thing, few data are available for most
of those known to be active. For another, many would
not be safe for human consumption. For these and other
reasons, a set of criteria was used to narrow the focus;
compounds were included that met most, if not all, of
the following:
• They are not already approved as prescription drugs
by the U.S. Food and Drug Administration. Furthermore, they are not patented or trade secret products, so their composition is known and they are not
licensed to one manufacturer. Although such products can be useful, I will leave it to the manufacturers
to argue their benefits.
• The compounds or their plant sources have a history
of safe human use as food or in herbal medicine traditions.
• They are active at concentrations that are achievable
in humans after oral administration. In many cases,
this requires them to be used in synergistic combinations.
• They are expected to be nontoxic to the patient at the
required dose. Again, this may require low doses
and synergistic combinations.
• They are not excessively expensive.
• They are readily available commercially or could be
readily available within the next few years.
• Sound theoretical reasoning exists to support the hypothesis that they may be useful in cancer treatment.
For example, the means by which they may inhibit
cancer cells is understood.
• They are suitable for long-term therapy because they
are safe and can be administered orally.
Preference was also given to compounds that inhibit
multiple procancer events. By affecting multiple events,
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these compounds are more likely to inhibit a wider range
of cancers under a greater variety of circumstances. The
ability to inhibit multiple events also increases the
chances that synergistic interactions will occur between
compounds. In addition, preference was given to compounds with other desirable characteristics, such as dissimilarity to the other compounds, being of interest to
the public, and being useful for instructive reasons. Although the compounds selected do include many of
those already being used by cancer patients, not all in
common use were included; it was not possible to discuss all compounds that may be of interest.
Some of the 38 compounds do not look as promising at
this time as others. In particular, flaxseed, EGCG (from
green tea), and hypericin (from St. John’s wort) are all
associated either with some uncertainties in safe or effective doses, or they are not likely to produce a strong
anticancer effect relative to the other compounds. However, they are still discussed because of public interest in
them, because it is instructive to see the problems associated with them, and because new research may remove
the uncertainties and place them in a more promising
light.
The primary compounds of interest are listed in Table
1.1. (Additional natural compounds are mentioned from
time to time, but only in passing.) A detailed description of each is provided in Part III, and chemical information for most, including structural diagrams, is given
in Appendix A. Note that thousands if not millions of
natural compounds exist; but most of these do not inhibit cancer, and some are not safe for human ingestion.
To avoid confusion, the term natural compound in this
book refers only to those compounds listed in Table 1.1,
unless specifically stated otherwise.
Most of the compounds in the table are available
through supplement or herbal suppliers. They are formulated as pills, powders, liquids, or whole plant parts.
Some formulations contain crude plant material and
some contain extracts of various potencies. A small
number are not yet commercially available, while a larger number are not yet available in the preferred form of
high-potency standardized extracts. Such concentrated
extracts are standardized to contain a specific amount of
the active ingredient(s). It is likely that most will be
available as standardized extracts in the future.a
As discussed earlier, natural compounds can be divided into three groups: those that inhibit cancer cell
proliferation directly, those that act by indirect means to
inhibit cancer progression, and those that stimulate the
a

To learn about the latest availabilities, or to inform us of availability, please visit our web page at www.ompress.com.
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immune system. Table 1.2 lists them according to category. Of course, many compounds have multiple actions, and they could be placed in more than one
category. Placing these in a single category is a judgment call. For example, melatonin has a beneficial effect on the immune system and can directly inhibit some
types of cancer cells. The same could be said of ginseng. Here melatonin and ginseng are both characterized as immune stimulants. Judgment calls aside, the
arrangement of natural compounds in this table is still a
useful starting point for conceptualizing their behavior.
The natural compounds listed in Table 1.1 have received different amounts of in-vitro, animal, or human
study. For some compounds, only a few studies involving cancer cells have been completed, whereas for others, there have been many dozens. Because a compound
has received few studies does not mean it is ineffective.
By the same token, because a compound has received
many studies does not indicate it is highly effective. In
fact, some studies could have reported negative results.
Still, the number and type of studies roughly indicate
how well the anticancer effect has been characterized.
In this regard, human studies are, of course, the most
useful in predicting effects in humans. Animal studies
are less useful than human studies, and in-vitro studies
are less useful still. On the other hand, in-vitro and
animal studies can be the most useful in determining
mechanisms of action. Thus all three types are useful
and necessary.
To provide a rough estimate of how well the anticancer effects of different compounds have been characterized, compounds are ranked in Table 1.3 according to a
scoring system that gives one point for each in-vitro
study, three points for each animal study, and nine
points for each human study. Although somewhat arbitrary, this system is useful in providing a very general
ranking of how well different compounds have been
characterized. The number of in-vitro, animal, and human studies listed is an estimate based on searches of
the MEDLINE database of the National Library of
Medicine. These searches covered the period between
the mid-1960s and, depending on the compound, September–December of 2000. Other studies may exist that
are not indexed in MEDLINE, and of course, new studies are being indexed on a regular basis. Also note that
the studies listed do not include those that did not use
cancer cells. For example, general studies on the inhibition of invasion enzymes are not listed unless the study
specifically measured the ability of a compound to inhibit the invasion of cancer cells. Neither do they include cancer prevention studies or studies in which
compounds were used in combination with chemotherapy drugs or radiotherapy (except for glutamine and

Background for Parts I and II
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TABLE 1.1 NATURAL COMPOUNDS OF INTEREST
COMPOUND
Anthocyanidins
Apigenin
Arctigenin
Astragalus membranaceus
Boswellic acid
Butcher’s broom (Ruscus aculeatus)
Bromelain
Caffeic acid phenethyl ester (CAPE)
Centella asiatica
Curcumin
EGCG (epigallocatechin gallate)
Eleutherococcus senticosus
Emodin
EPA and DHA (eicosapentaenoic and
docosahexaenoic acids)
Flaxseed (Linum usitatissimum)
Garlic (Allium sativum)
Ganoderma lucidum
Genistein and daidzein
Ginseng (Panax ginseng)
Glutamine
Horse chestnut
(Aesculus hippocastanum)
Hypericin
Luteolin
Melatonin
Monoterpenes
Parthenolide
Proanthocyanidins
PSP and PSK
Quercetin
Resveratrol
Selenium
Shiitake (Lentinus edodes)
Vitamin A (retinyl esters, retinol, and
ATRA)
Vitamin C
Vitamin D3 (1,25-D3)
Vitamin E (alpha-tocopherol)

BRIEF DESCRIPTION
Red-blue flavonoid pigments found in berries and other plants.
A flavonoid found in many plants.
An active compound in burdock seeds (Arctium lappa).
An herb used as an immunostimulant in Chinese herbal medicine.
An active compound in frankincense (Boswellia carteri or B. serrata).
An herb used to treat venous insufficiency.
A proteolytic enzyme obtained from pineapples.
An active compound in bee propolis.
A tropical herb used to treat skin conditions. Also known as gotu kola.
An active compound in the spice turmeric (Curcuma longa).
An active compound in green tea (Camellia sinensis).
An herb with immunostimulant properties. Also known as Siberian ginseng and
Acanthopanax senticosus.
An active compound in the herb Polygonum cuspidatum and in other herbs.
Omega-3 fatty acids that are found together in fish oil. Of the two, EPA is of primary
interest here.
A seed used as food and as a fiber agent.
A medicinal herb and common flavoring agent. We are interested here mostly in its
primarily metabolite, DADS (diallyl disulfide).
A mushroom used in Chinese herbal medicine that has immunostimulating properties.
Isoflavonoids found in legumes such as soy.
An herb with immunostimulant properties.
An amino acid that acts as a fuel for intestinal cells.
An herb used to treat venous insufficiency.
An active compound in the herb St. John’s wort (Hypericum perforatum).
A flavonoid found in many plants.
A hormone that is used clinically to induce sleep.
Fragrant essential oils. Monoterpenes include limonene, perillyl alcohol, and geraniol.
An active compound in the herb feverfew (Tanacetum parthenium).
Flavonoids that are used to treat venous problems and other conditions.
Mushroom extracts (obtained from Coriolus versicolor) that have immunostimulant
properties.
A flavonoid found in many plants.
A compound found in wine and grapes, in the herb Polygonum cuspidatum, and in
other herbs.
A trace element that plays a role in the body’s antioxidant system.
A mushroom that has immunostimulant properties.
A vitamin important in vision, cell proliferation, and immune function. Retinol (as
retinyl esters) is the dietary and supplement form of vitamin A, and ATRA (all-trans
retinoic acid) is a primary active metabolite.
An antioxidant vitamin that prevents scurvy and assists immune cells.
A vitamin important in calcium uptake that has antitumor properties. 1,25-D3 is its
primary active metabolite.
An antioxidant vitamin that protects lipid membranes. Alpha-tocopherol is the form of
vitamin E most used as a supplement.

PSP/PSK, which have primarily been studied in combination with chemotherapy).

Table 1.3 shows some interesting trends. First, there
are a few compounds with very low scores, some having
received only one study. Many of these low scores are
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TABLE 1.2 THERAPEUTIC CATEGORIES OF NATURAL COMPOUNDS
CATEGORY
Immune stimulants
Indirect-acting compounds
Direct-acting compounds

COMPOUNDS
Astragalus, bromelain, Eleutherococcus, Ganoderma, ginseng, glutamine, melatonin,
PSP/PSK, shiitake
anthocyanidins, butcher’s broom, horse chestnut, proanthocyanidins, vitamin C
apigenin, arctigenin, boswellic acid, CAPE, Centella, curcumin, EGCG, emodin, EPA/DHA,
flaxseed, genistein and daidzein, garlic, hypericin, luteolin, monoterpenes, parthenolide,
quercetin, resveratrol, selenium, vitamin A, vitamin D3 (1,25-D3), vitamin E

not surprising. For example, the three lowest-ranked
compounds are indirect-acting ones. Most of the indirect-acting compounds listed in Table 1.2 have not generally been thought of as potential cancer treatment
agents because they do not inhibit cancer cells in vitro at
reasonable concentrations or they do not occur in the
plasma at high concentrations after oral administration.
A prime example would be horse chestnut. This book is
among the first to argue that such compounds may still
be useful in cancer treatment through their ability to protect the vasculature and reduce edema. Centella is another compound low on the list, having received only
one in-vitro study and one animal study. Compounds
quite similar to Centella have received more study,
however, and it is reasonable to suppose it will produce
comparable results. Clearly, all compounds in the list
are still experimental, but those at the bottom of the list
with a score of less than about 10, should be considered
extremely so, relative to the others.
At the top of the list, a few compounds have received
much study, including study in humans. For example,
about 54 human studies have been conducted on PSK,
and a relatively high number have also been conducted
on melatonin. At least some of the human studies referenced in this list were randomized, placebo-controlled,
double-blind studies. Thus it would be incorrect to say
that natural compounds have not been studied in humans. Some clearly have been, but in all cases, additional study is still necessary, especially on their use in
combinations.

PRACTICAL CONSIDERATIONS ON
EFFECTIVE CONCENTRATIONS AND
SCALING OF DOSES
We now turn to two practical considerations: identifying effective concentrations and scaling doses from animal studies. Both are mentioned here to give some
context for understanding the concentrations and doses
reported later in Parts I and II.

Effective Concentrations
Concentrations in this book are most commonly reported in micromolar (µM) units, the number of micromoles per liter of solution.a The text may indicate, for
example, that a compound inhibits the proliferation of
cancer cells at 30 µM. Commonly, this will be specified
in the text by saying that the IC50 of a compound is 30
µM. The IC50 is the in-vitro concentration that inhibits
the noted activity (such as cell proliferation) by 50 percent. Scientists use the IC50 as a convenient indicator of
the concentration at which the compound is considered
active.
To make sense of the reported concentrations, the
reader should keep a few points in mind. First, most
direct-acting natural compounds are active against cancer cells in vitro within the concentration range of about
1 to 50 µM. Second, for most of these compounds it is
difficult to achieve in-vivo plasma concentrations much
greater than 1 to 15 µM. Therefore, assuming that the
concentration that is effective in vitro will also be effective in vivo, the required concentrations in vivo are often
higher than the achievable concentrations. In other
words, when used alone, the required dose for many
compounds is higher than the safe dose. Although this
is a problem if natural compounds are used singularly, it
is reasonable to expect it will not be a problem if they
are used in synergistic combinations. As stated above,
synergistic interactions would make essentially all direct-acting natural compounds discussed potentially effective when used at safe doses. We can state as a
general rule of thumb that compounds active in vitro at
concentrations of 50 µM or less have good potential to
be useful in vivo when they are used in synergistic combinations.

A 1 micromolar (µM) concentration is equal to 1x10 –6 moles
per liter, a 1 millimolar (mM) concentration is equal to 1x10 –3
moles per liter, and a 1 nanomolar (nM) concentration is equal to
1x10 –9 moles per liter. Research papers sometimes use the unit of
micrograms/milliliter (µg/ml). To convert µg/ml to µM, multiply
by 1,000 and divide by the molecular weight. Molecular weights
for most natural compounds are provided in Appendix A.
a

Background for Parts I and II

A few direct-acting compounds, specifically the monoterpenes, vitamin E,
and diallyl disulfide (an active garlic
compound), are effective at concentrations of 100 µM or greater. These
compounds are still useful due to their
favorable pharmacokinetic profiles,
however. High plasma concentrations
can be safely achieved after oral dosing. At the other extreme, only very
low plasma concentrations can be
achieved in vivo for a few other compounds, but this is also not a problem,
since these compounds are also active
at relatively low concentrations. An
example is 1,25-D3, the active metabolite of vitamin D3.

Scaling Doses from Animal
Studies
It is important to note that a dose (per
kilogram body weight) that is effective
in animals is not the same as the dose
that would be effective in humans.
Animals metabolize drugs at a different rate and sometimes in a different
way than humans. In general, the rate
of drug metabolism is related to body
mass. A small animal will metabolize
and excrete drugs much more quickly
than a human. For this reason, the effective dose (per kilogram body
weight) in an animal will be greater
than that for a human. Stated another
way, the dose required to produce a
given plasma concentration in a small
animal will be larger than the dose
needed to produce the same plasma
concentration in a human.
The scaling of doses between animals and humans is an uncertain science, and this is especially true of scaling oral (as opposed to intravenous)
doses. In addition, note that a compound found effective in animals
would not necessarily be so in humans.
Nonetheless, animal studies are still
useful to suggest compounds that may
be effective in humans, and despite the
uncertainties, scaling of animal doses
to humans is commonly done.
Several generic methods have been
devised to scale doses from animals to
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TABLE 1.3 RANKING BASED ON THE NUMBER OF
STUDIES CONDUCTED
COMPOUND
*

PSP and PSK
EPA and DHA
Melatonin
Vitamin D3 (1,25-D3)
Glutamine*
Vitamin C
Genistein and daidzein
Vitamin A†
Ginseng
Bromelain
Astragalus
Selenium
Quercetin
Vitamin E‡
Eleutherococcus
Monoterpenes
EGCG and green tea
Boswellic acid
Apigenin and luteolin
Ganoderma and shiitake
Curcumin
Garlic
Emodin
Resveratrol
Flaxseed
Propolis and CAPE
Anthocyanidins
Hypericin§
Parthenolide
Arctigenin
Proanthocyanidins
Centella
Butcher’s broom
Horse chestnut

IN VITRO
16

ANIMAL
39

HUMAN
54

SCORE
619

57
14
133
7

66
13
27
21

12
28
4
17

363
305
250
223

37
85
23

17
21
12

7
0
7

151
148
122

33
14
13
35
73
44

15
11
13
20
4
5

4
6
5
0
0
0

114
101
97
95
85
59

4
15
29
8
26
2
19
7
14
18
7
11
6
9

8
7
6
3
2
9
3
7
3
1
3
1
2
0

3
2
0
2
0
0
0
0
0
0
0
0
0
0

55
54
47
35
32
29
28
28
23
21
16
14
12
9

4
7
5
1
1
1

1
0
0
1
0
0

0
0
0
0
0
0

7
7
5
4
1
1

*

Includes studies in conjunction with chemotherapy.

†

Retinol or retinyl esters, but not ATRA.

‡

Alpha-tocopherol and vitamin E succinate.

§

Does not include studies on photoactivated hypericin.

human dose (grams) =

rat dose (mg/kg) mouse dose (mg/kg)
=
61.7
104
Equation 1.1

Natural Compounds in Cancer Therapy

10

Figure 1.2a Interspecies Scaling Based on Acute Toxicity Data
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Figure 1.2b Interspecies Scaling Based on Acute Toxicity Data
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humans. This book uses one common method based on
data from acute toxicity studies, a method described in
Appendix B. The result of this method is illustrated in
Figures 1.2a and 1.2b (the latter is a blowup of the zero
to 200-mg/kg dose range). A quick formula for the
method is given in Equation 1.1.
This equation, like most equations and calculations
used in this book, is based on a 70-kilogram (154
pound) human, a 0.2-kilogram rat, and a 0.025-kilogram
mouse. Again, keep in mind that this and other scaling

200

methods provide only a rough approximation of the human dose. To be certain
of that dose, we must do human studies.
Many of the animal doses in this book
are reported both as the actual animal
dose and as the estimated human equivalent, and therefore the reader need not
keep referring to Equation 1.1 or the
figures. In some cases, only the estimated equivalent human dose is reported. For example, a 100-mg/kg dose
in rats might be reported as a “1.6-gram
dose, as scaled to humans.” Regardless
of the reporting format, every conversion made in this book is based on Equation 1.1, with modifications for route of
administration as discussed below.
Since we are interested in orally administered natural compounds, animal
studies using the oral route most closely
mimic the intended human use and are
most valuable. Although many of the
animal studies reported here did use the
oral route, a good number used either the
intraperitoneal route (injection into the
intestinal cavity) or the subcutaneous
route (injection below the skin). These
routes of administration are not only
physically different from the oral route
but usually produce different results in
terms of plasma concentrations and metabolism of the compound. It is useful
to convert these doses to their oral
equivalents but unfortunately, this sort
of conversion is also an inexact science
and has little precedent in the literature.
Although it can be done, the results of
such conversions provide only very
rough approximations of an oral dose.
The methods used to make these conversions and the reasoning behind them are
explained in Appendix I.
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PART I
CANCER AT THE CELLULAR LEVEL
Cancer cells are easy to kill using drug therapy; however, they are hard to kill without damaging normal
cells. This is because cancer cells rely on processes that
are fundamentally similar to the processes used by normal cells. Their differences are in activity, not function.
It is like two clocks—one that keeps the right time and
one that is fast. Both clocks use the same mechanisms,
but one works at a higher speed. Any treatment that
harms the structure of the fast clock, when given to the
normal clock, would harm its structure as well.
Regarding the cellular level then, the best way to inhibit a cancer cell (and to spare normal cells) is not to
destroy its structural properties but to normalize the signals that drive it. These signals derive from its genetic
instability, abnormal expression of genes, abnormal sig-

nal transduction, and abnormal communication with
healthy cells—the first four clusters of procancer events.
Part I is about these first four clusters and the natural
compounds that inhibit them. Chapter 2 discusses the
workings of DNA, the role of transcription factors in
gene expression, and the causes of genetic instability.
Chapter 3 presents the results hoped for from cancer
treatment: cell death, lack of proliferation, or normalization of a cell’s form and behavior. In Chapter 4, growth
factors are discussed, as well as how growth-factor signals travel via signal transduction to reach the DNA.
Chapter 5 reviews several transcription factors and the
effects that oxidants and antioxidants have on them.
Lastly, Chapter 6 discusses cell-to-cell communication.

2
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MUTATIONS, GENE EXPRESSION, AND PROLIFERATION
Mutations—inheritable changes in the
DNA—are central to the transformation
of a normal cell into a cancer cell, to the
development of malignant properties of
cancer cells, and to cancer cells adaptation to their environment. The rate of
genetic change is especially great when
a cancer cell is faced with obstacles to
its survival. Since mutations, along with
proliferation, are so important to the
survival of a cancer, this chapter discusses these events in some detail, starting with the basics: the structure and
function of DNA and how cell proliferation occurs. After this, the mechanisms
of genetic change are reviewed and
therapies that might reduce the rate of
this change are examined. Finally, the
differences between chemotherapy drugs
and natural compounds are explored,
emphasizing how they affect DNA differently.

Figure 2.1

Typical Cell

plasma membrane

nuclear
membrane

nucleus

cytosol
(cytoplasm)

DNA, RNA, AND GENE
EXPRESSION
DNA (deoxyribonucleic acid) is like a library of cookbooks, with each book containing a recipe for one specific protein. Each book represents one gene, the gene
being the functional unit of DNA. To make our analogy
more accurate, we can say that each book is stacked end
to end, and thus the library is an extremely long building. Each protein (whose “recipe” is contained in each
gene) has an essential part to play in the life of the cell.
By following the recipes, the cell produces countless
numbers of different proteins, each at their appropriate
time and each helping the cell perform a distinct function.
To make proteins, segments of DNA (i.e., genes) are
first copied to form RNA (ribonucleic acid), which is a
working copy of DNA. This copying process is called
gene transcription and is initiated by the binding of transcription factors and other proteins to the affected gene.
Once transcription is finished, the RNA is read and,
based on its contents, proteins are built up, amino acid
by amino acid. The process of reading RNA and making proteins is called translation. Using our analogy
again, since the cookbook library (the DNA) does not
allow its books to be checked out and does not have

vesicles
DNA

photocopy machines, a willing cook must first copy, or
transcribe, the book, letter by letter, then follow the copied version to create the dish. As the cook follows each
word in the copied recipe to translate it into a new dish,
so the cell follows each “word” in the RNA to translate
it into a new protein. The entire process of transcription
and translation that produces a new protein is called
gene expression.
In cancer cells, the mutation of genes and the abnormal
production or activity of transcription factors result in
overexpression of genes that promote cancer and underexpression of genes that would otherwise inhibit cancer.
By understanding how genes and transcription factors
work, we can understand how natural compounds can be
used to prevent their malfunction.

DNA and the Cell
The cell is of course where DNA resides. Figure 2.1
illustrates a typical cell. The outer surface of the cell,
the plasma membrane, is sometimes called the lipid bilayer, since its basic structure is a dual layer of lipid
molecules. Toward the center lies the nucleus, which
contains the DNA. Like the cell as a whole, the nucleus
is also surrounded by a membrane, called the nuclear
membrane. The large space between the plasma mem-
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Figure 2.2

Nucleotides are the Building Blocks of DNA
Nucleotides are composed of:
phosphate group(s) + sugar (ribose) + nitrogenous base

base

P P P

ribose
oxygen

brane and the nucleus is called the cytoplasm; it contains
many different cellular organs with a multitude of functions.

Nucleotides and the Structure of DNA
What is DNA? Using our analogy again, if each book
in the DNA library is a gene, then each letter in each
book is a nucleotide. Thus each gene is comprised of a
series of nucleotides linked end to end, and DNA is
comprised of a series of genes linked end to end. Each
nucleotide is simply a compound made up of one or
more phosphorous groups, a sugar core (ribose), and a
nitrogenous base, as illustrated in Figure 2.2.
Each of the three elements comprising a nucleotide has
a function within DNA.a The phosphorus groups link
different nucleotides together to form DNA, the sugar
molecules form the backbone of DNA and give it its
structure, and the nitrogenous bases contain the actual
code of information. These features are evident in the
left inset of Figure 2.3. In our library analogy, the alphabet in which the books (genes) in the DNA library
are written does not contain 26 letters, but only four.
These four letters are the four choices of nitrogenous
bases, after which the nucleotides are named: adenosine
(having an adenine base), guanosine (having a guanine
base), cytidine (having a cytosine base), and thymidine
(having a thymine base). The actual structures of the
bases and nucleotides are shown in Figures A.1 to A.7
of Appendix A. RNA, the working copy of DNA, is
a

Properly, we have to speak of nucleotides as the building blocks
of DNA rather than genes, since some DNA sequences comprised
of nucleotides are not genes themselves but serve as spacer sequences in DNA or serve other purposes.

also made up of nucleotides, but they are
slightly different from the four listed
above (one substitution is made).
As shown in the right insets of Figure
2.3, two strings of DNA are joined together by weak links between bases to
form a ladderlike structure, and this
structure is twisted to form a double
helix. In the DNA ladder, the bases are
always matched in specific pairs.
Thymine is always matched with adenine, and cytosine is always matched
with guanine.

Until now, we have been talking of
DNA as if it occurs in one long string
(one long DNA library). In actuality, it
occurs in several groups of strings called
chromosomes (several different libraries, each holding a duplicate set of its
own books). In each chromosome, a long, double helix
string of DNA is paired with a matching string. These
strings are joined at the center, giving chromosomes
their X-shaped structure; chromosomes thus contain four
strands of DNA. Human cells have 46 chromosomes,
each one different from the others. Certain genes appear
on chromosome 1, for example, while other genes appear on chromosome 6. The reason chromosomes contain a set of matching double helix strings is that when
the cell divides, it passes along one-half of the set to
each daughter cell.
The total length of DNA in human cells is nearly two
meters, containing about three billion base pairs. It is
amazing that such a large amount of information can be
packed into such a small space and even more amazing
that this much information can be efficiently manipulated during cell division. DNA contains about 100,000
genes in total, with the average gene spanning about
10,000 to 20,000 base pairs. Not every gene is actually
geared to producing proteins; some also code for the
production of ribosomes that provide an intermediary
function in protein synthesis, as will be discussed below.

RNA and Gene Expression
As stated previously, RNA is the working copy of
DNA from which proteins are produced. During the life
of a cell, many proteins must be manufactured to perform needed functions. To take two examples, during
periods of oxidant stress a cell must manufacture the
proteins needed to create antioxidant enzymes, and to
start proliferation a cell must manufacture proteins that
initiate division. Thus the need for specific proteins
changes dynamically during the life of the cell.

Mutations, Gene Expression, and Proliferation

The process of gene transcription—
copying a gene to form RNA—must
occur without error for the cell to remain
healthy. Unwanted gene transcription
can be detrimental to the cell because it
would lead to the production of unwanted proteins. For example, a cell
would be harmed by manufacturing proteins that initiate proliferation if it were
not ready to proliferate. The controls
that govern gene transcription are therefore sophisticated. The enzyme that
carries out transcription (RNA polymerase) will not bind to the DNA or
begin transcription until a correct set of
regulatory proteins have bound to the
DNA and the enzyme. One important
group of these regulatory proteins consists of transcription factors that bind to
the DNA in the promoter region, which
is a sequence of DNA located upstream
of the transcription start point. Therefore, transcription factors play a crucial
role in regulating protein synthesis as
well as cell behavior. In cancer cells,
abnormalities in the production or activity of transcription factors help the cell
to survive, proliferate, and spread.
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Figure 2.3

DNA Structure
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Once transcription starts, the DNA is
copied base by base, with only one side
of the DNA double strand being copied.
The process of gene transcription is illustrated in the top inset of Figure 2.4.
Protein synthesis occurs when ribosomes, which are tiny intracellular
organs, “read” the bases on RNA and match the coded
message with appropriate free amino acids that are held
in stock. To give an idea of how important this process
is to the cell, human cells undergoing active protein synthesis contain about 10 million ribosomes. As the ribosomes read RNA, each group of three sequential bases
they encounter informs them which amino acid is
needed next for the protein recipe; then one by one,
amino acids are strung together to form proteins in the
process called translation (illustrated in the bottom inset
of Figure 2.4). Using our library analogy one last time,
we have said that the alphabet used to write the books
(genes) contains only four letters (four nucleotides).
These four letters are arranged in words, with each
word, exactly three letters long, describing one amino
acid. All the words in the book, when read sequentially,
describe one protein.

ribose
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Twisted DNA ladder:
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The two-step process of transcription and translation,
or gene expression, thus produces the protein that the
gene has encoded. As we will see, some genes can be
either underexpressed or overexpressed in cancer cells,
giving the cancer cell a growth advantage.

CELL PROLIFERATION
In cancer treatment, we are greatly concerned with cell
proliferation because a main reason cancer cells are so
deadly is that they proliferate more during their lifetimes
than do normal cells. The process of cellular proliferation takes place in a well-defined sequence of events
called the cell cycle.

The Cell Cycle
In brief, the cell cycle is a series of events whereby a
cell divides and shares one-half of each chromosome
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Figure 2.4

Gene Transcription and RNA Translation
Gene transcription:
promoter
region

3. A second gap phase (G2) follows completion of DNA synthesis. This phase
is a resting phase, at the end of which
the cell is again checked for integrity.
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up the middle (see bottom inset of Figure 2.5). A new double strand is then
synthesized (through the actions of the
enzyme DNA polymerase) to match
the original double strand, all of which
results in the needed pair of double
strands (a complete chromosome).
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with each offspring. Each offspring thus receives a
double strand of DNA from each chromosome and uses
it as a template to manufacturer a new, matching double
strand; with a complete set of chromosomes, it is then
ready to divide itself. The cycle, which takes about 24
hours, is divided into four phases, as illustrated in Figure
2.5:
1. A gap phase (G1) immediately follows the completion of mitosis (cell division). During this phase,
there is active gene transcription and synthesis of
proteins, which serve to meet the needs of the growing new cell. Before leaving this gap phase, the cell
is checked for integrity.
2. A synthesis phase (S) follows G1, in which DNA is
replicated. After mitosis, the cell only contains half
the DNA needed to divide again. During DNA replication, the coiled DNA is relaxed by enzymes
called topoisomerases, and the double strand is split

4. Lastly, in the mitotic phase (M), the
cell divides. Here the chromosomes
are split, and an identical set of double-stranded DNA goes to each daughter cell. Before leaving the mitosis
phase, the cell is checked once more
for integrity.
Thus the integrity of all dividing cells is
checked at least three times during the cell
cycle, at the ends of the G1, G2, and M
phases. During these checkpoints, the
DNA is examined to make sure it is undamaged. If it is damaged, an otherwise
healthy cell will stop the cycle and try to
repair the lesions. If the lesions are irreparable, the cell cycle will stop and the cell
will commit suicide via apoptosis to avoid
passing on damaged DNA. Apoptosis, or
programmed cell death, is an orderly way
for cells to die. As we will see in the next
chapter, many natural compounds induce
cancer cells to undergo apoptosis.

Arrest at the G1 checkpoint, and possibly others, is
mediated by the p53 protein, a transcription factor produced by the p53 gene.a We will discuss this gene and
its protein in more detail later, but note here that the p53
gene plays an extremely important role by inspecting
and guarding DNA integrity. For this reason, the p53
gene has been called the “guardian of DNA.” We can
imagine that the p53 gene and its protein are like a perfectionist inspector in a parts factory, who searches for
defective parts on the assembly line. If defective parts
are found, he sends them in for repair, but if they cannot
be repaired, he destroys the entire plant. What that
means is that proper functioning of the gene and its

a

By convention, gene names are italicized, whereas the names of
the proteins they produce are not. For example, the p53 gene
produces the p53 protein.
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protein will destroy cancer cells, since
cancer cells contain aberrant DNA. On
the other hand, mutations in the p53
gene, which are common in cancer cells,
stop p53 from performing its functions
and allow cancer cells to continue to
proliferate.
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2. The signal that is elicited by receptor
binding must be transmitted to the
cell’s nucleus, the process of signal
transduction.
3. “Early” genes must be activated to
produce proteins. These genes include fos, myc, and jun, as described
in Table 2.1.
4. The fos, myc, and jun proteins,
which are transcription factors, must
bind to the DNA on other genes to initiate the synthesis of proteins such as cyclins (discussed in Chapter 4) that drive the cell cycle proper.
Cancer cells are no different from normal cells in their
need to be stimulated before entering the cell cycle, except that stimulation is excessive in cancer cells. This
excessive stimulation provides a number of targets for
inhibiting cancer cell proliferation. For example, drawing from the list above, proliferation can be inhibited by
reducing any of these: the abnormal production of
growth factors, the binding of growth factors to their
receptors, abnormal signal transduction, abnormal expression of early genes, or the abnormal production or
activity of transcription factors. As we will see, natural
compounds can perform all of these tasks. In addition,
natural compounds can affect processes in the cell cycle
proper. For example, they can assist the expression of
the p53 gene (or the activity of the p53 protein) and so
help it do its job as guardian of the DNA. Thus nearly
every aspect of the cell cycle becomes a possible target
in cancer treatment with natural compounds.
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1. One or more growth factors must
bind to receptors on the cell surface.
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In addition to the four cell-cycle
phases described above, a fifth phase
also exists that is not part of the cell cycle proper. It is an initial gap phase, in
which no proliferative activity takes
place. In Figure 2.5, this resting phase is
indicated by a box to the side of the cell
cycle. Most cells spend the majority of
their time in this gap phase, and only
enter the cell cycle if they are properly
stimulated. This stimulation generally
takes place in four sequential steps:

Figure 2.5
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MUTATIONS DURING
CARCINOGENESIS AND
PROGRESSION
Mutations play a critical role in both carcinogenesis
and cancer progression, since mutations are the force
that initiates a cancer cell, as well as the driving force
for their survival and adaptation once formed. Two of
the most important consequences of mutations are overexpression of certain genes called oncogenes (onco =
cancer), which facilitate carcinogenesis and cancer progression, and underexpression of other genes called tumor suppressor genes, which inhibit carcinogenesis and
cancer progression.

Oncogenes and Tumor Suppressor
Genes
In healthy cells, the normal expression of oncogenes
assists in various normal cell activities, including prolif-
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TABLE 2.1 SELECTED ONCOGENES AND TUMOR SUPPRESSOR GENES
ONCOGENES
Bcl-2
c-myc

fos and jun

HER-2/neu, also known as
c-erb-2
MDM2

ras

SUPPRESSOR GENES
Bax

genes that produce
connexin proteins
(e.g., Cx32 and Cx43)
p53

ACTION
Protects cancer cells by inhibiting apoptosis (programmed cell death) and by reducing damage from
free radicals.
Affects cell proliferation, differentiation, and apoptosis. Normal expression of the gene is needed to
initiate cell division as well as to prevent differentiation. Members of this gene family also include
n-myc and l-myc.
Encode proteins that act as transcription factors to facilitate proliferation and other activities. Their
proteins help initiate entry of a cell into the cell cycle. In their normal form, these genes are
transiently expressed following the stimulation of a cell by growth factors. When overexpressed,
they promote uncontrolled proliferation.
Overexpressed in approximately 33% of breast cancers and associated with a poor prognosis. It
produces proteins that can facilitate signal transduction and act in other ways to assist cancer cells.
Mainly functions to inhibit p53 activity. In normal cells, the MDM2 protein binds to the p53 protein
and maintains p53 at low levels by increasing its destruction. When normal cells are under stress
and the activity of the p53 protein is needed, the ability of MDM2 to bind to p53 is blocked or
altered in a way that prevents MDM2-mediated degradation. As a result, p53 levels rise, causing
apoptosis. In cancer cells, this oncogene is overexpressed, causing chronically low p53 levels and
protection from apoptosis.
Oncogenic forms of ras induce several changes in tumor cells, including changes in form and
structure and changes in gene expression. The result is excessive DNA synthesis and an increase in
chromosomal abnormalities. Ras oncogenes are thought to stimulate the production of enzymes
(specifically, collagenases) that facilitate tumor invasion. Ras proteins may also protect cancer cells
by inhibiting apoptosis, particularly by increasing the expression of MDM2 genes.
ACTION
Promotes cell death by competing with Bcl-2. While Bax acts as an inducer of apoptosis, the
formation of Bcl-2/Bax conjugates evokes a survival signal for cells. The p53 gene controls, in part,
both Bcl-2 and Bax gene expression.
Form gap junctions (or portals) between neighboring cells. Communication through gap junctions
not only inhibits carcinogenesis, but restoration of communication also normalizes malignant
behavior of cancer cells.
Called the “guardian of DNA.” Whereas the wild-type (normal) p53 gene suppresses tumor growth
by initiating DNA repair and inducing death of irreparable cells, the mutant p53 gene acts as an
oncogene to allow proliferation of cells with DNA damage. Changes in the p53 gene are one of the
most common mutations found in human cancers.

Sources: References 2–11.

eration. However, when overexpressed, that is, when
too many of their proteins are produced or they are produced at the wrong times, oncogenes transform healthy
cells into cancer cells or assist in cancer progression.
Overexpression of oncogenes can be caused by exposure
to carcinogens, radiation, or certain viruses. Overexpression can also be caused by free radicals, such as
those produced during chronic inflammation.1
In contrast, tumor suppressor genes are ones that,
when normally expressed, inhibit carcinogenesis. Thus,
p53 is a tumor suppressor gene. When they are underexpressed or when they mutate to nonfunctional forms,
as is common in cancer, carcinogenesis and progression
are facilitated.
Table 2.1 provides a list of oncogenes and tumor suppressor genes and briefly explains what they do. This
list is not complete—more than 30 oncogenes and more

than 10 tumor suppressor genes have been discovered to
date—but it does cover the primary oncogenes and tumor suppressor genes of interest to us.11

Classical DNA Mutations
The root cause of oncogene overexpression and tumor
suppressor gene underexpression is gene mutations. In
addition, mutations can lead to abnormal production or
activity of transcription factors, abnormal signal transduction, or other events that exacerbate oncogene overexpression and tumor suppressor gene underexpression.
To avoid both the direct and indirect effects, we must do
all we can to prevent mutations.
In the sections below, we first discuss gene mutations
as understood in classical genetics, where inheritable
DNA damage is due to changes in DNA base sequences,
that is, changes to the order in which bases normally
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occur within a gene. Later, we discuss epigenetic
changes, in which the base sequences are not changed,
but bases are still altered and the alterations are still inheritable. Hence, epigenetic changes, while not classical
mutations, can be thought of as functional ones.
Base sequence changes are limited only by their toxicity to the cell. If the sequence change is not toxic and
the cell does not repair it, the cell survives and the
changes are passed on to subsequent generations. Sequence changes are relatively common, and most are
repaired by the ever vigilant DNA repair system. If the
repair system malfunctions, as is the case in some inherited disorders, the risk of developing cancer increases.
Even when fully functional, however, the repair system
is not perfect, and a small probability exists that damaged DNA will escape repair during any one cell division. Often this is a desirable fault, since slight changes
in the DNA are required for evolution and adaptation of
the species. Indeed, most species are programmed for a
certain low level of ongoing mutations. If the damage is
more than slight, however, or if it is in DNA sequences
found in oncogenes or tumor suppressor genes, cancer
may be initiated.
The sequence changes of classical mutations can be
caused by a number of events. Some occur spontaneously, and some are due to external causes. One sequence change that can occur is the transformation of
one base into another. Since the structures of the bases
are quite similar, some bases are easily converted to others by simply adding or removing a few atoms (in particular, an amino group NH2). The similarities in bases
can be seen in Figures A.1 to A.5 of Appendix A. Other
sequence changes are caused by external carcinogens,
which alter a base in some way. For example, ultraviolet light can fuse two bases together; alkylating chemicals can add extra small molecules to a base (usually a
methyl group, CH3); free radicals can add an oxygen
group to a base; and still other carcinogenic chemicals
can add large molecules to a base. If the alteration does
not cause the cell to die, the altered base is prone to being mismatched during DNA replication, resulting in a
base sequence change.
Sequence changes can also be caused by base deletions
or additions. Deletions can be large or small and can
occur when a base is cleaved from DNA by a misplaced
enzyme, or they can be the result of errors during DNA
synthesis. Additions can be caused by viruses, which
insert new DNA.

Free Radicals
Free radicals were mentioned above as playing a role
in gene mutations and oncogene overexpression. Al-
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though they will be discussed later, we introduce them
here as molecules that are unstable because they contain
an unpaired electron. When a free radical molecule contacts the electrons of a stable molecule, the free radical
molecule gains or loses electrons to achieve a stable
paired-electron configuration. In the process, however,
the electron balance of the stable molecule is disturbed,
and the stable molecule becomes a free radical molecule.
In this manner, free radicals initiate a chain reaction of
destruction. Free radicals can damage DNA, protein,
and fats. Indeed, free radical damage has been implicated as a major contributor to cancer, as well as to other
degenerative diseases such as aging, cardiovascular disease, immune dysfunction, brain dysfunction, and cataracts.12
Free radicals can be produced by a variety of means.
They can be produced by external factors such as radiation and cigarette smoke, and by internal events such as
immune cell activity and cellular respiration (cellular
“breathing” of oxygen). In humans, up to 5 percent of
oxygen taken in is converted to free radicals during cellular respiration.13 During respiration, cells consume
oxygen (O2) and produce water (H2O). Byproducts of
this process include the superoxide radical (O2 • –), which
can lead to the production of the very damaging hydroxyl radical (OH •). (The dot represents unpaired electrons.) The hydroxyl radical is the most toxic of all the
oxygen-based free radicals.
Other important kinds of free radicals include the peroxyl and the alkoxyl radicals, both of which are involved in lipid peroxidation (oxidative damage to fats).
In recent years, the term reactive oxygen species (ROS)
has been adopted, since it includes the above-mentioned
radicals plus hydrogen peroxide (H2O2) and molecular
oxygen (O2). While not free radicals in themselves,
these two can easily become free radicals in the body.
The body maintains a variety of antioxidants as a multilevel defense against free radical damage. These include the enzymes superoxide dismutase, catalase, and
glutathione peroxidase; antioxidants synthesized in the
body, such as glutathione, proteins, and uric acid; and
antioxidants obtained from the diet, such as flavonoids,
vitamins C and E, and beta-carotene. Nevertheless, antioxidant defenses are not perfect, and DNA is damaged
regularly. There may be as many as 10,000 oxidative
hits to DNA per cell per day in humans.12 The vast majority of these lesions are repaired by cellular enzymes.
Those that are not repaired may progress toward neoplasia (the formation of cancer cells). Because of the continual bombardment of DNA and other tissues by free
radicals, the body must obtain ample antioxidant supplies through the diet. Epidemiological studies support
a protective role for dietary antioxidants by consistently
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reporting that populations who consume inadequate
amounts of fresh fruits and vegetables are at a higher
risk for cancer, heart disease, and other degenerative
diseases.
Not only can free radicals initiate cancer, they can also
facilitate cancer progression. And in fact, multiple human tumor cell lines have been reported to produce ROS
(especially hydrogen peroxide) in vitro.14 Under normal
circumstances, few cells other than immune cells produce hydrogen peroxide. Free radical production by
tumor cells may help them mutate or display other malignant properties such as tissue invasion. For example,
superoxide radicals have been reported to increase the
invasive capacity of rat liver cancer cells in vitro.15
To be clear though, free radicals are not always bad.
Only when they are overproduced or the body’s antioxidant system is overwhelmed do they cause problems. In
Chapter 5, we discuss free radicals and antioxidants in
more detail, explaining both their usefulness and destructiveness.

Epigenetic Changes in DNA
It has become clear in recent years that some inheritable characteristics of cancer cells are not due to
changes in DNA sequence (classical mutations) but
rather to functional changes in the otherwise normal
DNA.16 Unlike classical mutations, these “epigenetic”
changes are reversible. This fact is quite important,
since it suggests that some malignant characteristics may
be normalized under the right circumstances. Epigenetic
changes and their reversal are still poorly understood,
but their study may one day lead to therapies that cause
cancer cells to revert to more normal behavior. Metastasis, or the spread of tumor cells to distant locations, is
one example of a process in which epigenetic events
may play a crucial role. If genetic makeup were the
only determinant in the production of metastatic cells,
one would expect an exponential increase in metastases
from previous metastases. This is generally not the case,
however. Rather, it is likely that epigenetic changes
play an important role in turning metastasis on and off.17
Epigenetic changes in DNA are characterized primarily by the attachment of a methyl (CH3) group to a specific location in a cytosine base. This is illustrated
simply in Figure 2.6, both for a single nucleotide and for
a series of nucleotides in DNA. Cytosine methylation is
illustrated in more detail in Figure A.8 of Appendix A.
Methylation of cytosine is actually the only known
nonaberrant modification to DNA, and it plays a role in
determining which genes are activated for transcription.
Thus, methylation acts as an intelligent switching system to control the production of proteins needed at dif-
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ferent times. In this regard, it is more like a long-term
switching system than a short-term one, since methylation patterns are passed from generation to generation.
The greater the amount of cytosine methylation in a
gene, the less it is expressed. Therefore, depending on
the needs of the cell, some genes may be lightly methylated (hypomethylated) and easily expressed, whereas
others may be heavily methylated (hypermethylated)
and silenced. A moderate amount of methylation is
normal for most genes. As an analogy, we can think of
the methyl groups added to a gene as a series of “do not
disturb” signs. If the gene contains enough of these
signs, the cell knows that the gene should not be expressed. For example, one way the body avoids expressing genes that contain virally inserted bases is to attach
extra “do not disturb” methyl groups to it.18
Because cytosine methylation is not perceived as a
DNA error by the body (unlike mutations, which are
errors the body tries to repair), cytosine methylation patterns are purposefully passed on to the daughter cells
when a cell divides. Methylation patterns are passed on
in the synthesis phase of the cell cycle (see bottom inset
of Figure 2.5), when the daughter cell is using its double
strand of DNA as a template to manufacture a matching
double strand. Specific enzymes recognize the methyl
groups on the template DNA and add matching methyl
groups to the new strands as they are being formed.
Abnormalities in cytosine methylation are very common in cancer cells, and they occur early in the carcinogenic process. Most genes in cancer cells tend to be
hypomethylated and therefore overexpressed. This is
particularly true of the many oncogenes that facilitate
carcinogenesis. However, a smaller number of genes
tend to be hypermethylated and therefore silenced. This
is particularly true of the small number of tumor suppressor genes. One example is silencing the p53 gene
that inspects and protects DNA. Hypermethylation and
silencing can occur in other genes also. For example,
silencing of the gene controlling the production of transforming growth factor-beta (TGF-beta) can occur in cancer.19 Like the proteins made from tumor suppressor
genes, TGF-beta is a protein that represses cell proliferation. Therefore, silencing the TGF-beta gene can lead to
increased cancer cell proliferation. As another example,
hypermethylation and silencing of the gene that makes
the estrogen receptor protein can occur in prostate cancer.20 Estrogen inhibits prostate cancer growth, and a
lack of estrogen receptors removes this inhibition.
Lastly, hypermethylation and silencing of the genes that
make cell-to-cell adhesion proteins (especially the gene
controlling the adhesive protein E-cadherin) are also
common in many types of cancer.21 Reduced cell-to-cell
communication, as we have discussed, can facilitate
cancer progression.
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Epigenetic changes and mutations
work together to give cancer cells a
growth advantage. In fact, epigenetic
changes can lead to an increased rate of
classical mutations in at least three
ways. First, hypomethylation of oncogenes or hypermethylation of tumor
suppressor genes make later mutations
more likely. For example, hypermethylation and silencing of the p53 gene allow mutations to occur with greater
frequency, since DNA is not repaired
and mutated cells are not forced to die.
Second, when a methyl group is added
to cytosine, the combination is easily
converted to other bases besides cytosine, thereby producing base substitution
mutations.22 Third, the hypermethylation of genes interferes with their repair
if they have been otherwise damaged.23
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Figure 2.6

Epigenetic Changes to DNA: Methylation
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We see then that classical mutations
and epigenetic changes are closely
linked. This suggests that by reducing
abnormal methylation, mutations may
also be reduced. Antioxidants may help
reduce abnormal methylation, since oxidative damage to DNA alters cytosine
methylation patterns.24,_25 As discussed
at the end of this chapter, natural compounds that are methyl donors may also
reduce abnormal methylation.

Mutator Phenotype Theory
Whether due to classic mutations or
epigenetic changes, ongoing genetic
alterations are crucial for the continued
survival of cancer cells. Cancer cells
live in a changing, hostile environment;
among other things, immune cells and
cancer treatments try to destroy them,
the body in general tries to inhibit their
activity in its attempts to maintain homeostasis, and
since they overcrowd themselves, they must compete for
nutrients and oxygen. Only the strongest cells survive,
and as conditions change, cancer cells must also change.
The mutator phenotype theory proposes that surviving
cancer cells exhibit two characteristics. First and most
obvious, they contain specific mutations that allow them
to survive the present adverse environment. Second and
less obvious, they contain mutations that allow them to
mutate easily. In other words, they contain mutations in
genes that normally function to maintain genetic stability. Thus they have the characteristic, or phenotype, of
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genetic instability.26–30 The mutator phenotype theory
helps explain why cancer cells have a much higher rate
of gene mutations than normal cells. Proponents of this
theory predict that as analytical techniques improve,
perhaps thousands of gene mutations will be discovered
in cancer cells.31 Indeed, no single genetic change is
found in 100 percent of any single type of cancer, but a
bewildering number of gene mutations have so far been
discovered.
According to the mutator phenotype theory, an early
event in cancer progression is mutations in the genes
that control genetic stability. These include mutations in
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the p53 gene, in DNA polymerase enzymes (which catalyze the synthesis of DNA strands during replication), in
genes that encode for DNA repair enzymes, and in genes
that control chromosome segregation during mitosis.
These genetic changes then allow a higher rate of random mutations, some fatal to cancer cells and some that
promote their survival. Examples of the latter are mutations that lead to the overexpression of oncogenes. As
tumors encounter new obstacles to expansion, a high
mutation rate helps assure their survival. In fact, obstacles to expansion such as drug therapy and competition
for nutrients and oxygen may actually increase the mutation rate as tumors attempt to adapt.31,_32
Some genetic changes that occur in cancer cells are
epigenetic changes, and as discussed above, these may
be reversible. Aside from reversal of epigenetic
changes, it may also be possible to reduce the rate of
classical mutations and thereby inhibit the progression
of tumors.27 Since it commonly takes about 20 years
after exposure to a carcinogen for a solid tumor to become detectable, even a twofold decrease in the rate of
mutations (and progression) would greatly reduce cancer
deaths in adults.26
Mutations require two events: DNA damage and lack
of DNA repair. One source of DNA damage that may
play a primary role in supporting high mutation rates is
reactive oxygen species (ROS). Because of inflammation and other factors, cancer cells normally exist in an
environment that is rich in ROS. Indeed, chronic inflammatory diseases, which produce high levels of ROS,
have been associated with genetic instability and a high
incidence of cancer.27,_33–35 In addition, chronic inflammation has been associated with increased cancer recurrence after surgery.36
Some investigators have
attempted to explain the involvement of ROS in ongoing
mutations and cancer progression through what is called
the persistent oxidative stress theory.

Persistent Oxidative Stress Theory
The persistent oxidative stress theory proposes that the
chronically elevated levels of ROS to which cancer cells
are exposed contribute to their survival and progression.37–40 If extreme enough, oxidative conditions do
stress cancer cell populations, killing a percentage of the
cells. However, it is now well established that mild levels of ROS can stimulate cell proliferation and cancer
progression.41,_42,_43 For example, a recent study on patients with colorectal cancer reported that carcinoma
cells, but not corresponding normal cells or benign tumors, were oxidatively stressed (as measured by oxidative modifications to DNA bases). This study also
reported that cancer cell proliferation rates were posi-
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tively correlated to oxidative stress levels.38 Other studies have also reported that cancer cells exhibit more
DNA damage than adjacent normal cells and that cancer
patients show higher levels of ROS production and
DNA damage than healthy subjects.37,_44–46
Clearly, one way by which oxidative conditions can
facilitate cancer progression is by increasing the rate of
classical mutations. Classical mutations can be induced
directly by oxidative damage to DNA and indirectly via
epigenetic changes, as discussed above. Oxidative conditions can also increase the proliferation of cancer cells
through other means that will be discussed in later chapters. These include ROS-induced increases in the sensitivity of growth factor receptors and ROS-induced
abnormalities in the production or activity of transcription factors.

Antioxidants in Cancer Treatment
We can see that oxidative stress could either inhibit or
facilitate cancer cell proliferation, depending on the degree of stress. It is reasonable to suppose that supplementation with antioxidants could either inhibit or
facilitate cancer cell proliferation, depending on the degree of oxidative stress and the antioxidant status of the
individual. Based on the limited in-vivo data available,
this does seem to be the case. Although this complex
and rather controversial issue is discussed in detail in
Chapter 15, I report here the conclusion that, depending
on circumstances, antioxidants when used alone could
produce beneficial, detrimental, or insignificant effects
in cancer patients. When used in combination with
other anticancer compounds (i.e., natural compounds or
chemotherapy drugs), their effects are more likely to be
beneficial or at least not harmful. Even when beneficial,
however, the effects are likely to be mild for many patients. For these reasons, I regard antioxidants as supportive agents best used within larger combinations of
cancer-inhibiting compounds. Natural compounds such
as flavonoids that act as antioxidants but also inhibit
cancer through other means have the potential to play a
more primary role in treatment.
There is some concern that antioxidants may increase
the success of metastasizing cells. This effect, which
has been seen in some animal studies, will also be discussed in Chapter 15. It is likely, however, that this and
any other disadvantages antioxidant use may pose could
be reduced or eliminated by using antioxidants as only
one part of an overall combination therapy, as this book
recommends.
Some readers may question if cancer could successfully be treated by withholding antioxidants and in that
way producing oxidative damage. Cancer inhibition
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was reported in such a study done in mice (see Chapter
15). Although it is true that cancer cells are susceptible
to oxidative damage, it is almost assured that a certain
number of cancer cells will survive oxidative therapies.
It is reasonable to suppose from the above discussions
that the surviving cells may be highly primed for mutations and that these therapies could therefore eventually
produce more adaptable, more aggressive cancers that
are not easily treated. In addition, restriction of antioxidant intake would likely cause adverse effects in healthy
tissues. For these reasons, such a prooxidant therapy is
not seen here as promising.

HOW NATURAL COMPOUNDS AND
CHEMOTHERAPY DRUGS INHIBIT
PROLIFERATION
Let us now pull together what has been presented
about how natural compounds inhibit cancer cell proliferation and compare how natural compounds work to
the way current chemotherapy drugs work, thus clarifying what natural compounds have to offer. As we will
see, the cancer inhibitory effects of most natural compounds discussed are not due to direct DNA damage,
whereas direct DNA damage is an important mechanism
for many of the chemotherapy drugs used today. This
distinction is important, in that natural compounds are
therefore less likely than many chemotherapy drugs to
induce DNA mutations in surviving cells. Moreover,
natural compounds are more likely to act selectively on
cancer cells and spare normal cells than are most chemotherapy drugs now in use.

Targets of Natural Compounds Versus
Targets of Chemotherapy Drugs
Targets of Natural Compounds
Cancer cells can be likened to drug addicts. They need
a regular fix to keep them going, and without it, they fall
apart. Their fix is the abnormally high throughput of
proliferation signals (and “do not die” signals). Without
these signals, some cancer cells enter a quiescent period,
and many, unable to survive without a fix, die via apoptosis. Normal cells, which do not depend on such a high
throughput of signals (or self-originated signals), tend to
be less susceptible. The natural compounds discussed
here tend to inhibit the proliferation of cancer cells by
removing the flow of signals that leads to cell proliferation and prevention of cell death.
Since cancer cells and normal cells work by the same
mechanisms, the flow of signals that instructs both to
proliferate is the same, except in cancer cells the signals
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are more abundant and also largely self-originated.
Therefore, if we were to eliminate these signals, normal
cells would also suffer. The natural compounds I discuss do not have this strong an effect, however. Instead,
at the plasma concentrations that are achievable with
oral administration, they tend to reduce the signal flow
to more normal levels.
The flow of information leading to cell proliferation is
mediated through proteins, as illustrated in Figure 2.7.
In the figure, abnormal gene expression is the most
prominent feature, since such expression is central to the
proliferation and malignant behavior of cancer cells. As
shown, abnormal gene expression results in one of four
types of protein signals that assist proliferation or malignant behavior. All four of these primary protein signals can be inhibited by natural compounds.
1. Errors in the p53 gene can produce p53 proteins that
fail to induce apoptosis in cells with DNA damage,
resulting in increased DNA instability and unchecked proliferation. Errors in the Bax gene can
produce proteins that also fail to induce apoptosis in
cancer cells. Errors in the Bcl-2 gene can produce
excessive amounts of proteins that protect against
apoptosis in cancer cells.
2. Abnormalities in some genes can produce excessive
amounts of proteins that assist angiogenesis (the
growth of new blood vessels), or assist in invasion,
metastasis, or evasion of the immune system. Although these do not have direct effects on proliferation, they do affect proliferation or the rate of cell
death indirectly.
3. Overexpression of oncogenes such as fos, jun, and
myc can produce large amounts of fos, jun, and myc
proteins. As discussed above, these proteins act as
transcription factors to induce the expression of
genes such as cyclin genes, whose proteins drive the
cell cycle proper. In addition, overexpression of cyclin genes can directly produce excessive amounts of
cyclin proteins.
4. Abnormal genes can produce several proteins that
facilitate signal transduction. These proteins include
growth factors, growth factor receptors, and kinase
enzymes, ras proteins, and others. (These are discussed in Chapter 4.) Overproduction of these proteins results in increased signal transduction, which
stimulates abnormal activity of transcription factors
such as AP-1 and NF-κB (discussed in Chapter 5).
Abnormal transcription factor activity stimulates
gene expression, resulting in the overproduction of
cyclin proteins that drive the cell cycle and the overproduction of other proteins that assist angiogenesis,
invasion, and metastasis.
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Figure 2.7
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Natural compounds that inhibit
signal transduction can play a dual
role in inhibiting cancer. In addition
to proliferation signals, cancer cells
(like normal cells) also require “do
not die” signals to prevent death
through apoptosis. In cancer cells,
these signals come in part from both
growth factors and increased signal
transduction.
Therefore, natural
compounds that reduce signal transduction not only can inhibit proliferation but can also induce cell
death.
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the gastrointestinal lining, are
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give a clearer idea of how these
drugs work, we consider these tarNatural compounds that inhibit these signals are dis- gets in more detail, starting with those that target nucussed in Chapters 3 through 6. Their actions include cleotide structure.
lowering mutation rates by scavenging free radicals,
normalizing p53 activity, or both; inhibiting abnormal
Targeting Nucleotides Structure
transcription factor activity; inhibiting kinases or other
One way of inhibiting cancer cell proliferation is to inproteins involved in signal transduction; inhibiting the
activity of cyclin proteins, which drive the cell cycle; hibit the production of nucleotides. A number of cheand increasing cell-to-cell communication, which sends motherapy drugs, classified as antimetabolites, act by
this means. For example, folate, a B vitamin, is needed
signals that normalize gene expression.
for the synthesis of some bases. Drugs such as methotrexate inhibit folate activity.
Other drugs like
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fluorouracil, hydroxyurea, and cytarabine inhibit DNA
synthesis in other ways. The latter inhibits DNA polymerase, the enzyme that makes new strands of DNA
during replication. To some degree it also substitutes
the sugar arabinose for ribose during DNA synthesis
(functional nucleotides contain ribose).

Targeting Nucleotides Within DNA
A number of chemotherapy drugs act by altering the
nucleotides within DNA once it is formed, thereby damaging the DNA and inhibiting its replication and transcription. Some drugs—for example, cyclophosphamide, carmustine, cisplatin, mitomycin, and busulfan—
are alkylating agents, which means they add strings of
hydrocarbon molecules to the nucleotides. These strings
can bind DNA strands together or simply hang on single
DNA strands, thereby interfering with DNA replication,
transcription, or repair.
Other chemotherapy drugs, such as doxorubicin and
bleomycin, are intercalating drugs, meaning they insert
themselves between adjacent DNA base pairs. The flat
structure of these drugs allows them to slip easily between base pairs. Some of these drugs, including
doxorubicin and bleomycin, instigate free radical damage to bases once they are inserted. Intercalating drugs
interfere with both DNA and RNA synthesis.

Targeting Topoisomerases
Topoisomerases are enzymes that unwind the DNA so
that both DNA replication and gene transcription can
take place. Some chemotherapy drugs, such as the natural compound camptothecin and the semisynthetic compound etoposide, act via topoisomerase inhibition.
Some natural compounds discussed here also have the
capacity to inhibit topoisomerases. These include apigenin, ATRA (vitamin A), boswellic acid, genistein,
luteolin, and quercetin (see Appendix C for details).
These compounds are active in the concentration range
of roughly 1 to 200 µM, with the IC50 for most of them
tending to be greater than 30 µM. Two exceptions are
boswellic acid and ATRA, which are reportedly active at
concentrations between about 1 and 10 µM. This concentration of ATRA is similar to peak plasma concentrations normally produced during ATRA treatment of
leukemia patients after high doses. All of these compounds, however, also inhibit cancer through other
mechanisms and usually at lower concentrations than
those just discussed. Therefore, topoisomerase inhibition is not likely to be a primary mode of cell inhibition
for any of these compounds in vivo (after oral administration); other anticancer actions are likely to take
precedence.
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Targeting Mitosis
Compounds that inhibit the mitosis (M) phase in the
cell cycle, called antimitotic compounds, prevent cell
proliferation. Some chemotherapy drugs that are themselves natural compounds act as antimitotics, including
vincristine and vinblastine. The natural compounds discussed in this book do not generally act in this way,
however.

CYTOSINE METHYLATION AND DNA:
A NOTE ON CANCER PREVENTION
As a concluding note, we discuss a promising approach to prevention (and perhaps eventually treatment)
that is closely related to what has been covered so far. I
already mentioned the possibility that antioxidants may
help prevent abnormal methylation patterns. It seems
likely that methyl donors have an important role to play
in promoting normal methylation as well. (Information
on a related topic, polyamine synthesis, is provided in
Appendix C for those readers who want more information on other potential cancer prevention and treatment
strategies.)
As a reminder, the genes of tumor cells tend to be hypomethylated (not enough “do not disturb” signs) and
therefore overexpressed. This is particularly true of the
oncogenes. A smaller number of genes, tumor suppressor genes, tend to be hypermethylated (too many “do not
disturb” signs) and therefore silenced. As noted, these
inheritable but potentially reversible changes in DNA
structure are called epigenetic changes. Natural compounds that are methyl donors may affect methylation
patterns in a way that prevents epigenetic changes, and
so they may play a role in cancer prevention.
DNA methylation requires the presence of methyl
groups, and the primary donor of methyl groups in the
body is S-adenosylmethionine (SAM). Some readers
will recognize SAM as a natural compound used experimentally to treat arthritis, inflammation, and depression.47 (The structure of SAM is illustrated in Figure
A.9 of Appendix A.) The SAM cycle is illustrated in
Figure 2.8 (adapted from references 18 and 48).a
Briefly, SAM is transformed into the amino acid homocysteine and then into the amino acid methionine. Methionine is then converted back into SAM. As shown,
choline, vitamin B12, and folate assist in this process.
Because of their involvement in the SAM cycle, choline,
folate, methionine, and vitamin B12 are considered the
primary dietary sources of methyl donors. One donor,
a

S-adenosylmethionine derives its name from being an adenosine molecule (a nucleotide) joined with a methionine molecule.
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Figure 2.8

Simplified Metabolism of SAM
polyamines
(see Appendix C)

SAM

methionine

acceptor
(DNA, etc)

choline
B12 and
folate
derivatives

Although methyl donors may be useful
for cancer prevention, their usefulness in
treating established cancers is more uncertain. For one thing, high SAM concentrations could theoretically facilitate
hypermethylation and silencing of tumor
suppressor genes. Second, high folate
intake could assist nucleotide synthesis
in cancer cells. In contrast, it is also
possible that administration of methyl donors could be
beneficial. For example, administration of SAM could
lead to hypermethylation and silencing of oncogenes.
The therapeutic use of SAM or other methyl donors as a
treatment agent remains to be more fully investigated.

methylated
acceptor

Int.
homocysteine

Different methyl donors may have distinct effects. The methyl donor methionine, for example, has been reported
to act as a promoting agent in some
situations.61 That methionine and SAM
have variant effects was also suggested
in a study where SAM administration
reduced preneoplastic liver lesions in
animals, but methionine administration
had no effect.62 The reasons for the dissimilar effects are not entirely clear but
may be due to incomplete conversion of
methionine to SAM.

Int.

int. = intermediate compound(s)

folate, is also required for nucleotide synthesis, as mentioned previously.
If the body does not have enough SAM, a variety of
diseases can arise, including cancer. This is because an
insufficient amount of SAM can result in hypomethylation and therefore overexpression of many genes, including oncogenes. In addition, low levels of SAM can
increase the risk of spontaneous base substitutions, leading to mutations.
Since low levels of SAM can be produced by insufficient intake of methyl donors, the above discussion
would suggest that methyl donors could be useful in
cancer prevention. Although the data are somewhat
conflicting, this does seem to be the case. Animals fed
diets lacking in methyl groups (insufficient amounts of
choline, methionine, folate, vitamin B12, or all of these)
are prone to developing hypomethylated genes (including c-myc and c-fos oncogenes) and to developing liver
and other cancers.49,_50,_51 Moreover, in a number of
studies, intramuscular administration of SAM inhibited
oncogene expression, normalized DNA methylation,
reversed preneoplastic liver lesions, and provided longterm protection from cancer formation in animals treated
with carcinogens.52–55 In these studies, the few cancers
that did form grew relatively slowly. Furthermore, adequate intake of the methyl donor folate appears to protect humans from some cancers, including cervical and
colon cancer, although study results are inconsistent.56–60
In one study, oral administration of folate was able to
correct hypomethylation in the rectal cells of some but
not all patients with colorectal cancer.58

CONCLUSION
Mutations are the central driving force behind transformation of a normal cell into a cancer cell and behind
progression of the developing tumor. The mutations
that give a cancer cell a proliferation advantage are those
that lead to increased expression of oncogenes and decreased expression of tumor suppressor genes and those
that lead to the production of proteins that otherwise
assist proliferation.
Normal cells and cancer cells proliferate in response to
the same signals. The distinguishing characteristic of
cancer cells is the higher volume of proliferation signals
(or the lower volume of “do not die” signals). Thus
cancer cells are set apart by their extreme behavior,
rather than by intrinsically foreign behavior. One characteristic that makes natural compounds attractive as
anticancer agents is that they can be used to interrupt the
flow of information that promotes extreme behavior and
thus are generally not so damaging to normal cells as
treatments that target DNA itself.

Mutations, Gene Expression, and Proliferation
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RESULTS OF THERAPY AT THE CELLULAR LEVEL
As we explored in Chapter 2, gene mutations and the abnormal expression of
genes play a central role in cancer.
These abnormalities, in combination
with a heavy flow of “do proliferate”
and “do not die” signals, allow cancer
cells to proliferate and avoid death. In
this chapter we explore what happens
when cancer cells fail to proliferate or
fail to avoid death; that is, we explore at
the cellular level the end results that
anticancer therapies attempt to produce.
We discuss results at this early point
because by keeping the goal of treatment
in mind, we are better able to evaluate
the means needed to reach it. When
planning a trip, one should know the
intended destination before deciding the
route to take. Apoptosis, a term used
repeatedly in later chapters, is our most
common “destination.” The “route”
taken to get there will involve inhibition
of one or more of the seven clusters of
procancer events.

Figure 3.1

Differentiation of Stem Cells

stem cell

self-renewal

stem cell
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There are four possible results of a
successful therapy at the cellular level.
A cancer cell may differentiate into a less malignant
form, fail to enter the cell cycle and thus fail to proliferate, die through necrosis, or die through apoptosis.

CELL DIFFERENTIATION
Cell differentiation is a measure of the maturity of a
cell. Cells that are fully differentiated (fully mature)
resemble their parent cells in form and function, and
they proliferate very slowly, if at all. In contrast, immature cells are poorly differentiated, do not yet resemble
their parents, and are able to proliferate at a higher rate.
Most cancer cells are less differentiated, less mature,
than normal cells, allowing cancer cells to proliferate
readily. The degree to which a cell differentiates is
regulated by gene expression. Therefore, by manipulating gene expression, one can alter the degree of differentiation. A number of natural compounds, discussed
below, can induce differentiation in cancer cells, thereby
decreasing their proliferation rate and causing them to
display fewer malignant characteristics.

clonal expansion

more mature cells, lower proliferation rate

Stem Cells
The least differentiated and most prolific cells within
the body are called stem cells. In a healthy organism,
stem cells act as a source of new cells during tissue repair, as illustrated in Figure 3.1 (adapted from reference
1). As shown in the figure, stem cells are capable of
both self-renewal (self-replacement) and clonal expansion and so are virtually immortal. Not surprisingly,
stem cells are present in high numbers in tissues that
constantly renew their population, such as the bone marrow and intestinal lining. Bone marrow cells have a
turnover rate of approximately five days, as opposed to
several years for some vascular cells. Although stem
cells in normal tissues have a high ability to proliferate,
their proliferation is tightly regulated, occurring only
under specific circumstances.
Small numbers of stem cells are also present in malignant tumors. Unlike stem cell proliferation in normal
tissues, that in cancerous tissue is largely unregulated.
Furthermore, the daughter cells do not fully differentiate
(i.e., acquire the functions of more mature cells), and so
the proliferation rate of the offspring remains high. For
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these reasons, stem cells are the prime targets of cytotoxic chemotherapy and radiotherapy.
Tumors can be described by the degree to which their
cells have undergone differentiation; this is referred to
as the “grade” of a tumor. Tumors that are poorly differentiated generally grow faster and are assigned a
higher grade. The opposite is true for tumors that are
well differentiated. If tumor cells do not differentiate at
all, the tumor is called anaplastic (literally, not formed).
The grading system usually uses a scale of 1 to 3 or 1 to
4, with anaplastic tumors having the highest grade. For
example, a well-differentiated tumor may be classified
as grade 1, whereas a poorly differentiated one may be
grade 4. Most tumors, except perhaps the most anaplastic, contain enough cells that sufficiently differentiate so
that a pathologist can determine the tissue of origin. For
example, at least a few cells from a bone cancer will
differentiate into mature and identifiable bone cells.

Natural Compounds That Induce
Differentiation
The cells of most cancers have the potential to differentiate into more mature cells. In other words, many, if
not all, cancer cells retain the capacity to express some
normal characteristics and, under some circumstances,
to suppress malignant behavior.2 Natural compounds
and certain drugs can induce differentiation in cancer
cells, although some cancers are more easily induced to
differentiate than others. The greatest successes so far
have been in inducing leukemia cells to differentiate.3
Cells must be in the cell cycle before they will respond
to differentiating agents; that is, they must be actively
dividing and not in the G0 resting phase (see Figure 2.5).
Leukemia cells are particularly sensitive to differentiating agents in large part because they have a high rate of
proliferation relative to cells of other cancers. In contrast to leukemia and other fast-growing cancers, success
in inducing the cells of most solid tumors to differentiate
has been more sporadic.
We note here that, contrary to popular belief, cancer
cells do not generally proliferate at a high rate relative to
normal cells. Fast-growing cancers such as leukemias
proliferate at roughly the rate of fast-growing normal
cells such as bone marrow or hair cells. Fast-growing
cancer cells and fast growing normal cells enter the cell
cycle about once every two weeks or less, and in some
cases once every few days. The cells of other cancers
and those of most normal tissues proliferate much more
slowly. Often, the rate of a tumor’s growth is measured
as its doubling time, the time required for it to double in

volume.a To provide some examples, the doubling rate
of breast cancer is generally about 40 to 100 days, that
of lung cancer about 60 to 270 days, of colorectal cancer
about 630 days on the average, and that of prostate cancer is commonly greater than 740 days.4–7 In general,
tumors in younger patients have a faster doubling rate
than those in older patients; likewise, tumors arising
from metastases tend to have a faster doubling rate than
primary tumors. All of these relatively slow-growing
cancers are less susceptible to differentiating agents than
the faster-growing ones.
We have then the seemingly contradictory result that
drugs or other compounds that increase cancer cell proliferation can, when used in combination with differentiating agents, increase cell differentiation and in so
doing, ultimately reduce proliferation. As we will later
see, some chemotherapy drugs and natural compounds,
apart from those that induce differentiation, may also be
more effective at inhibiting cancer when cells are actively proliferating; agents that increase proliferation
may therefore make these more effective too.
Not surprisingly, most of the differentiation studies using natural compounds have been conducted on leukemia cells. Still, melanoma, colon, breast, lung, bladder,
and brain cancer cells have also been reported to differentiate in some cases.8,_9 Natural compounds that induce
differentiation in vitro are listed in Table 3.1. Of the
compounds listed, ATRA (an active metabolite of vitamin A) and 1,25-D3 (the active metabolite of vitamin
D3) have received the most research attention. The majority of compounds listed in Table 3.1 induce differentiation within the concentration range of roughly 1 to 50
µM, the exceptions being ATRA and 1,25-D3, which
induce differentiation within the concentration range of
about 0.01 to 1 µM. This is still above the normal
plasma concentrations for these two compounds, however.
Some of the compounds listed have also been reported
to induce differentiation in vivo. For example, intraperitoneal administration of daidzein (at 25 to 50 mg/kg per
day) reduced tumor volume and induced differentiation
of leukemia cells held in chambers in mice.10 The
equivalent human oral dose is about 1.1 to 2.3 grams per
day. The same intraperitoneal dose of boswellic acid
also induced differentiation of leukemia cells in
mice.11,_12 The equivalent human oral dose is about 340
to 680 milligrams per day. Combinations of ATRA and
a

Note that actual proliferation rates of cancer cells are faster
than tumor volume doubling times. Tumor volume doubling time
is a function of both cell proliferation and cell death. The rate of
cell death in many solid tumors may be 75 to 90 percent of the
rate of cell proliferation.
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vitamin D3 at high doses have also been reported to be
effective in animals.13,_14,_15

TABLE 3.1 NATURAL COMPOUNDS THAT INDUCE
DIFFERENTIATION IN VITRO
COMPOUND

FAILURE TO ENTER THE CELL
CYCLE
The second possible result of successful treatment is
causing cancer cells to stay out of the cell cycle. As
discussed in Chapter 2 and illustrated in Figure 2.5, cells
remain in the initial gap phase (G0) until they are stimulated to proliferate. Generally, the required stimulation
is initially due to the activity of growth factors. These
stimulate the expression of the early genes in cell proliferation (fos, myc, and jun), which eventually results in
increased expression of other genes that drive the cell
cycle proper. Therefore, cells can be kept in the initial
gap phase and out of the cell cycle by reducing the effects of growth factors. Natural compounds are capable
of reducing these through at least two means. First, they
can reduce signal transduction, a process growth factors
rely on for their effects. Second, they can reduce abnormal transcription factor activity, which is the last step
before growth factors cause gene expression. The use of
natural compounds to inhibit growth factors by these
means is discussed in Chapters 4 and 5.
In addition to preventing proliferation, keeping cells
from entering the cell cycle may have the long-term effect of inducing apoptosis. When cells are not able to
divide, they eventually die of old age. In most cases,
cells that die of old age do so through apoptosis.
It is unlikely, however, that natural compounds will
completely prevent cancer cells from leaving G0 and
entering the cell cycle. Those discussed here are more
likely to slow down the rate of entry. Slowing down the
proliferation rate may in fact be better than completely
preventing cells from entering the cell cycle, since many
natural compounds are more efficient at halting the cell
cycle and inducing apoptosis once the cycle has begun.
Once in the cycle, many events and stresses occur that
make the cell vulnerable to injury. We might liken it to
a woman being more vulnerable to injury while she is
pregnant. As mentioned previously, differentiation
agents and most chemotherapy drugs are also more effective on cells in the cycle. The same is true of radiotherapy.

APOPTOSIS AND NECROSIS
The last two possible results of successful treatment
are cell death through apoptosis or necrosis. Of the two,
apoptosis is the preferred form of death during therapy.
Apoptosis is a rather new discovery (1972); before this,
cell death was thought to occur only through necrosis.

Arctigenin
ATRA (vitamin A)
Boswellic acid
Bromelain and other proteolytic enzymes
CAPE
Flavonoids (including apigenin, luteolin, quercetin, genistein,
and daidzein)
Emodin
EPA and DHA
Monoterpenes
Resveratrol
1,25-D3 (vitamin D3)
Note: See Table D.1 in Appendix D for details and references.

Apoptosis is programmed into the cell at birth and is
triggered at old age or under other conditions where cell
death benefits the organism as a whole. Apoptosis is a
Greek word referring to the seasonal dropping of leaves
from a tree. Like the seasonal dropping of leaves, apoptosis is a natural and necessary process in many types of
human, animal, and even insect cells. For example, increased apoptosis allows rapid cell turnover during
wound healing.
There are many differences between necrosis and
apoptosis. Unlike necrosis, apoptosis affects scattered,
individual cells, does not rupture the cell membrane, and
does not produce inflammation; therefore, it does not
damage adjacent cells. Immune cells ingest apoptotic
cells before their plasma membranes rupture, and so the
cell’s contents spill into the extracellular space (the
space outside and between cells). Apoptosis represents
an orderly method of removing old, damaged, or otherwise unwanted cells. Necrosis, on the other hand, is a
violent form of cell death, usually involving large numbers of cells. Since the plasma membrane of a necrotic
cell ruptures and the cell’s contents are spilled into the
extracellular space, necrosis can easily lead to inflammation.
Both necrosis and apoptosis play a role in limiting tumor growth. Necrosis may occur, for example, in cells
distanced from the blood supply. Until recently, induction of necrosis was thought to be the single goal in
conventional anticancer therapy but it is now understood
that anticancer agents commonly kill cancer cells via
apoptosis. In fact, it appears that much of the cell death
induced by chemotherapy drugs is due to apoptosis.
Although it may be possible under some conditions for
natural compounds to induce necrosis, I do not advocate
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their use for this goal. For one thing, very high and
probably unsafe doses of natural compounds would be
required. Apoptosis can be induced by lower doses.
Moreover, necrosis can induce inflammation, which can
assist cancer progression through a variety of mechanisms. Finally, as compared to whole apoptotic cells,
the contents of ruptured necrotic cells are not easily
picked up by immune cells (macrophages). Therefore,
the cancer’s unique proteins are not efficiently presented
to other immune cells (T cells), which need them to
search out and destroy other cancer cells; T cells use
antigens much like a dog uses a scent to identify what it
tracks.

Apoptosis and Cancer
At any given moment for any given cell, apoptosis is
either induced or not induced depending on the relative
balance of “do die” and “do not die” signals. A growing
body of evidence suggests that the default signal is “do
die,” meaning that apoptosis is an ever-present default
pathway for all cells and cell survival is maintained only
as long as cells receive the appropriate “do not die” survival signals (such as stimulation by growth factors).16
Although not always successful, cancer cells have a gift
for generating more “do not die” than “do die” signals,
thereby preventing apoptosis. Fortunately, natural compounds can be used to readjust the balance in cancer
cells to favor apoptosis.
“Do die” signals come from three primary sources.
The first is through cellular damage, especially damage
involving the DNA. The p53 gene will attempt to repair
DNA damage, and if the damage is irreparable, it will
attempt to induce apoptosis. As we know, the p53 gene
is commonly mutated in cancer cells and so does not
function properly.
A second source of “do die” signals comes from certain growth factors, or in this case, antigrowth factors.
One such factor is transforming growth factor-beta
(TGF-beta), which is discussed below. Cancer cells can
avoid death by decreasing their sensitivity to the inhibitory effects of TGF-beta.
A third source of “do die” signals comes from within
the cell itself. Certain “killer” genes such as the Bax
gene, when activated, produce proteins that induce apoptosis. These killer genes can be mutated in cancer cells
or can otherwise be underexpressed.
“Do not die” signals come from two primary sources.
First, they can come from within the cell itself. Certain
“protective” genes such as bcl-2, when activated, produce proteins that inhibit apoptosis. These protective
genes can be overexpressed in cancer cells. Second,
such signals come from growth factors and normal cell-
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to-cell communication. Unlike healthy cells, cancer
cells commonly produce their own growth factors that
not only stimulate proliferation but also mimic the “do
not die” signals normally generated through cell-to-cell
contact, thereby allowing cancer cells to detach from
surrounding cells and migrate. In addition, cancer cells
exhibit increased signal transduction that can magnify
any “do not die” signals present.
The reduced rate of apoptosis in cancer cells is what
makes cancer such a serious problem. In most solid tumors, growth occurs not so much because cancer cells
proliferate rapidly as because cancer cells tend not to
undergo apoptosis. Cancer cells live excessively long
lives and are thus able to have many offspring. Nevertheless, the strategies cancer cells use to inhibit apoptosis are not able to protect all cells from death, and
therefore apoptosis still plays a role in limiting net tumor growth.

Natural Compounds That Induce
Apoptosis
Natural compounds can induce apoptosis in cancer
cells by increasing “do die” signals and reducing “do not
die” signals. The former can be increased through any
of the following: cellular damage (which probably plays
a larger role in in-vitro than in-vivo studies); increased
function of the p53 gene or its protein; and increased
activity of antigrowth factors, such as TGF-beta. “Do
not die” signals can be reduced by inhibiting growth
factor activity and signal transduction. It is still unknown if natural compounds can directly affect killer
genes or protective genes. Natural compounds known to
induce apoptosis in cancer cells in vitro are listed in Table 3.2; the majority of these induce apoptosis within the
concentration range of roughly 1 to 50 µM. One exception is 1,25-D3, which is active at 10 to 100 nM; although this is a low concentration range, it is still above
the normal plasma concentrations of this vitamin.
An important factor in translating in-vitro apoptosis
data to in-vivo conditions is the mechanism by which
apoptosis is induced. As we will see in Chapter 15, several compounds listed in Table 3.2 can induce apoptosis
in vitro through prooxidant mechanisms (in other words,
through oxidative damage to the cell). For example, this
has been shown for curcumin, CAPE, and vitamin C.
There are large differences in oxygen tension between
in-vitro and in-vivo environments, however, not to mention differences in antioxidant enzymes and other antioxidant compounds. Thus cells in vitro may respond
differently to some of these compounds than they do in
vivo. Although evidence is still limited, it appears that
compounds such as curcumin and CAPE can induce
apoptosis in vivo but are likely to do so through mecha-
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nisms other than oxidative stress. Indeed, under most
conditions these compounds probably act as antioxidants
in vivo, rather than prooxidants. Still, the induction of
apoptosis via oxidative stress is possible in vivo under
some circumstances (e.g., vitamin C given intravenously
at high doses), but such a prooxidant strategy is not recommended for the reasons summarized in Chapter 2.

Apoptosis and Transforming Growth
Factor-beta
Some of the compounds listed in Table 3.2 may induce
apoptosis in part by their effects on transforming growth
factor-beta (TGF-beta). TGF-beta is a compound present in a variety of normal and neoplastic cells; it plays a
role in regulating proliferation and differentiation. It is
multifunctional and can either stimulate or inhibit cell
proliferation, depending on the cell type and other conditions. For example, it induces apoptosis in cancer
cells that are in the early stages of malignant transformation.17,_18 In this respect, it can be thought of as an antigrowth factor that provides “do die” signals. In the cells
of established cancers, however, TGF-beta can have a
very different effect.
The cells of established cancers appear to lose their
sensitivity to the growth-inhibiting effects of TGF-beta,
either by underexpressing TGF-beta receptors or by otherwise exhibiting aberrant TGF-beta signaling.19,_20,_21
Indeed, some cancers cells actually produce TGF-beta.
Since TGF-beta also causes an immunosuppressive effect, these cancer cells can use TGF-beta to evade immune attack.22,_23,_24 To some degree, production of
TGF-beta can also stimulate cell proliferation, by binding to the receptors for other growth factors, and facilitate angiogenesis, in part by increasing the production of
some growth factors.25–29 Not surprisingly, inhibition of
TGF-beta can inhibit growth and metastasis of established cancers in animal models.30 Because of these
effects, excessive production of TGF-beta is associated
with poor prognosis in colorectal cancers, stomach cancers, and other neoplasms.29,_31
Some of the compounds in Table 3.2 induce apoptosis
by normalizing the effects of TGF-beta, either by increasing TGF-beta receptor expression or by otherwise
improving TGF-beta signaling. This has been shown,
for example, for genistein, monoterpenes (especially
perillyl alcohol), and ATRA.32–35 By improving TGFbeta signaling, these compounds can induce apoptosis in
both transforming and transformed cancer cells. Some
natural compounds, including vitamin A, quercetin, curcumin, resveratrol, vitamin D3 and melatonin, can increase TGF-beta production, yet they do not promote the
progression of cancers in vivo.36–41 At least for vitamin

TABLE 3.2 NATURAL COMPOUNDS THAT INDUCE
APOPTOSIS IN VITRO
COMPOUND
1,25-D3 (Vitamin D3)
ATRA (vitamin A)
Boswellic acids
CAPE
Curcumin
EPA
Flavonoids (including apigenin, luteolin, genistein, quercetin,
and EGCG)
Garlic
Hypericin
Leukotriene inhibitors (see Table 8.2)
Monoterpenes
Resveratrol
Selenium
Vitamin C
Vitamin E
Note: See Table D.2 in Appendix D for details and references.

A, this is probably because it improves TGF-beta signaling at the same time it increases TGF-beta production.
Other natural compounds are able to directly inhibit
TGF-beta production or activity. For example, highmolecular-weight polysaccharides such as PSK can bind
to and inactivate TGF-beta.42,_43 By inhibiting TGF-beta
activity, PSK can inhibit the progression of cancers that
have lost sensitivity to TGF-beta’s inhibitory effects.
The ability of PSK to inactivate TGF-beta is in keeping
with its role as an immune stimulant, since cancer cells
can then no longer use TGF-beta to evade immune attack.

CONCLUSION
At the cellular level, successful anticancer therapies
can have four possible outcomes. They can cause cancer cells to differentiate into cells that have more normal
form and function, they can prevent cancer cells from
entering the cell cycle, or they can induce cell death
through necrosis or apoptosis. Of these, natural compounds are best suited for inducing differentiation (particularly in fast-growing cancers); preventing cells from
entering the cell cycle; and inducing apoptosis. The
induction of apoptosis is a primary goal of anticancer
therapies using natural compounds because it is applicable to all types of cancer cells; it is the body’s natural
way of killing cancer cells; and it can be caused through
several mechanisms that are sensitive to modification by
natural compounds. These include increasing “do die”
signals and decreasing “do not die” signals. Preventing
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cells from entering the cell cycle will also result in
greater apoptosis rates, and can be caused by inhibiting
“do proliferate” signals, such as those produced by the
sequential effects of growth factors, signal transduction,
and transcription factor activity.
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GROWTH FACTORS AND SIGNAL TRANSDUCTION
Growth factors and signal transduction play crucial
roles in stimulating cell proliferation and in maintaining
a cell’s life. Briefly, growth factors are soluble extracellular proteins that bind to receptors on the outside of the
cell. This binding elicits a chemical signal that is transferred to the cell’s nucleus through a series of steps
called signal transduction. The result is the activation of
transcription factors and the initiation of gene expression. In addition to growth factors, cell-to-cell contact
can also generate signals at the cell’s surface that are
again transferred to the nucleus via signal transduction.
In normal cells, all these processes are tightly regulated.
In cancer cells, however, the regulations fail, and growth
factor activity and excessive signal transduction increase
“do proliferate” and “do not die” signals, while decreasing “do die” signals. These changes in signals allow the
cell to live a long life with many cell divisions.
In this chapter, we focus on how growth factors and
signal transduction work and how natural compounds
can be used to affect them. We discuss several important growth factors, then focus on three primary proteins
that mediate signal transduction: protein tyrosine kinase
(PTK), protein kinase C (PKC), and the ras protein. In
addition, we briefly discuss other kinases involved in
signal transduction, such as phosphatidylinositol kinase
(PI kinase), as well as cyclin-dependent kinases that
control the flow of signals as the cell moves through the
cell cycle proper. All of these kinases and proteins can
be inhibited by natural compounds.
This chapter starts with a brief recap of the differences
in signals that occur between normal and cancer cells.

PROLIFERATION AND APOPTOSIS IN
NORMAL CELLS VERSUS CANCER
CELLS
All cells in the body at every moment are subject to
the dynamic balance that exists between pro-life and
pro-death signals. Two very basic pro-life signals are
“do not die” and “do proliferate”; their counterpart prodeath signals are “do die” and “do not proliferate.” All
of these signals exist more or less simultaneously, and
their relative strengths decide a cell’s fate. Of these signals, “do die” and “do not proliferate” seem to be the
defaults. That is, if cells are not told to live, they will
undergo apoptosis, and if they are not told to proliferate,
they will not enter the cell cycle.

The signals that tell a cell to live or to proliferate generally come from outside the cell, commonly from contact with growth factors and from contact, or lack of it,
with other cells and tissues. To illustrate how these signals occur in normal tissues, consider the liver tissue of
a healthy animal. The liver cells are in close contact
with one another, both through actions of cell adhesion
molecules on the surface of the cells and through gap
junctions (portals) between cells. The liver cells do not
undergo apoptosis, since contact with neighboring cells
continually generates “do not die” signals. Also, they
do not enter the cell cycle because there are few “do
proliferate” signals.
Now imagine that the animal receives an injury that
slices away a small section of its liver. The injured area
soon becomes inflamed and steeped in growth factors.
These factors, produced by immune cells, released from
the blood, or derived from other sources, cause various
types of cells to proliferate. For example, blood vessel
cells proliferate to replace those damaged in the injury,
and liver cells are also stimulated to proliferate by these
growth factors. In addition, the reduced cell-to-cell contact at the edge of the healthy liver tissue signals that
new liver cells are needed. In response to the growth
factors and signals from reduced cell-to-cell contact,
stem cells or other poorly differentiated cells in the liver
enter the cell cycle and proliferate. The entire repair
process and all the cell proliferation that goes on in it is
wondrously orchestrated so that once tissue repair is
complete, no new tissue is produced.
I stated previously that cell-to-cell contact is needed to
generate “do not die” signals, but above I state that liver
cells are stimulated to proliferate by lack of cell-to-cell
contact. This apparent contradiction can be explained
by considering that the growth factors present at the
wound site provide signals that both stimulate proliferation and mimic the “do not die” signals normally originating from cell-to-cell contact. In addition, the liver
cells at the edge of the injury are only partially separated
from other liver cells.
The situation with cancer cells is both like and unlike
the example of injured liver tissue. It is similar in that
cancer cells, like liver cells, are stimulated to proliferate
and not to undergo apoptosis. It is different in that the
proliferation of cancer cells continues indefinitely.
Moreover, the sources of “do proliferate” and “do not
die” signals are also somewhat different. In both cases,
inflammation results in the production or release of
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GROWTH FACTORS
Figure 4.1
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outside of cell
carbohydrates

lipid
bilayer

growth factors

Figure 4.1 illustrates key features of
the plasma membrane, including receptor proteins for growth factors. As
shown, receptor proteins span the width
of the plasma membrane and are therefore able to transfer the signal from
growth factors outside the cell to structures within the cell.

Once inside the cell, the signal generated at the receptor is transferred to the
cell’s nucleus by kinase enzymes and
other proteins. In many cases, the receptor itself is composed partly of a kinase
enzyme. Kinases and other proteins
channel protein
cholesterol
relay the signal from the receptor to the
proteins
molecule
receptor protein
nucleus in much the same way a baton is
inside of cell
relayed from start to finish by different
runners in a track race. This relay process is called signal transduction. Regrowth factors, but in cancer, the cells themselves also
searchers commonly use a different analogy and speak
produce their own growth factors. In addition, cancer
of the relay process as a signal cascade, referring to the
cells can get the most out of any available growth facway water flows over a series of falls.
tors by producing excessive amounts of both the growth
One feature common to the enzymes involved in signal
factor receptors and the proteins needed in signal transtransduction is that when the signal comes to them, they
duction.
are energized by the attachment of phosphorus atoms. It
Cancer cells differ from injured liver cells in other
is as if they receive a shock of energy, and this shock
ways. For one thing, cancer cells are generally less difallows them to pass on phosphorus atoms to other carferentiated than liver cells. Since poorly differentiated
rier proteins, which then carry the signal to the next encells are prone to proliferate, a relatively large populazymes. The process of attaching phosphorus atoms to
tion of cancer cells can enter the cell cycle in response to
enzymes or other proteins is called protein phosphorylagrowth factor activity and signal transduction. In addition. Phosphorus atoms are held tightly together by
tion, oncogenes within cancer cells can directly produce
atomic bonds, and when a group of phosphorus atoms is
proteins such as fos and jun that initiate the cell cycle,
split apart, a large amount of energy is released. The
and ones such as cyclins that drive the cell cycle proper.
phosphorus groups needed for protein phosphorylation
Oncogenes are not overexpressed in liver cells.
are delivered to the enzyme by ATP, the primary energy
Lastly, other gene derangements in cancer cells can source in a cell.a
lead to overproduction of proteins that protect against
Table 4.1 provides a short description of several of the
apoptosis (such as Bcl-2) and can lead to malfunctions
most important growth factors in cancer; the descripor underproduction of proteins that induce apoptosis
tions include the type of receptor protein each growth
(such as p53 and Bax). These abnormalities do not ocfactor uses. As can be seen, the cellular receptors for
cur in liver cells.
most of these growth factors are protein tyrosine kinases
All the above factors allow cancer cells to override the (PTKs). PTKs are discussed in detail below, but note
complex controls that normally govern proliferation and here that receptor PTKs can be produced by oncogenes
survival. We can draw the analogy between cancerous and that an entire family of receptor PTKs exists, each
and injured tissues; the environments of both allow increased cell proliferation, but the former acts as a wound a We can think of ATP (adenosine triphosphate) molecules as
that does not heal, and so its cell population expands small batteries floating around in the cell; they give up their
without the limits inherent in the final stages of normal “charge” of phosphorus atoms to enzymes, thereby becoming
healing.
ADP (adenosine diphosphate). ADP is later recharged to ATP
through the process of burning glucose. ATP and ADP are nucleotides. Thus nucleotides play other roles in the cell besides the
formation of DNA and RNA.
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TABLE 4.1 GROWTH FACTORS AND THEIR RECEPTORS*
GROWTH FACTOR
Epidermal growth factor
(EGF)

Fibroblast growth factors
(FGF)

Insulin-like growth factors
(IGF)

Platelet-derived growth factor
(PDGF)
Transforming growth factoralpha (TGF-alpha)
Transforming growth factorbeta (TGF-beta)

Vascular endothelial growth
factor (VEGF)

COMMENTS
The EGF receptor is overexpressed in many types of human cancers. It can
be activated by at least five different growth factors, including EGF and TGFalpha. EGF receptor binding can produce several effects, including increased
cell proliferation, cell motility, invasion, and metastasis.
FGFs such as basic FGF (bFGF) can be overproduced by many types of tumor
cells. They are heparan-binding growth factors, which allows them to be
stored in the extracellular matrix, the connective tissue surrounding cells and
tissues. FGFs stimulate proliferation of many cell types and are involved in
angiogenesis.
IGFs stimulate cell proliferation and share many properties with insulin,
except they do not stimulate glucose utilization. They can be overproduced
by many types of tumor cells. IGF receptors occur on a variety of human
tumors, including breast cancers.
PDGF stimulates the proliferation of epithelial cells and other cells. It is
released by platelets to stimulate wound healing and can also be produced by
tumor cells.
Like epidermal growth factor, TGF-alpha binds to EGF receptors. It is
produced by macrophages, brain cells, and other cells. It induces
angiogenesis in vivo.
TGF-beta is a multifunctional protein that controls proliferation,
differentiation, and other cell activities. It can either increase or decrease
proliferation, depending on the cell type and conditions. In the early stages of
transformation, TGF-beta inhibits proliferation of several cell types; however,
advanced cancers can become resistant to its growth-inhibitory actions. In
these cancers, TGF-beta can promote invasion and metastasis, partly through
its immunosuppressive effects.
VEGF is also known as vascular permeability factor. It induces endothelial
proliferation and vascular permeability and plays an important role in
angiogenesis. It is related to PDGF and is produced by epithelial cells,
macrophages, and smooth muscle cells.

RECEPTOR
TYPE
PTK

PTK

PTK

PTK

PTK

comprised of
three distinct
proteins

PTK

Sources: References 1–4.
All growth factors listed are technically referred to as cytokines; however, I use the term cytokine to refer specifically to cytokines
produced by immune cells that stimulate immune cell function or proliferation (for example, interleukins have this effect).

*

with a slightly different function. By producing excessive amounts of PTKs or hypersensitive PTKs oncogenes can allow a cancer cell to become easily
stimulated. In addition, oncogenes can also produce
growth factors themselves or proteins that act as growth
factors. In these ways, they help cancer cells proliferate
even in environments that do not favor proliferation.

SIGNAL TRANSDUCTION
PTKs and Signal Transduction
Receptor PTKs are receptor-enzyme units that span the
plasma membrane; in technical terms, they consist of an
extracellular receptor domain, a transmembrane domain,
and an intracellular tyrosine kinase domain. The intracellular portion consists of the kinase enzyme with a
small attached tail. Both the tail and the enzyme itself

can receive phosphorus groups from ATP, which, energize them. PTKs can also exist within the cell, in which
case their structure is different, but here we are primarily
discussing receptor PTKs. PTKs derive their name from
the high concentration of the amino acid tyrosine in their
intracellular portion.
The process of signal transduction by PTKs is illustrated in Figure 4.2 (adapted from reference 5). The
figure shows a PTK consisting of a pair of protein
chains. This is the structure for the insulin receptor, for
example. Most other PTKs consist of only a single
chain, but the process of activation is the same. Briefly,
the extracellular portion of the receptor PTK is activated
by binding to a growth factor. Binding activates the
intracellular portion, where ATP gives up phosphorus
groups to the enzyme, thereby producing ADP. The
phosphorus signal is carried to another intracellular target, such as another kinase, by a carrier molecule.
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inhibited receptor binding of growth
factors (EGF and PDGF) to PTK receptors in human epidermoid carcinoma
cells in vitro.8

Figure 4.2
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A wide range of procancer events rely on abnormally
high activity of protein tyrosine kinases for signal transduction. These include proliferation, cell migration, and
angiogenesis, as well as avoidance of apoptosis and differentiation. Indeed, the PTK activity of squamous cell
carcinomas, for example, can be from sixfold to eightfold higher than that in adjacent normal tissues.6 Not
surprisingly then, PTK inhibitors tend to reduce the proliferation of cancer cells more than that of normal cells.7
Table 4.2 lists the natural compounds that inhibit PTK
activity. The compounds listed are active in the concentration range of roughly 1 to 100 µM, although the typical active concentration range is from 10 to 30 µM.a
Another natural compound, resveratrol, is also a PTK
inhibitor but is not listed in the table because activity has
only been shown at high concentrations (greater than
110 µM) thus far.
Some natural compounds may inhibit the binding of
growth factors to PTK receptors, rather than inhibiting
PTK activity directly. For example, EGCG at 10 µM
a

A notable exception is the photoactive compound hypericin and
its companion compound pseudohypericin, which are effective at
very low concentrations (less than 0.1 µM) when exposed to light.

Protein Kinase C and Signal
Transduction
Like protein tyrosine kinase, protein
kinase C (PKC) helps relay chemical
signals through the cell, and a wide
range of procancer events rely on abnormally high PKC activity for signal
transduction. Unlike PTK, PKC resides
totally within the cell and is activated by
other membrane receptors such as PTK.
PKC is found in almost all tissues, with
the highest activity in the brain.9
PKC is a family of at least 12 related
lipid-dependent enzymes, many of
which are overexpressed in cancer cells.
PKC becomes activated through a series
of steps that are initiated when a stimulating agent, such as a growth factor,
contacts the appropriate receptor on the
cell surface. This process is illustrated
in Figure 4.3 (adapted from references

TABLE 4.2 NATURAL COMPOUNDS THAT
INHIBIT PROTEIN TYROSINE KINASES
COMPOUND
CAPE
Curcumin
Emodin
Flavonoids (including apigenin, luteolin, quercetin,
genistein, and EGCG)
Hypericin (light-activated)
Parthenolide
Note: See Table E.1 in Appendix E for details and references.

10 and 11). In short, the signal generated by receptor
binding activates a kinase such as a PTK. This in turn
activates both cytosolic (within the cytosol, see Figure
2.1) and membrane PKC via compounds referred to as
“second messengers.” In addition, second messengers
stimulate the movement of cytosolic PKC to the plasma
membrane, where it can be phosphorylated. Like phosphorylation of PTK, phosphorylation of PKC allows
high-energy phosphorus molecules to be transferred to
other carrier molecules, thereby sending along the signal
that originated at the surface receptor.

Growth Factors and Signal Transduction

The details of these processes are
complex and not essential to understand
for our purposes, but I briefly describe
them for readers who would like a more
complete picture of what occurs. During
cytosolic PKC activation, phosphorylation of the kinase receptor activates the
enzyme phospholipase A2 (PLA2). This
activated enzyme causes the release of
arachidonic acid (AA) from the lipid
bilayer. (Arachidonic acid will be discussed in Chapter 7.) The free arachidonic acid stimulates the phosphorylation of cytosolic PKC. One reason that
fish oils rich in omega-3 fatty acids act
as inhibitors of PKC is that these oils are
not converted to arachidonic acid, and
therefore the cell cannot use them to
stimulate PKC.
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Figure 4.3
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P
carrier molecules
bisphosphate
dyl inositol biphosphate (PIP2), a memcarry the phosphorus
DAG
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brane-bound compound, into two
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PLA 2
phospholipase A 2
parts—its lipid tail, diacylglycerol
(DAG), which remains in the membrane,
PLC
phospholipase C
and its nonlipid portion, inositol triphosIP
inositol
3
trisphosphate
phate (IP3), which moves in the cell. IP3
Ca++ ionized calcium
in turn stimulates the release of calcium
ions that stimulate the movement of cytosolic PKC to the plasma membrane.
PKC at the plasma membrane is then
PKC expression or activity is inhibited by a number of
stimulated to undergo phosphorylation by DAG in con- natural compounds, some of which are listed in Table
junction with the phospholipid molecules in the mem- 4.3. The compounds listed are active in the concentrabrane itself. Since they help relay the original signal, tion range of roughly 1 to 50 µM. As with the PTK inarachidonic acid, DAG, IP3, and calcium are all referred hibitors, most are active in the range of about 10 to 30
to as second messengers of PKC.
µM.a Resveratrol may also inhibit PKC but is not listed
PKC activity is commonly increased in cancer cells because inhibition depends greatly on the PKC stimulus.
and plays a role in many cellular processes.12–15 It is In one study, the IC50 for PKC inhibition by resveratrol
21
needed for angiogenesis and metastasis of some cell ranged from 30 to 300 µM.
lines; highly metastatic lines contain more membranebound PKC than do weakly metastatic ones. PKC may
Other Kinases Involved in Signal
also play a role in the activity of telomerase, an enzyme
that has been associated with excessive life spans of Transduction
In addition to PTK and PKC, other kinases are incancer cells. Indeed, PKC inhibition has been reported
to reduce telomerase activity in vitro.16 PKC may also volved in signal transduction and, when overactive, can
play a role in tumor cell invasion and multidrug resis- facilitate cancer cell proliferation. In some cases, PTK
tance.17,_18,_19 Note that in-vitro invasion can be sup- or PKC activation occurs first, then the signal later
pressed in some cancer cells by using PKC inhibitors at passes through these kinases.
low concentrations that do not inhibit cell proliferaa
Again, hypericin and pseudohypericin are notable exceptions,
tion.20
since they are effective at very low concentrations when activated
by light.
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TABLE 4.3 NATURAL COMPOUNDS THAT INHIBIT
PROTEIN KINASE C
COMPOUND
CAPE
Curcumin
Emodin (although some studies reported no effect)
Flavonoids (including apigenin, luteolin, quercetin, and
EGCG)
Hypericin
Omega-3 fatty acids (EPA and DHA)
Selenium
Vitamin E
Note: See Table E.2 in Appendix E for details and references.

Many of the natural compounds that inhibit PTK and
PKC also inhibit these kinases. Moreover, in some
cases these kinases may be inhibited at somewhat lower
concentrations than are required for inhibition of PTK
and PKC. Some examples are:
• In one study, apigenin only marginally inhibited
PTK and PKC but inhibited phosphatidylinositol
kinase (PI kinase) at an IC50 of 12 µM. Similarly,
quercetin, luteolin, emodin, and hypericin all inhibited PI kinase at low micromolar concentrations (less
than about 20 µM).22–26 PI kinase is elevated up to
fourfold in some types of cancers.27 It is mentioned
below in connection with ras proteins.
• In one study, curcumin marginally inhibited purified
PKC but strongly inhibited phosphorylase kinase
(PhK). The IC50 was about 5 µM. Phosphorylase
kinase is a key regulatory enzyme involved in the intracellular metabolism of sugar (glycogen). In this
way, PhK plays a central role in cell proliferation.28
Quercetin also inhibited PhK, but it was tested only
at high concentrations (100 µM).29
• Apigenin (at 12 to 50 µM) inhibited mitogenactivated protein kinase (MAPK).30 Apigenin reversed ras transformation of rat fibroblast cells at 12
µM, apparently due to MAPK inhibition.31 MAPK is
mentioned below in connection with ras proteins.
• The ability of apigenin and quercetin to inhibit human prostate cancer cells in vitro was closely correlated with their ability to block activity of prolinedirected protein kinase FA (PDPK FA). The IC50 for
cell proliferation and kinase inhibition was about 6 to
18 µM. This kinase is associated with neoplastic
transformation and cell proliferation.32
Why does the same group of natural compounds seem
to inhibit so many different kinases? Their pluripotent
activity is not surprising, since these compounds tend to
affect similar targets in each enzyme. PTK, PKC, and

other kinases all require ATP to donate phosphorus atoms for energy. If ATP is prevented from interacting
with the enzyme, the enzyme cannot function. Several
of the compounds discussed in this chapter inhibit ATPenzyme interactions; these include flavonoids (genistein,
apigenin and luteolin) and other phenolic compounds,
such as emodin.33,_34
We have identified several kinases involved in signal
transduction. Depending on the origin and type of signal, one or more of these kinases can be involved in the
signal transduction pathway. Note that using combinations of compounds to inhibit multiple kinases can produce synergistic effects. For example, a recent study on
liver cancer cells reported that a combination of genistein and quercetin synergistically inhibited signal
transduction and cell proliferation.35

Cyclin-Dependent Kinases
Cyclin-dependent kinases are not involved with transferring a signal from surface receptors to the nucleus,
but they do help control the signals that drive the cell
cycle. The cell cycle is regulated in part through the
cyclic production and destruction of a family of proteins
called cyclins. They derive their name from their oscillatory nature. These proteins help instruct the cell to
begin the mitosis phase (see Figure 2.5), and they instruct it to move through other cell cycle transitions as
well. Once produced, cyclins become activated through
binding with specific kinases called cyclin-dependent
kinases (Cdks). Without activation by Cdks, cyclins are
nonfunctional and cannot drive cell proliferation.
In healthy cells, the ability of Cdks to activate cyclins
is held in check by a family of cyclin-dependent kinase
inhibitors. Primary Cdk inhibitors include the protein
p21 and the closely related p27.36,_37,_a p21 is of particular interest, since its production is induced by the p53
protein. Induction of p21 protein is one way that p53
halts the cell cycle in injured cells. Induction of p21
stops cell proliferation but still allows DNA repair to
proceed. p21 can also be induced independently of the
p53 protein.
Among other beneficial effects, the p27 protein seems
to be involved in mediating the growth-inhibitory effects
of TGF-beta. Not surprisingly, mice lacking the p27
gene are prone to developing cancer. Furthermore, loss
of p27 activity has been associated with poor prognosis
for prostate and colorectal cancer patients.38,_39

a

The p21 protein is sometimes referred to as p21Cip1 or p21WAF1.
Like p21, the p27 protein also belongs to the Cip/Kip family of
proteins.
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Cancer cells commonly underexpress p21 or p27 genes
or both. Many natural compounds can induce p21
and/or p27 gene activity and so lead to restoration of
normal levels of p21 and p27 proteins. Some of these
compounds act by inducing p53 gene expression, while
others act by alternate means and so can induce p21 or
p27 activity even in cancer cells that contain mutated
p53 genes. For example, vitamin D3 (1,25-D3), vitamin
E, antioxidants, and genistein can induce p21 expression
independent of p53. Table 4.4 lists compounds that can
induce p21 or p27 activity.
The vitamin E study referred to in Table 4.4 is of special interest, since it suggested that antioxidants in general might
induce p21 independent of p53. Other
studies on the amino acid N-acetylcysteine, which has antioxidant properties, further support this concept.40
Again, compounds that induce p21 or p27
expression independent of the p53 gene
are valuable because p53 is commonly
mutated in cancer cells. So far however,
induction has only been reported at high
antioxidant concentrations in vitro, and
since these concentrations cannot be
achieved in vivo after oral administration,
it is not certain that antioxidants would
produce this effect in vivo. Thus while
antioxidants could be useful in vivo for
many reasons, induction of p21 independent of p53 may not be one of them.

TABLE 4.4 NATURAL COMPOUNDS THAT INDUCE
p21 OR p27 ACTIVITY
COMPOUND
ATRA (vitamin A)
Flavonoids (including apigenin, genistein, and EGCG)
Silymarin
Vitamin D3 (1,25-D3)
Vitamin E*
*

Water soluble analog of vitamin E
Note: See Table E.3 in Appendix E for details and references.

Figure 4.4

Activation of MAPK Kinases via Ras
Proteins

Lastly, note that cyclin-dependent
kinases may be inhibited by means other
than expression of p21 or p27. For example, PKC has been reported to be an
upstream inducer of cyclin-dependent
kinases in some cancer cells. In one
study, inhibition of PKC activity (by selenium compounds) markedly reduced
cyclin-dependent kinase activity in mouse
breast cancer cells.41 Other natural compounds that are not PKC inhibitors, such as Eleutherococcus, have also been reported to inhibit cyclindependent kinases in cancer cells, apparently by some
other mechanism.42

Ras Proteins and Signal Transduction
Like PTK and PKC, ras proteins also play a role in
signal transduction and are commonly overproduced in
cancer cells. Oncogenic forms of the ras gene have
been observed in 20 to 30 percent of human cancers.
Their appearance is most frequent in pancreatic cancer
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(greater than 80 percent of patients) and colon cancer
(greater than 50 percent).43
Ras proteins play a primary role in the MAPK signal
transduction cascade illustrated in Figure 4.4. Briefly,
phosphorylation of a surface receptor such as a receptor
PTK stimulates the membrane-bound ras protein. Activation of ras, in turn, stimulates the phosphorylation of
the kinase series raf, MEK, and MAPK. MAPK activation plays a central role in initiating cell proliferation, as
it can directly interact with nuclear transcription factors.
The ras protein also plays a role in initiating a number of
other signal transduction cascades, including activation
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of PI kinase (mentioned above) and activation of PKC.44
Since the ras protein is overexpressed in a large number
of cancers and it plays an important role in multiple signal transduction cascades, inhibition of ras action is now
considered an important goal in cancer treatment.45
Moreover, inhibition of ras action is important because
the ras protein, via stimulation of the MAPK signal
transduction cascade, induces the expression of the
MDM2 gene, whose protein serves to inhibit the activity
of the p53 protein (see Table 2.1 for more information
on the MDM2 gene). In this way, ras activity reduces
the ability of the p53 protein to induce apoptosis in cancer cells.46
When ras proteins are first produced (by expression of
the ras gene), they are not functional. They become
functional only when they are joined with a lipid tail and
that tail becomes anchored in the plasma membrane, as
shown in Figure 4.4.a Given the way ras proteins work,
there are three conceivable ways their activity can be
inhibited. The first is to inhibit either the upstream signaling that activates them or the downstream signaling
that occurs after ras activation, or both. For example,
PTK and/or PKC activation can lead to downstream ras
activation. This may be one reason why PTK inhibitors
such as apigenin and genistein (at 12 to 25 µM) are able
to reverse ras-induced transformation of fibroblast
cells.47,_48 Remember (from Table 2.1) that ras is an
oncogene, capable of transforming normal cells to cancer cells. Moreover, apigenin has been reported to inhibit MAPK activity and can therefore act downstream
of ras activation. Natural compounds such as apigenin
may then inhibit signals both upstream and downstream
of ras proteins.
The second way to inhibit ras protein activity is to inhibit production of the proteins themselves. Several
natural compounds appear capable of inhibiting the expression of ras genes, thereby reducing production of ras
proteins. For example, quercetin (at 5 to 10 µM) has
been reported to markedly inhibit ras gene expression in
human colon cancer cells and human leukemia cells.49,_50
This effect appeared to be specific for ras expression in
cancer cells, as normal cells were not affected.51 (Normal cells transiently express but not overexpress ras
genes.) ATRA, vitamin E (vitamin E succinate), and
vitamin D3 can also inhibit the expression of the ras
a

The ras protein belongs to a large family of small GTP-binding
proteins. GTP is the nucleotide guanine triphosphate. Ras proteins are activated when they bind with GTP and are inactivated
when GTP is exchanged for GDP (guanine diphosphate). Special
regulatory proteins force this exchange to occur, thereby allowing
only momentary activation of ras proteins. Cancer cells, however, often produce deranged regulatory proteins, thereby allowing ras proteins to remain activated for longer periods of time.
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gene in cancer cells under some conditions.52–56 However, it is not clear whether these vitamins inhibit ras
expression directly or whether inhibition comes indirectly, as a consequence of other inhibitory actions.
The third way of inhibiting ras protein activity is to reduce production of the lipid tail necessary for the protein
to function. The lipid tail that attaches to ras proteins is
composed of isoprene units. We will go into some detail on what isoprene units are and how their synthesis
can be decreased because some natural compounds that
inhibit isoprene synthesis have been reported to inhibit
cancer cell proliferation in vitro and in vivo, either by
inhibiting production of the lipid tail (and ras function)
or by other means discussed below.

Inhibiting Production of the Lipid (Isoprene)
Tail
When isoprene units join with the ras protein to give it
a lipid tail, the protein is said to become isoprenylated.
The ras protein is the primary isoprenylated protein we
will discuss, but we briefly mention others that play a
role in cancer progression. The function of all isoprenylated proteins can be reduced by inhibiting production of isoprene synthesis.
Isoprene Synthesis
Cells produce isoprenes (also known as isoprenoids)
through the same pathway by which cholesterol is produced. This pathway is important for other reasons besides ras activation and so is worthy of detailed
discussion.
Isoprenoids and their derivatives are a large family of
compounds that occur in both animals and plants; more
than 20,000 isoprene compounds are known. Many isoprenoid products are familiar, including cholesterol,
which is produced in animal cells, and rubber, which is
produced in plant cells. Certain isoprenoids, such as
those needed for the ras tail, are needed for some cancer
cells to proliferate. Other isoprenoid compounds, including such well-known compounds as vitamins A and
E, may inhibit cancer through a number of other mechanisms. Chapters 21 and 22 are devoted to isoprenoids
and isoprenoid-related compounds that show promise in
cancer treatment. Other common isoprenoid compounds
include sex hormones, plant monoterpenes (essential
oils), beta-carotene, and coenzyme Q10. Some of these,
like vitamins A and E, consist of isoprene side chains
attached to non-isoprene units.
In spite of their diversity, the starting material of all
plant and mammalian isoprenoids is acetate. Through a
series of steps that are largely regulated by the enzyme
HMGR (hydroxymethylglutaryl-coenzyme A reductase),
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This figure illustrates several important points. It shows that the enzyme
HMGR plays an early role in the formation of all isoprenoid compounds and in
addition, that the actions of HMGR are
controlled through two negative feedback loops, one from cholesterol (in animals) and one from monoterpenes and
possibly sesquiterpenes or other isoprenoids (in plants). Cholesterol accounts
for over 90 percent of all isoprenoids
produced in animals, and when its concentration gets too high, it serves to inhibit its own production through the
negative feedback loop. This regulatory
system becomes deranged in cancer
cells, which can produce excessive
amounts of cholesterol and other isoprenoids, including the isoprenoids needed
to make the tail required by the ras proFortunately, monoterpenes,
tein.61–65
even though produced in plants, can still
be used in animals to inhibit the activity
of HMGR, and inhibition by monoterpenes works even when the negative
feedback loop for cholesterol does not.

Figure 4.5

Major Pathways of Isoprenoid Synthesis
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acetate is transformed into the basic isoprene unit. Basic isoprene units are then
combined, like links in a chain, to form
increasingly complex isoprenoid compounds. The formation of isoprenoid
compounds from acetate is shown in
Figure 4.5 (adapted from references
57–60 and 65).

45

IPP
farnesylated proteins
monoterpenoids
(monoterpenes)

(e.g., ras, lamins)

GPP

farnesyl protein transferase

?
1x

sesquiterpenoids
(sesquiterpenes)

1x

diterpenoids
(diterpenes)

2x

FPP

GGPP

2x

triterpenoids
and steroids

cholesterol

tetraterpenoids:
vitamin A,
tocotrienols,
vitamin E, etc.

steroid
hormones

dolichol phosphate

coenzyme Q10
rubber, vitamin K
and other compounds
Abbreviations:
IPP = Isopentenyl pyrophosphate

H3
H
H2

H2

basic isoprene unit

Figure 4.5 implies that the core isoprenoids—IPP, GPP, FPP, and GGPP—are
built up by adding basic isoprene units to one another
(note the structure of the basic isoprene unit). IPP contains one basic unit, GPP contains two basic units, and
so on. These core isoprenoids are then combined, again
like links in a chain, to form more complex compounds.
For example, looking at FPP in the figure, one FPP unit
is used to make sesquiterpenoids (sesquiterpenes) and
two FP units are combined to make triterpenoids and
steroids.
The figure also shows that ras proteins are produced
from FPP via the actions of an enzyme called farnesyl
protein transferase (FPTase). For this reason, ras proteins are sometimes referred to as farnesylated proteins.
Although there are several farnesylated proteins involved in cancer, the most studied of these are the ras
proteins.

GGP = Geranyl pyrophosphate
FPP = Farnesyl pyrophosphate
GGPP = Geranylgeranyl pyrophosphate

Inhibition of Isoprenoid Synthesis and Cancer
A number of natural compounds inhibit isoprene synthesis, primarily by inhibiting the synthesis of HMGR.
For example, one drug, Lovastatin, which is a natural
compound derived from a fungus, has been reported to
reduce HMGR activity and the proliferation of a wide
variety of cancer cell lines in vitro.66,_67 Monoterpenes
(discussed in Chapter 21) also inhibit HMGR, as well as
cancer cells in vitro and in vivo. In addition to inhibiting HMGR, some natural compounds may also directly
reduce ras protein activity by inhibiting farnesyl protein
transferase, the enzyme that attaches isoprene units to
ras to form the lipid tail (see Figure 4.5).
Aside from their effects on ras proteins, HMGR inhibitors and those of FPTase may also reduce cancer cell
proliferation by reducing the attachment of lipid tails to
the lamin family of proteins (see Figure 4.5). Lamins
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are farnesylated proteins that form the lamina (thin wall)
at the inner side of the nuclear membrane (see Figure
2.1). An intact lamina is required for cell division. Like
ras proteins, lamins need a lipid tail in order to function.
At the time of division, the nuclear lamina is broken
down and re-formed in a regulated manner, and lamins
are needed for this process.
Another conceivable mechanism by which HMGR inhibitors may reduce cancer cell proliferation is by decreasing the synthesis of the isoprene dolichol phosphate
(see Figure 4.5). This isoprene has a critical function in
the assembly of glycoproteins such as growth factors,
enzymes, growth factor receptors, and membrane components. Decreased production of any of these could
reduce cellular proliferation. For example, HMGR inhibitors reduced dolichol phosphate synthesis and the
proliferation of melanoma cells in vitro. The effect appeared due to decreased numbers of insulin-like growth
factor receptors at the cell’s surface.68
One last mechanism by which HMGR inhibitors may
reduce cancer cell proliferation is by inhibiting the production of cholesterol itself. Cholesterol is a required
component of cell membranes, and limiting cholesterol
uptake or synthesis in cancer cells can damage their
membranes. For example, cholesterol is needed for
membrane rigidity (see Figure 4.1). In one study, reducing membrane cholesterol content by 50 percent doubled
the toxicity of a fluorescent dye to leukemia and neuroblastoma cells.62
Natural Agents That Inhibit Isoprene Synthesis
Regardless of their exact mechanism of action, HMGR
inhibitors do produce an antiproliferative effect in a variety of normal and cancer cells, and they do produce an
antitumor effect in vivo. Moreover, cancer cells tend to
be more sensitive to these effects than normal cells.
Clearly, the disruption of isoprene synthesis by HMGR
inhibitors is a promising treatment strategy. Natural
compounds discussed in this book that inhibit HMGR
include monoterpenes, garlic compounds, and omega-3
fatty acids.
Monoterpenes
Monoterpenes that inhibit HMGR include limonene,
perillyl alcohol, and geraniol. As would be expected of
a compound that inhibits isoprene synthesis, monoterpenes also moderately reduce plasma cholesterol levels.69,_70,_a Of the monoterpenes, limonene and perillyl
alcohol have been most extensively studied. Both compounds inhibit a variety of cancers in rodents, including
stomach, lung, skin, and liver cancers (see Chapter 21).
a

Another isoprene product whose synthesis is inhibited by
monoterpenes is ubiquinone, coenzyme Q10.

Monoterpenes appear to have two actions: at lower
concentrations they inhibit HMGR activity, and at
higher concentrations (greater than 1 mM) they also reduce protein isoprenylation by inhibiting FPTase.71,_72,_b
The result at high concentrations is inhibition of the isoprenylation of both ras proteins and the nuclear lamin
proteins required for cell proliferation.73,_74,_75 Monoterpenes may also interfere with the synthesis of glycoproteins such as IGF-1 receptors, probably from inhibiting
the isoprene dolichol phosphate.76
Garlic
Garlic (Allium sativum) also inhibits HMGR and has
been reported to reduce plasma cholesterol levels in humans. The compounds responsible include allicin,
ajoene, diallyl disulfide (DADS), and possibly other
sulfur-containing compounds.77–82 Both allicin and
ajoene have been reported to reduce HMGR in healthy
liver and intestinal tissue, as well as in human liver cancer cells in vitro.79,_83 Allicin has also been reported to
decrease isoprenylation of GGPP products at an IC50 of
about 43 µM.84 (One GGPP product that facilitates cancer and has already been discussed is dolichol phosphate.)
Garlic compounds have shown activity in vivo. In one
study, oral administration of high doses of diallyl disulfide (190 mg/kg three times per week) delayed tumor
growth, decreased tumor volume, and decreased tumor
weight in mice injected with ras-transformed cancer
cells. Furthermore, the treatment reduced HMGR activity by nearly 80 percent in both liver and tumor tissue as
compared with control mice.43
Omega-3 Fatty Acids
EPA (eicosapentaenoic acid), an omega-3 fatty acid
from fish oil, can also inhibit HMGR and ras activation.
For example, in one study on rats, oral administration of
omega-3 fatty acids (at 20 percent of diet) reduced
FPTase expression, ras function, and colon cancer development. In contrast, omega-6 fatty acids, such as
those in most vegetable oils used for cooking, had the
opposite effect.85 These fatty acids have been implicated in increased cancer risk. In another study on rats,
oral administration of omega-3 fatty acids reduced ras
protein levels in rat mammary glands, whereas omega-6
fatty acids raised the levels.86 In two other rat studies,
oral administration of omega-3 fatty acids (at 7 percent
of diet) reduced the expression of HMGR in breast tissue compared with administration of omega-6 fatty acids.87,_88

b

At high concentrations, curcumin derivatives may also inhibit
FPTase activity.
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CONCLUSION
To avoid apoptosis and promote proliferation, cancer
cells override the controls that normally regulate these
processes in healthy cells. Cancer cells use several interrelated and complementary means to override these
controls, two important parts of which are increased
growth factor activity and increased signal transduction.
Indeed, cancer cells commonly produce their own
growth factors, and the enzymes and proteins that are
active in signal transduction tend to occur at abnormally
high concentrations in cancer cells. Growth factor activity and signal transduction enzymes and proteins provide targets for inhibiting cancer with natural
compounds. Discussed in detail in Part III, natural
compounds that inhibit signal transduction have already
been reported to produce antitumor effects in animals.
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TRANSCRIPTION FACTORS AND REDOX SIGNALING
Transcription factors bind to the regulatory portion of
a gene and directly serve to initiate gene transcription
(see Figure 2.4). In this way, they have final control
over production of all proteins within a cell, and therefore they control much of a cell’s behavior. In order to
do their job, they must be present in sufficient quantity
and must be activated to bind to their target gene. Their
quantity is dependent on gene expression, since transcription factors are themselves protein products of
genes. Their activation, on the other hand, is usually
dependent on signal transduction, which is initiated by
growth factors, cell-to-cell interactions, or some other
stimulus such as cell damage.
The amount and activation of transcription factors is
often abnormal in cancer cells. These abnormalities
favor the production of proteins that allow cancer cells
to proliferate, invade, and metastasize, as well as avoid
apoptosis. For example, oncogenes such as fos, jun and
myc produce excessive amounts of fos, jun and myc proteins. These proteins serve as transcription factors to
initiate the expression of genes that drive the cell cycle
(such as cyclin genes). Other genes, when abnormally
expressed, produce excessive amounts of transcription
factors that stimulate the expression of genes that control other aspects of cancer progression, such as invasion
and metastasis. At the same time excessive amounts of
transcription factors are being produced, excessive signal transduction is also occurring, which serves to activate available transcription factors.
Although many kinds of transcription factors exist, in
this chapter we take a closer look at three that play a
crucial role in cancer: the p53 protein, NF-κB (nuclear
factor-kappa B), and AP-1 (activator protein-1). The
p53 protein binds to the regulatory portion of a variety
of genes, thus acting as a multifunctional transcription
factor. For example, it binds to the regulatory portion of
the p21 gene, discussed in the previous chapter, thereby
controlling progression of a cell through the cell cycle.
The other two transcription factors, NF-κB and AP-1,
also play a role in cell proliferation, as well as in a variety of other processes such as inflammation, angiogenesis, cancer cell invasion, and apoptosis. Like the p53
protein, the NF-κB protein also binds to several genes
and is thus multifunctional.
In Chapter 4 we discussed how kinases and ras proteins influence signal transduction. The signal transduction related to these proteins is dependent upon the
propagated movement of high-energy phosphorus

groups (a process involving protein phosphorylation).
This process is not the only means by which signals
travel within cells, however. In the last decade, researchers have discovered that signal transduction also
occurs via free radicals in a process called redox (reduction-oxidation) signaling. This discovery lagged behind
that of protein phosphorylation because of the inherently
transient nature of free radicals and the difficulty of
tracking them. It is now clear that a dynamic balance of
oxidants and antioxidants exists within a healthy cell.
Fluctuating concentrations of free radicals serve to
switch on and off a variety of cellular activities, including enzyme activation and, via transcription factors,
gene expression.1 Although more ephemeral, this form
of signal transduction is as important as that of protein
phosphorylation. And like signal transduction due to
protein phosphorylation, redox signaling is also abnormal in cancer cells, providing them with survival advantages.
Because redox signaling plays a large role in activating
transcription factors, this chapter starts with a general
introduction to redox reactions. Not all the information
presented will be used in discussing transcription factors, but it will come into play in later discussions such
as those on the role of iron and copper in cancer progression and the use of selenium in cancer treatment.

INTRODUCTION TO REDOX
REACTIONS
Definition of Terms
First, it will help to define terms. Oxidants (sometimes called prooxidants) are compounds that accept one
or more electrons in a redox reaction; they play a coupled role with their opposites, reductants, which are
compounds that lose one or more electrons in a redox
reaction. Redox reactions, then, are reactions in which
the gain of electrons by an oxidant is coupled with the
loss of electrons from a reductant. Similarly, the redox
state of a cell refers to the moment-to-moment balance
that exists between its oxidant and reductive forces.
The term redox reaction is shorthand for coupled reduction-oxidation reaction. In the process of reduction,
one compound (the oxidant) gains an electron. In the
process of oxidation, the other compound (the reductant)
loses an electron. Oxidation is the well-known process
that turns metal to rust or browns an apple after it has
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of a hydrogen atom when vitamin C
(ascorbate) is oxidized.

Figure 5.1

Free Radical Scavenging by Vitamin E

Cycling of Antioxidants
reduced vitamin C
(has balanced electrons)

oxidized vitamin C
(missing an electron)

Because free radical scavenging antioxidants are of great interest to us, we
now look at how they participate in redox reactions, focusing attention on vitamin E as an example. Vitamin E is a
fat-soluble antioxidant that protects fatty
acids, such as those in the plasma memreduced
oxidized
Vitamin E
vitamin E
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brane, from oxidation. To prevent the
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electrons of fatty acids from being lost
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to an oxidant or to replace them after
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pat
they are lost, vitamin E sacrifices its
electrons. This creates a vitamin E
molecule that is now itself a free radical
free radical
reduced free radical
(i.e., it is missing an electron). Other
(missing an electron)
(has balanced electrons)
antioxidants, commonly vitamin C, sacrifice an electron to the vitamin E radical, thus becoming free radicals
been sliced. In all redox reactions, we say that the oxithemselves but regenerating vitamin E so that it can act
dant is reduced and the reductant is oxidized.
again as an antioxidant. In a chain reaction of electron
Antioxidants are, simply enough, compounds that op- transport, the unbalance in electrons that started with the
pose oxidation. They can do this through a number of invading free radical moved first to vitamin E, then to
means; for example, some antioxidants bind iron or vitamin C, and finally to NADH, the fundamental eleccopper, keeping them from participating in redox reac- tron source within cells.a The electrons for NADH are
tions. (As we will see, iron and copper are needed to regenerated by burning glucose. Thus glucose is the
catalyze many types of redox reactions.) These types of ultimate source of antioxidant energy within a cell. This
antioxidants need not participate in electron exchange at process for vitamin E is illustrated in Figure 5.1; in it,
all. More commonly though, when we use the term an- vitamin E cycles between a reduced (antioxidant) state
tioxidant, we are referring to a compound that offers and an oxidized (free radical) state.
itself as a sacrificial reductant, thereby giving up one of
its electrons to spare or replace electron loss from other
compounds, such as DNA and fatty acids, that would be Sources of Free Radicals
Many of the free radicals we are concerned with are
damaged by such a loss. These types of antioxidants are
often referred to as free radical scavengers. Free radi- grouped under the term reactive oxygen species (ROS).
cals are compounds that have an uneven number of elec- As discussed in Chapter 2, these are either free radicals
trons and are therefore unbalanced and reactive. They themselves (for example, the hydroxyl radical) or easily
act as oxidants, attempting to gain stability (an even converted into free radicals (molecular oxygen and hynumber of electrons) by stealing an electron from the drogen peroxide). The primary source of ROS in a cell
compounds they encounter. Antioxidants offer this elec- is molecular oxygen (O2), which is converted to free
tron to free radicals, thereby neutralizing their destruc- radicals or other ROS during cell respiration, immune
tive nature. We can say then that free radical- activity, and redox reactions with trace metals. ROS can
antioxidant reactions are a subset of reduction-oxidation also be introduced from sources outside the body, such
reactions.
a

One last general point is that redox reactions often involve the transfer of hydrogen atoms, since hydrogen is
the only atom with a single electron. During oxidation,
a hydrogen atom is commonly lost, and during reduction, one is commonly gained. This can be seen in Figures A.19 and A.20 of Appendix A, which show the loss

NADH (reduced nicotinamide adenine dinucleotide) is comprised of two nucleotides joined together. One has an adenine
base and the other a nicotinamide base (nicotinamide is formed
from niacin, vitamin B3.). After donating electrons, NADH becomes NAD+ (oxidized nicotinamide adenine dinucleotide), which
is converted back to NADH through the burning of glucose. In
some cases, NADH carries an extra phosphate group, in which
case it is called NADPH. It functions in the same way as NADH
and is interchangeable in many reactions.
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as intake of oxidized (rancid) fatty acids. ROS production by immune cells and ROS production via trace
metal reactions play an important role in cancer; since
both will be mentioned again in later chapters, we discuss these two sources of ROS in more detail below.

reacts with reduced copper (copper+1) to form oxidized
copper (copper+2) and, most important, the hydroxyl
radical (OH •). The hydroxyl radical is a very potent free
radical that can easily damage DNA and other cellular
components.

ROS from Immune Cells
Immune cells like macrophages destroy invading
pathogens and cancer cells by spitting out noxious
chemicals. These chemicals include ROS such as the
superoxide radical (O2• –), which is easily converted to
the more damaging hydroxyl radical (OH •). (The dot
signifies a free radical.) In addition, macrophages produce nitric oxide (NO •), a free radical based on nitrogen
rather than oxygen. Thus the environment surrounding
an activated macrophage is rich in free radicals.

What is important in these reactions is that some antioxidants can react with ROS to make hydrogen peroxide, and hydrogen peroxide can react with copper or iron
to produce the hydroxyl radical. In other words, in the
presence of iron or copper, some antioxidants can lead
to the production of the damaging hydroxyl radical.
This is in contrast to the popular view that antioxidants
always act as free radical scavengers. Although under
most in-vivo conditions antioxidants do scavenge free
radicals, antioxidants can still produce hydroxyl radicals
in some situations. This possibility is discussed in more
detail in Chapter 15.

Although free radical production by immune cells is
generally beneficial, it can be detrimental if it is part of a
chronic inflammatory response. In this case, there is no
resolution to the inflammation and free radical generation and subsequent tissue destruction can occur. In
addition, as noted, chronic inflammation can lead to the
transformation of normal cells into cancer cells and can
assist the progression of cancer cells.

ROS from Trace Metal Reactions
Redox reactions with trace metals, especially iron and
copper, can easily generate free radicals. A limited
amount of free radical generation by this means can be
beneficial, but excessive production is usually harmful.
For example, high stores of iron in the body, which lead
to increased free radical production, have been linked to
increased risk of both heart disease and cancer.2,_3,_4
To produce free radicals from iron or copper usually
requires the presence of an antioxidant, and some antioxidants are particularly prone to react with these metals. This is true for vitamin C (see Chapter 15). Briefly,
vitamin C can participate in the first of two linked reactions that are important:
ascorbate + O2• – → ascorbate radical + H2O2
copper+1 + H2O2 → copper+2 + OH • + OH –
Although the shorthand symbols may be unfamiliar to
some readers, their meaning is rather straightforward. In
the first reaction, vitamin C (called ascorbate when in
solution) reacts with the superoxide radical to produce
the ascorbate free radical and hydrogen peroxide (H2O2).
Hydrogen peroxide is a very mobile type of ROS; it can
easily pass through membranes to reach any intracellular
compartment.5 In the second reaction, the hydrogen
peroxide produced in the first reaction (or elsewhere)

Antioxidant Enzymes
Although the relatively small-sized antioxidants, vitamin C, vitamin E, and glutathione, have received the
most public attention, large antioxidant enzymes in the
cell also perform a vital role in neutralizing free radicals.a In fact, they act more efficiently than the small
antioxidant compounds because they directly catalyze
the conversion of free radicals to other, less harmful free
radicals or to inert or useful compounds such as water
and reduced glutathione. Unlike the small antioxidant
compounds, antioxidant enzymes do not become free
radicals that need to be regenerated. The conversion of
free radicals by antioxidant enzymes is illustrated in
Figure 5.2.
The left side of the figure shows how oxygen (O2)
loses an electron to produce the superoxide radical
(O2• –). Superoxide is then converted to hydrogen peroxide by the enzyme SOD. Hydrogen peroxide is converted to harmless water (H2O) by the enzymes catalase,
glutathione peroxidase, or both, with glutathione peroxidase requiring the presence of glutathione to be effective. The right side of the figure shows that the enzyme
glutathione reductase converts oxidized glutathione to
reduced glutathione. Reduced glutathione either can
scavenge free radicals itself, or it can act with glutathione peroxidase as shown.
Interestingly, cancer cells are frequently deficient in
the enzymes catalase and SOD, a deficiency that would
have the effect of producing extra superoxide radicals
and hydrogen peroxide, as long as glutathione peroxia

A number of other relatively large protein compounds act as
antioxidants, including uric acid and albumin, but will not be
treated here.
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bridge, is illustrated in Figure 5.3. The
disulfide bridge is broken when the cysteine molecules are reduced, as when,
for example, they contact an antioxidant.
Breaking this bridge is like throwing the
on switch for the protein.

Figure 5.2
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Legend:
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dase is not increased. Indeed, cancer cells are known to
produce large quantities of hydrogen peroxide, as discussed in Chapter 2. Superoxide concentrations are also
commonly increased at cancer sites. Increased production of these ROS may give cancer cells certain survival
advantages, some of which are discussed below.

Redox Activation and Deactivation of
Proteins
We have discussed what free radicals are and how they
are produced and neutralized; now we turn to one primary means by which free radicals activate or deactivate
proteins, thus returning to turn back to the primary topic
of this chapter, transcription factors. Transcription factors, being proteins, can be affected by free radicals
through this mechanism.
Like trace metals and antioxidants, proteins can undergo redox reactions. This is especially true for proteins containing the amino acid cysteine. Such redox
reactions alter cysteine molecules in a way that activates
or deactivates the protein, much as if the cysteine portion of the protein were an on-off switch. The off mode
comes into play when the sulfur atom in cysteine is oxidized (i.e., loses a hydrogen atom). When oxidation
occurs for two sulfur atoms in adjacent cysteine molecules, the resulting unbalanced sulfur atoms can bond
with one another. This bond, aptly called a disulfide

One simple example of a redox-active
protein, or in this case, a redox-active
peptide, has already been mentioned.a
The amino acid glutathione acts as an
antioxidant in its reduced form. Glutathione is actually a tripeptide made up
of three amino acids, one of which is
cysteine. When glutathione is oxidized,
it loses a hydrogen atom from its cysteine component. Thus unbalanced, it
bonds with another oxidized glutathione
molecule via a disulfide bridge. In this
state, it cannot act as an antioxidant (i.e.,
it is turned off). Once it is reduced
again, by NADH for example, the disulfide bridge breaks and the glutathione
molecule can again act as an antioxidant
(it is turned on).

Protein interactions with free radicals
are actually more complex than this basic sketch suggests. In addition to linking separate proteins, disulfide
bonds play a role in maintaining the three-dimensional
structure of complex proteins. We have focused on the
concept of cysteine reduction/oxidation acting as an onoff switch because similar actions play a role in many
biological processes, and it illustrates well how proteins
can be affected by redox states.

TRANSCRIPTION FACTORS
We now turn to three transcription factors (p53 protein, NF-κB, and AP-1) that play a vital role in both
healthy and cancerous cells. Cancerous cells gain a survival advantage by producing insufficient or nonfunctional p53 proteins and by producing excessive amounts
of NF-κB and AP-1. Many references to redox reactions and redox signaling occur in the following, since
these have an effect on all three transcription factors.

p53 Protein as a Transcription Factor
The p53 gene acts as the guardian of DNA, and in the
event of DNA damage it performs three crucial functions. First, it halts the cell cycle, for example, by ina

Peptides consist of a few amino acids joined together and proteins consist of many joined together.

Transcription Factors and Redox Signaling

bonded
cysteines

cysteine #1

hydrogen-sulfur

sulfur
oxidation
disulfide
bridge

reduction
hydrogen-sulfur

sulfur

The p53 protein contains 10 different cysteine residues, and although disulfide bonds do not actually form
between these cysteine residues, a similar type of bond
does form, based on the insertion of zinc atoms between
the sulfur atoms. These bonds, which help to maintain
the active three-dimensional structure of the protein, are
redox-sensitive and are altered by oxidants. Indeed,
nitric oxide and other free radicals that bind to cysteine
can change the structure of the p53 protein, making it
inactive.16 As discussed in Chapter 2, cancer cells tend
to be in a prooxidant state, and the excess oxidants in
such a state may thus help reduce p53 activity.
The trace metal cadmium can also inhibit the p53 protein by substituting for zinc. The same effect can be
caused by copper. In addition, copper can induce the
production of free radicals, as discussed above. This

tei
n2
pro

n1
tei
pro

pro

tei
n1

In addition to the outright mutations of
the p53 gene in cancer cells and, subsequently, the production of abnormal p53
proteins, the p53 protein can also be
made nonfunctional after its production.
The functionality of the p53 protein is
regulated by ras activity (via the effects
of ras proteins on MDM2 expression; see
Chapter 4) and by both the redox status
of the cell and trace metal concentrations in the cell.12–15

n2

cysteine #2

tei

Because of its role in protecting DNA
and halting the cell cycle, a functional
p53 gene protects against cancer. Not
surprisingly then, mutations of the p53
gene are very common in cancer cells.
The mutated p53 gene is unable to perform its normal functions, thereby allowing cancer cells to proliferate and
increasing the possibility of additional
mutations by allowing cells with a mutator phenotype to survive (see Chapter 2).
Moreover, the mutated p53 gene can
produce abnormal proteins that in and of
themselves facilitate cancer progression.6 Mutations in the p53 gene are
associated with increased tumor grade,
stage, and proliferation, as well as poor
prognosis.7–11

Figure 5.3

Redox Regulation of Cysteine Disulfide
Bonds

pro

creasing the expression of the p21 gene.
Second, it initiates DNA repair. Third,
if the DNA cannot be repaired, it initiates apoptosis, for example, by increasing the expression of the Bax gene. To
perform these diverse functions, the p53
protein acts as a transcription factor,
binding to and initiating the expression
of multiple genes.
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partly explains both why cadmium and copper are carcinogenic and also why zinc deficiency is carcinogenic.

Effect of Natural Compounds on p53 and Its
Protein
There are two basic situations to consider when speaking of the effects of natural compounds on the p53 gene:
when it is not mutated and when it is. Both situations
can occur within the same tumor. In general, some cells
within a tumor contain mutated p53 genes and some do
not, although many tumors will contain a high percentage of one cell type or the other.
In cancer cells with normal p53 genes, natural compounds can stimulate the expression of that gene, leading to apoptosis. This has been reported, for example,
with melatonin (at 1 nM), curcumin (at 50 µM), resvera-
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trol (at 50 µM), and ginsenosides (ginseng saponins, at
10 µM).17–20
In addition, natural compounds may also be useful in
assuring that the p53 protein, once produced, is functional. Although there are few studies on this possibility, it is reasonable to expect that p53 functionality could
be increased by using compounds that inhibit the actions
of ras proteins and by using antioxidants to maintain a
reducing environment in the cell. Also, p53 protein
functionality might be increased by preventing high intracellular iron or copper concentrations. Anti-iron and
anticopper therapies will be discussed in later chapters.
In cells with mutated p53 genes, natural compounds
can still be used to induce apoptosis, independent of
p53. Indeed, some natural compounds appear to selectively eliminate p53 mutant cells from a tumor population, leaving only normal p53 cells. One human study
appears to have demonstrated this effect. In a small,
nonrandomized study, patients with advanced premalignant lesions of the head and neck were treated with high
doses of retinoic acid (13-cis-retinoic acid), interferonalpha (an immune cytokine), and vitamin E (1,200
I.U./day). In half the patients whose lesions contained a
high percentage of p53 mutants, the normal p53 gene
reappeared in biopsies after 12 months of treatment.21
A second approach in cells with mutated p53 genes is
to use natural compounds to inhibit production of abnormal p53 proteins, since such proteins can by themselves facilitate cancer progression. For example,
antioxidants such as vitamin E succinate and quercetin
(at 23 µM) have been reported to inhibit expression of
mutant p53 genes in cancer cells.22,_23,_24
As an aside, methyl donors may help decrease the expression of mutant p53 genes by preventing p53 mutations. For example, rat diets deficient in folate and/or
other methyl donors have been reported to cause DNA
strand breaks within the p53 gene.25,_26,_27 Supplementation with methyl donors may be more applicable to cancer prevention than cancer treatment, as discussed at the
end of Chapter 2, but it would be interesting to investigate the effects of methyl donors such as SAM on established cancers. Currently, the effects are unknown.
Although the preponderance of evidence suggests that
p53 mutations are detrimental to the cancer patient,
some evidence implies that p53 mutant cells may be
more susceptible to cancer treatment. This is not surprising since p53 mutant cells are less able to repair
themselves and thus are more easily destroyed.28 For
example, one study demonstrated that genistein (at 10
µM) inhibited cell proliferation to a greater extent in p53
mutant melanoma cells than in p53 normal melanoma
cells. In addition, increased sensitivity to chemotherapy

drugs by p53 mutants has been demonstrated in vivo. In
one study, breast cancer patients with p53 mutants
showed a better response to a variety of chemotherapy
drugs than patients whose cancer cells had p53 normal
genes.29 Nevertheless, based on the available evidence,
it would not seem prudent to try to induce p53 mutations, nor does it seem unreasonable to inhibit the proliferation of p53 mutant cells. Indeed, even though p53
mutation may increase the initial sensitivity of cancer
cells to treatment, the high mutation rate of these cells
would help them over time to develop resistance to the
therapy being used.

Nuclear Factor-kappa B and Activator
Protein-1
Nuclear factor-kappa B (NF-κB) and activator protein1 (AP-1) are transcription factors that control a wide
range of cellular activities. Both transcription factors
are particularly important to the functioning of immune
cells. In general, NF-κB can be thought of as a transcription factor whose activity leads to immune activity,
inflammation, and cell proliferation.30,_31 Like the p53
protein, it binds to and helps regulate several different
genes. NF-κB helps regulate the genes that produce
tumor necrosis factor (TNF), collagenases (enzymes that
degrade collagen), cell adhesion molecules (VCAM and
ICAM), and immunostimulating proteins (interleukins 1,
2, 6, and 8).32,_33,_34,_a
AP-1 can be thought of as a transcription factor whose
activity leads primarily to cell proliferation.34 Actually,
AP-1 is made up of a pair of fos and jun proteins. These
proteins stimulate the expression of genes that drive the
cell cycle. Thus the actions of fos and jun proteins are
mediated, at least in part, through AP-1 activity.
In cancer cells, the amount and activity of AP-1 and
NF-κB are commonly excessive, providing the cells
with a proliferation and survival advantage. For example, one study observed excessive activation of NF-κB
in 93 percent of childhood acute lymphoblastic leukemia
patients.35 Another study observed that the basal expression of NF-κB was fourfold higher in metastatic
melanoma cells compared to normal cells and that oxidative stress (created by hydrogen peroxide) stimulated
a greater expression of NF-κB in melanoma cells compared to normal cells.36

NF-κB is also important in the progression of AIDS, since the
DNA sequences affected by the virus contain binding sites for the
transcription factor. Inhibitors of NF-κB have been studied as
anti-AIDS drugs.
a
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By producing excessive amounts of NF-κB and AP-1
or by excessively activating them, or both, cancers cells
profit in three ways. First, their proliferation is stimulated. Second, apoptosis is reduced. Third, the inflammation that NF-κB causes is of general use to cancer
cells. For example, as will be discussed in Chapters 7
and 8, inflammation can facilitate angiogenesis. Indeed,
preliminary experiments have reported that excessive
NF-κB activity in cancer cells is correlated to invasiveness, metastasis, and poor prognosis.37,_38 In one in-vivo
study, partial inhibition of NF-κB activity (by RNA manipulation) produced both an antimetastatic and antiproliferative response in cancer-bearing rodents.39,_40
Moreover, at doses that inhibited tumor growth in vivo,
NF-κB inhibitors did not cause serious adverse effects in
the rodents. This is probably because cancer cells rely
on a higher volume of NF-κB activity than do normal
cells.
As stated above, NF-κB activity plays a central role in
inflammation. Indeed, it may be one of the key regulators of inflammation. Not surprisingly then, a variety of
anti-inflammatory drugs, such as aspirin, produce their
effects in part by inhibiting NF-κB activity. This can
occur in at least two ways. First, NF-κB can be stimulated by redox signals, and some anti-inflammatory
drugs may act through attenuation of these signals. For
example, gold thiolate, an anti-inflammatory drug used
in treating arthritis, may inhibit NF-κB partly through its
antioxidant capabilities.
Second, some anti-inflammatory drugs may inhibit
NF-κB by preventing its disassociation with NF-κB inhibitor, a compound referred to as I-κB. NF-κB normally resides inactive within the cell, bound to I-κB.
Upon activation (by protein phosphorylation), the two
proteins are dissociated and NF-κB travels to the nucleus, where it controls gene expression. The antiinflammatory glucocorticoids (for example, cortisone)
may act in part by preventing the dissociation of NF-κB
from I-κB.

Pathways of NF-κ B and AP-1 Activation
Although it is now receiving intense research, the relationship between NF-κB and AP-1 on the one hand and
free radicals, inflammation, cell proliferation, and apoptosis on the other, is still poorly understood. Clearly,
any pathways controlling proliferation, inflammation,
and cell death must be tightly regulated if an organism is
to remain healthy. These complex relationships contain
internal feedback loops and other components not discussed here. Nonetheless, trends are being discovered
that have clinical significance. A preliminary schematic
of relationships is presented in Figure 5.4 (based on ref-
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erences 1 and 41–52). The pathways shown in the figure are active in both cancer cells and normal cells such
as immune cells. The difference is, the pathways are
excessively active in cancer cells.
A few new terms are used in Figure 5.4. Caspases are
enzymes that mediate the final stages of apoptosis. IL-1
is the immune cytokine interleukin-1. TNF is tumor
necrosis factor, an immune cytokine that promotes angiogenesis but in high concentrations is toxic to cancer
cells. Cytokines will be discussed in more detail in the
chapters on the immune system. Lastly, as a reminder,
CAMs are cell adhesion molecules, which keep cells in
contact with one another and the surrounding extracellular matrix. We discuss CAMs in the next chapter.
Briefly, the figure shows that external stimulants like
growth factors initiate a signal at the membrane receptor. Reactive oxygen species (ROS) can affect surface
receptors (e.g., a receptor PTK), either by making them
more sensitive to activation by growth factors or by
making them less easy to turn off after activation.53 The
latter effect appears to involve inhibition of protein tyrosine phosphatases, the enzymes that serve to “reset” and
inactivate kinases.54,_55 In similar ways, ROS can also
sensitize other kinases that act inside the cell, such as
PKC.56
Activation of the surface receptor (or internal kinases)
can be blocked by kinase inhibitors. Likewise, ROS
signals originating from activated receptors (or internal
kinases or ras proteins) can be blocked by antioxidants.
If not blocked, the signals stimulate NF-κB and/or AP-1
activity, which in turn stimulate gene transcription.
Gene transcription leads to additional inflammation,
proliferation, and cell migration.
We see then that redox status is linked with signal
transduction via the protein phosphorylation pathways in
at least two ways. First, surface receptor activity and the
activity of internal kinases are sensitive to ROS. Second, activation of these kinases, and ras proteins, produce ROS.
These internally produced ROS, in
conjunction with ROS that enter the cell from outside,
affect the activity of transcription factors.57,_58 We note,
however, that the role of ROS in the activation of NFκB and AP-1 is still being debated. It is possible the
effects may be limited to specific cell types and conditions, and some effects certainly occur through poorly
understood mechanisms.59 Quite likely, ROS are not the
driving force behind NF-κB and AP-1 activation.
Rather, their role is probably a supportive one.60 Also
note that if concentrations of ROS are too high, they will
not participate in signal transduction and will only damage the cell, inducing apoptosis or necrosis.
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Figure 5.4
Regulation and Effects of NF- k B and AP-1
ROS
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Redox reactions affect one other aspect of nuclear factor activity that can be altered with natural compounds.
As with many if not most transcription factors, the ability of NF-κB and AP-1 to bind to DNA and initiate gene
transcription is controlled in part through redox status.
The mechanisms that control transcription-factor binding to DNA are complex. On the one hand, oxidative
conditions in the cytosol can initiate NF-κB activity, as
discussed above. On the other hand, a reducing environment is needed in the nucleus in order for NF-κB to
bind to DNA. This fits into the way that intracellular
concentrations of antioxidants such as glutathione are
controlled. Cytosolic concentrations of glutathione are
allowed to fluctuate widely, and such fluctuations do not
generally cause much cellular damage. In contrast, nu-

clear concentrations of glutathione
are very tightly regulated, since glutathione is needed to protect the
DNA from damage. Indeed, genes
such as Bcl-2 protect against apoptosis in part by redistributing
glutathione to the nucleus.61,_62
Nonetheless, antioxidants are still
able to inhibit the binding of NF-κB
and AP-1 to DNA, even though antioxidants help assure a reducing
environment.63 How this works is
still not clear. Perhaps antioxidants
alter the structure of NF-κB and AP1 so that they are no longer active,
or perhaps some antioxidants actually act by nonredox means to affect
DNA binding.64
Note in Figure 5.4 that hypoxia (a
low-oxygen environment) helps
stimulate AP-1. For immune cells,
this is useful, since wounds contain
hypoxic areas. In this way, immune
cell activity can be stimulated in
wounds.
Hypoxia-induced AP-1
stimulation is also useful for cancer
cells. Solid tumors contain hypoxic
areas due to their poorly developed
and chaotic arrangement of blood
vessels. Hence much of the tissue
within the tumor mass fluctuates
between oxygenated and hypoxic
conditions. During mild hypoxia,
AP-1 is stimulated, and during reoxygenation, free radicals are produced and NF-κB is stimulated.
This push-pull arrangement facilitates continued proliferation.

It is important to note that the pathways shown in Figure 5.4 are actually circular in nature. The end results,
particularly growth factor production and inflammation
(and associated ROS) start the process all over again.
This self-generating movement through the pathways
helps immune cells to proliferate and mount an attack on
invading pathogens or other tissues perceived as foreign.
If the condition is not readily resolved, however, it can
also result in chronic inflammatory conditions, which
are detrimental.65 The situation with cancer cells is
similar to that of chronic inflammation, only worse because fewer controls function in cancer cells. The circular pathway feeds on itself, producing more and more
proliferation and more and more inflammation, ROS,
and growth factors.

Transcription Factors and Redox Signaling

Not surprisingly, researchers have found
that NF-κB and AP-1 activity can protect
cells from apoptosis induced by free radicals
or other noxious compounds.37,_66 This protective effect is very useful for immune cells
that must survive in an inflamed environment
rich in ROS.
However, it is also
useful for cancer cells that must survive in the
same inhospitable environment. A variety of
cancer cell lines exhibit increased free radical
generation and NF-κB activity but reduced
apoptosis.47,_75
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TABLE 5.1 INHIBITION OF NF-κ
κB ACTIVITY BY
ANTIOXIDANTS IN VITRO
CONCENTRATION*

COMPOUND

10 µM and higher
100 to 1,000 µM
Vitamin E succinate
Vitamin E
> 1 mM
Alpha-lipoic acid
1 to 4 mM
Vitamin C
5 to 20 mM
N-acetylcysteine (NAC) 20 mM
Melatonin

†

REFERENCES
67
74
74
68, 69, 70
71
68

*

Since different types of assays were used to determine these values, the
values only provide rough comparisons of active concentrations.
†
A water-soluble form of vitamin E.

Natural Compounds That Inhibit
NF-κ B and AP-1 Activity
Natural compounds that inhibit NF-κB and AP-1
activity can be roughly divided into two groups: those
that act through antioxidant means and those that act
through nonantioxidant ones. Most of the studies on
NF-κB and AP-1 inhibition have involved antioxidants.
However, natural compounds that act through nonantioxidant means may actually be the most useful
clinically. One reason for the more limited potency of
antioxidant compounds is that ROS are probably not the
driving force behind activation of NF-κB and AP-1 activity, as mentioned above. Instead, signal transduction
through protein phosphorylation probably plays the primary role.
Antioxidants as Inhibitors of NF-κ B and AP-1
Inhibition of NF-κB and AP-1 activity, and especially
NF-κB activity, has been demonstrated in vitro by a
number of different antioxidants. Table 5.1 lists some
of these in order of decreasing potency. As the table
indicates, the ability of antioxidants to affect NF-κB
activity varies greatly. Whereas moderately lipophilic
(fat-soluble) antioxidants such as melatonin more
strongly affect NF-κB activity, water-soluble antioxidants like vitamin C and strongly lipophilic antioxidants
like vitamin E are substantially weaker.33,_72–74,_a
Antioxidants may act at various stages of nuclear factor activation. For example, some extracellular antioxidants may neutralize ROS before they enter the cell.
Antioxidants can also act within the cell by attenuating
the ROS signal produced by activation of kinases (e.g.,
PKC) or by activation of ras proteins.1,_75,_76

The ability of alpha-lipoic acid to inhibit NF-κB activity is not
related to its ability to increase intracellular reduced glutathione.
Similarly, vitamin C, which also increases intracellular glutathione, is a weak inhibitor of NF-κB activity.

In spite of their activity in vitro, it is unlikely that these
antioxidants strongly inhibit NF-κB activity in vivo, at
least when used alone. The concentrations at which antioxidants are active in vitro are greater than those normally present in the body, even after supplementation.
For example, the plasma concentration of melatonin in
humans after an extremely large (100-milligram) dose is
only about 440 nM.77 This is 23-fold lower than the
effective concentration listed in Table 5.1. Moreover,
the normally achievable plasma levels of vitamin E are
probably about 10-fold lower than the effective concentration listed in the table.
It should not be surprising that these antioxidants are
weak inhibitors of NF-κB activity in vivo, since they are
not known to produce potent anti-inflammatory effects
in vivo. Nonetheless, some antioxidants, including vitamin E, combinations of antioxidants, and high doses of
melatonin (13 to 50 mg/kg intraperitoneal in rats), can
produce weak to moderate anti-inflammatory effects in
rodents and humans, part of which may be due to NF-κB
inhibition.78–80,_b Thus while antioxidants may not be
highly potent at inhibiting NF-κB activity in vivo, they
may still be useful in supporting other more potent natural compounds. Also, the ability of antioxidants to inhibit NF-κB is likely to increase when they are used in
combination.
Nonantioxidants as Inhibitors of NF-κ B and AP-1
The primary means by which nonantioxidant compounds inhibit NF-κB and AP-1 activity is by inhibiting
kinase activation, ras protein activation, or other aspects
of signal transduction. This is as expected, since signal
transduction via protein phosphorylation is probably the
primary stimulus for inducing NF-κB and AP-1 activity.

a

b

This intraperitoneal dose of melatonin is equal to a human oral
dose of about 210 to 810 milligrams. This is much higher than
the normal human dose of 3 to 10 milligrams.
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TABLE 5.2 INHIBITION OF NF-κ
κB AND AP-1 ACTIVITY BY
NONANTIOXIDANT COMPOUNDS IN VITRO
COMPOUND

1,25-D3
Apigenin
Curcumin

CAPE
EGCG

Emodin
Genistein
Hypericin
Leukotriene inhibitors
(see Table 8.2)
Luteolin
Parthenolide
PTK and PKC inhibitors
(see Tables 4.2 and 4.3)
Proanthocyanidins
Quercetin
Resveratrol†
Curcumin
EGCG
Genistein
PTK inhibitors
(see Table 4.2)
Quercetin
Selenium

CONCENTRATION AND
COMMENTS*
NF-κ
κB
20 nM (weak)
10 µM; prevents IκB degradation
5 to 150 µM; complete inhibition
of DNA binding at 25 µM in one
study
90 µM (weak)
10 µM to 100 mM (dependent on
cell line and conditions); prevents
IκB degradation
185 µM (weak)
30 to 150 µM
2 µM
inhibits NF-κB

REFERENCES

81, 82
83, 84, 85
86–91, 121

92
93, 94, 95

96
72, 97–99
100
101, 102

25 µM
5 µM
inhibits NF-κB

83, 84
103, 104
discussed in text

35 to 110 µM
10 to 50 µM; prevents IκB
degradation
30 µM
AP-1
20 to 50 µM
typically 5 to 20 µM
15 to 74 µM
inhibits AP-1

105
106, 107, 108
109
90, 110, 111
112, 113
114, 115, 116
116

Other mechanisms of inhibition may
be possible. For example, leukotriene
inhibitors may reduce NF-κB activity,
in part by reducing the signal transduction initiated by leukotrienes.
Leukotrienes are natural inflammatory
compounds that act somewhat like
growth factors; hence their ability to
stimulate NF-κB activity is not surprising. Many natural compounds
inhibit leukotriene production or activity (discussed in Chapter 8).
Table 5.2 lists nonantioxidant compounds that inhibit NF-κB and AP-1
activity. Note that these compounds
may be effective in some cell lines
and circumstances but not in others.
Many of these actually are antioxidants, but they appear to inhibit NFκB and AP-1 primarily by nonantioxidant means. Many are also leukotriene inhibitors, and some inhibit
both PTK and PKC. Because most
natural compounds have multiple effects, the exact method of NF-κB inhibition is often not clear.
For
example, apigenin, curcumin, EGCG,
and luteolin are all antioxidants, as
well as inhibitors of PTK, PKC, and
leukotrienes.

Most of the NF-κB inhibitors listed
produce an anti-inflammatory effect
and/or affect cell adhesion molecules
in vivo. Furthermore, many inhibit
117
10 to 50 µM
the production of TNF by immune
cells as well as TNF-induced cell ad118, 119
1 to 10 µM
*
hesion.86,_121 (TNF and CAMs are
Since different types of assays were used to determine these values, they provide
produced via NF-κB activity, as illusonly rough comparisons of active concentrations.
†
trated in Figure 5.4.) The fact that
Other authors reported that resveratrol does not affect lipopolysaccharide-induced
120
most of these compounds produce an
NF-κB activation, as suggested here.
anti-inflammatory effect in vivo supports the possibility they may be actAlso, as mentioned previously, NF-κB must disassociate ing through inhibition of NF-κB and/or AP-1 activity.
from its inhibitory carrier I-κB to become active. This As with antioxidant compounds, it is likely that the efdissociation appears to be controlled in large part fects of these compounds could be maximized by using
through kinase activity, probably through the activity of synergistic combinations.
a kinase called IKK, inhibitor of NF-κB kinase.59 As
mentioned in Chapter 4, the natural compounds discussed here tend to inhibit multiple kinases, rather than MECHANISMS OF REDOX
being specific for only one. Therefore, some natural MODULATION
compounds that are inhibitors of PTK, PKC, or other
In this chapter, we have stated that redox status could
kinases probably affect IKK as well.
affect signal transduction, gene transcription, and cell
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activity; therefore, a brief discussion on the means by
which redox status may be altered in or around cancer
cells seems appropriate.
Cancer cells generally exist under oxidative stress;
which assists cancer cell proliferation and survival in
several ways. First, it damages DNA. As long as the
stress level is not so high that it causes cell death, this
can lead to higher mutation rates, which is generally
beneficial to the cancer cell. Second, oxidative stress
can increase some types of redox signaling, and it can
inactivate certain transcription factors (such as the p53
protein) that limit cell proliferation. Lastly, oxidative
stress impedes cell-to-cell contact, thereby facilitating
cancer progression.
Based on the available evidence, it appears that cancer
cells may have some control over their redox environment and their ability to withstand oxidative stress.122 In
general, cancer cells appear to be more susceptible to
free radical damage than normal ones, yet they tend to
exist in a prooxidant state. Thus in some way cancer
cells must develop a balance between ROS-induced
apoptosis on the one hand and ROS-induced mutations
and other alterations in biology that favor survival on the
other. Several mechanisms lead to production of or protection from ROS:
1. Immune cells, and especially macrophages, are significant sources of ROS. If they produce a sufficient
quantity of ROS they will kill cancer cells. However, cancer cells can minimize macrophage activity
by producing immunosuppressive compounds like
IL-10, TGF-beta, and PGE2.123,_124 A subdued immune response may then produce mild ROS concentrations, suitable for cancer progression.
For
example, in a recent mouse study, weakly tumorigenic fibrosarcoma cells injected subcutaneously
were unable to grow; however, when co-implanted
with a foreign body (a piece of sponge) that generated an immune response, the cancer cells exhibited
increased DNA mutations and subsequently formed
aggressive tumors. In addition, this response was associated with a decline in tumor-cell antioxidant enzymes.125 Note that the immune response was not
directly targeted to the cancer cells in this study; thus
it was not intense enough to effectively eliminate the
cancer cells.
2. ROS can be produced through reactions between
reducing agents (antioxidants) and copper or iron.
The inflammation surrounding tumors may increase
the rate of these reactions, since the tissue damage
associated with inflammation leads to the release of
free (unbound) metal ions capable of redox reactions.
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3. ROS can be produced by overexpression of ras family oncogenes. This may lead to both elevated ROS
production and elevated protection from ROS.126,_127
ROS may also be produced during kinase activity,
such as that of PTK or PKC.128
4. ROS can be produced by NF-κB activation. NF-κB
leads to the production of TNF and other inflammatory substances. TNF itself can cause marked increases in hydrogen peroxide production by normal
cells.129
5. Ironically, ROS can be produced during glutathione
synthesis. The tripeptide glutathione is poorly transported across the cell membrane. To maintain intracellular glutathione concentrations, extracellular
glutathione is split apart by GGT (gamma-glutamyl
transpeptidase) enzymes located on the outside of the
cell. The amino acid fragments are then transported
into the cell, where glutathione is reassembled. In
the process of splitting glutathione, however, GGT
produces a significant amount of ROS; enough to
stimulate cancer cell proliferation in vitro or in some
cases to induce apoptosis.130,_131
6. Protection from high ROS levels may be mediated
through alterations in membrane lipids. The low
omega-6 and, more important, the low omega-3 content found in the membranes of many cancer cells
help decrease lipid peroxidation because these fatty
acids are easily subject to free radical damage.
7. Protection from apoptosis caused by high ROS levels
may be mediated through increased expression of antioxidant genes (including the Bcl-2 gene) as well as
ras genes and those that control the production of antioxidant enzymes.

CONCLUSION
The transcription factors p53, NF-κB, and AP-1 play
an important role in the proliferation and activity of both
healthy cells and cancer cells. The differences are that
cancer cells rely on abnormally low p53 protein activity
and abnormally high NF-κB and AP-1 activity. Since
these transcription factors play an important role in proliferation and cell activity, their regulation is necessarily
complex; partly they are regulated by both protein phosphorylation and redox signaling. Redox signaling is in
itself both complex and subtle. Nonetheless, it is clear
at this early stage of research that a number of natural
compounds are able to influence transcription factors in
ways that can inhibit cancer cell proliferation and activity. Since cancer cells need extreme alterations in transcription factor activity, they are likely to be more
sensitive than healthy cells to these natural compounds.

Natural Compounds in Cancer Therapy

62

REFERENCES
1

Powis G, Gasdaska JR, Baker A. Redox signaling and the
control of cell growth and death. Advances in Pharmacology
1997; 38:329–359.
2
Deneo-Pellegrini H, De Stefani E, Boffetta P, et al. Dietary iron
and cancer of the rectum: A case-control study in Uruguay.
Eur J Cancer Prev 1999 Dec; 8(6):501–8.
3
Weinberg ED. The development of awareness of the
carcinogenic hazard of inhaled iron. Oncol Res 1999;
11(3):109–13.
4
de Valk B, Marx JJ. Iron, atherosclerosis, and ischemic heart
disease. Arch Intern Med 1999 Jul 26; 159(14):1542–8.
5
Toyokuni S, Okamoto K, Yodoi J, Hiai H. Persistent oxidative
stress in cancer. FEBS Lett 1995 Jan 16; 358(1):1–3.
6
Lanyi A, Deb D, Seymour RC, et al. “Gain of function”
phenotype of tumor-derived mutant p53 requires the
oligomerization/nonsequence-specific nucleic acid-binding
domain. Oncogene 1998 Jun 18; 16(24):3169–76.
7
Kahlenberg MS, Stoler DL, Rodriguez-Bigas MA, et al. p53
tumor suppressor gene mutations predict decreased survival of
patients with sporadic colorectal carcinoma. Cancer 2000 Apr
15; 88(8):1814–9.
8
Blaszyk H, Hartmann A, Cunningham JM, et al. A prospective
trial of midwest breast cancer patients: A p53 gene mutation is
the most important predictor of adverse outcome. Int J Cancer
2000 Jan 20; 89(1):32–8.
9
Ireland AP, Shibata DK, Chandrasoma P, et al. Clinical
significance of p53 mutations in adenocarcinoma of the
esophagus and cardia. Ann Surg 2000 Feb; 231(2):179–87.
10
Symonds H, Krall L, Remington L, et al. p53-dependent
apoptosis suppresses tumor growth and progression in vivo.
Cell 1994 Aug 26; 78(4):703–11.
11
Geisler JP, Geisler HE, Miller GA, et al. p53 and bcl-2 in
epithelial ovarian carcinoma: Their value as prognostic
indicators at a median follow-up of 60 months. Gynecol Oncol
2000 May; 77(2):278–82.
12
Meplan C, Verhaegh G, Richard MJ, Hainaut P. Metal ions as
regulators of the conformation and function of the tumour
suppressor protein p53: Implications for carcinogenesis. Proc
Nutr Soc 1999 Aug; 58(3):565–71.
13
Verhaegh GW, Richard MJ, Hainaut P. Regulation of p53 by
metal ions and by antioxidants: Dithiocarbamate downregulates p53 DNA-binding activity by increasing the
intracellular level of copper. Mol Cell Biol 1997 Oct;
17(10):5699–706.
14
Meplan C, Richard MJ, Hainaut P. Redox signalling and
transition metals in the control of the p53 pathway. Biochem
Pharmacol 2000 Jan 1; 59(1):25–33.
15
Wu HH, Momand J. Pyrrolidine dithiocarbamate prevents p53
activation and promotes p53 cysteine residue oxidation. J Biol
Chem 1998 Jul 24; 273(30):18898–905.
16
Sun Y, Oberley LW. Redox regulation of transcriptional
activators. Free Radic Biol Med 1996; 21(3):335–48.
17
Mediavilla MD, Cos S, Sanchez-Barcelo EJ. Melatonin
increases p53 and p21WAF1 expression in MCF-7 human
breast cancer cells in vitro. Life Sci 1999; 65(4):415–20.

18

Jee SH, Shen SC, Tseng CR, et al. Curcumin induces a p53dependent apoptosis in human basal cell carcinoma cells. J
Invest Dermatol 1998 Oct; 111(4):656–61.
19
Kim SE, Lee YH, Park JH, Lee SK. Ginsenoside-Rs4, a new
type of ginseng saponin concurrently induces apoptosis and
selectively elevates protein levels of p53 and p21WAF1 in
human hepatoma SK-HEP-1 cells. Eur J Cancer 1999 Mar;
35(3):507–11.
20
Hsieh TC, Juan G, Darzynkiewicz Z, Wu JM. Resveratrol
increases nitric oxide synthase, induces accumulation of p53
and p21(WAF1/CIP1), and suppresses cultured bovine
pulmonary artery endothelial cell proliferation by perturbing
progression through S and G2. Cancer Res 1999 Jun 1;
59(11):2596–601.
21
Shin DM, Mao L, Papadimitrakopoulou VM, et al.
Biochemopreventive therapy for patients with premalignant
lesions of the head and neck and p53 gene expression. J Natl
Cancer Inst 2000 Jan 5; 92(1):69–73.
22
Shklar G. Mechanisms of cancer inhibition by anti-oxidant
nutrients. Oral Oncol 1998 Jan; 34(1):24–9.
23
Avila MA, Velasco JA, Cansado J, Notario V. Quercetin
mediates the down-regulation of mutant p53 in the human
breast cancer cell line MDA-MB468. Cancer Res 1994 May 1;
54(9):2424–8.
24
Avila MA, Cansado J, Harter KW, et al. Quercetin as a
modulator of the cellular neoplastic phenotype. Effects on the
expression of mutated H-ras and p53 in rodent and human
cells. Adv Exp Med Biol 1996; 401:101–10.
25
Kim YI, Pogribny IP, Basnakian AG, et al. Folate deficiency in
rats induces DNA strand breaks and hypomethylation within
the p53 tumor suppressor gene. Am J Clin Nutr 1997 Jan;
65(1):46–52.
26
Pogribny IP, Basnakian AG, Miller BJ, et al. Breaks in
genomic DNA and within the p53 gene are associated with
hypomethylation in livers of folate/methyl-deficient rats.
Cancer Res 1995 May 1; 55(9):1894–901.
27
Kim YI, Pogribny IP, Salomon RN, et al. Exon-specific DNA
hypomethylation of the p53 gene of rat colon induced by
dimethylhydrazine. Modulation by dietary folate. Am J Pathol
1996 Oct; 149(4):1129–37.
28
Wallace-Brodeur RR, Lowe SW. Clinical implications of p53
mutations. Cell Mol Life Sci 1999 Jan; 55(1):64–75.
29
Elledge RM, Gray R, Mansour E, et al. Accumulation of p53
protein as a possible predictor of response to adjuvant
combination chemotherapy with cyclophosphamide,
methotrexate, fluorouracil, and prednisone for breast cancer. J
Natl Cancer Inst 1995 Aug 16; 87(16):1254–6.
30
Biswas DK, Cruz AP, Gansberger E, Pardee AB. Epidermal
growth factor-induced nuclear factor kappa B activation: A
major pathway of cell-cycle progression in estrogen-receptor
negative breast cancer cells. Proc Natl Acad Sci USA 2000 Jul
18; 97(15):8542–7.
31
Kim DW, Sovak MA, Zanieski G, et al. Activation of NFkappaB/Rel occurs early during neoplastic transformation of
mammary cells. Carcinogenesis 2000 May; 21(5):871–9.
32
Conner EM, Grisham MB. Inflammation, free radicals, and
antioxidants. Nutrition 1996 Apr; 12(4):274–7.

Transcription Factors and Redox Signaling

33

Allison AC. Antioxidant drug targeting. Advances in
Pharmacology 1997; 38:273–291.
34
Winyard PG, Blake DR. Antioxidants, redox-regulated
transcription factors, and inflammation. Advances in
Pharmacology 1997; 38:403–421.
35
Kordes U, Krappmann D, Heissmeyer V, et al. Transcription
factor NF-kappaB is constitutively activated in acute
lymphoblastic leukemia cells. Leukemia 2000 Mar;
14(3):399–402.
36
Meyskens FL Jr, Buckmeier JA, McNulty SE, Tohidian NB.
Activation of nuclear factor-kappa B in human metastatic
melanomacells and the effect of oxidative stress. Clin Cancer
Res 1999 May; 5(5):1197–202.
37
Bours V, Dejardin E, Goujon-Letawe F, et al. The NF-kappa B
transcription factor and cancer: High expression of NF-kappa
B- and I kappa B-related proteins in tumor cell lines. Biochem
Pharmacol 1994 Jan 13; 47(1):145–9.
38
Nakshatri H, Bhat-Nakshatri P, Martin DA, et al. Constitutive
activation of NF-kappaB during progression of breast cancer to
hormone-independent growth. Mol Cell Biol 1997 Jul;
17(7):3629–39.
39
Sharma HW, Narayanan R. The NF-kappaB transcription
factor in oncogenesis. Anticancer Res 1996 Mar–Apr;
16(2):589–96.
40
Narayanan R. Antisense therapy of cancer. In Vivo 1994
Nov–Dec; 8(5):787–93.
41
Aggarwal BB. Personal communication. October, 1997.
42
Bustamante J, Slater AF, Orrenius S. Antioxidant inhibition of
thymocyte apoptosis by dihydrolipoic acid. Free Radic Biol
Med 1995 Sep; 19(3):339–47.
43
Sanchez A, Alvarez AM, Benito M, Fabregat I. Apoptosis
induced by transforming growth factor-beta in fetal hepatocyte
primary cultures: Involvement of reactive oxygen
intermediates. J Biol Chem 1996 Mar 29; 271(13):7416–22.
44
Xu Y, Nguyen Q, Lo DC, Czaja MJ. c-myc-Dependent
hepatoma cell apoptosis results from oxidative stress and not a
deficiency of growth factors. J Cell Physiol 1997 Feb;
170(2):192–9.
45
Van Antwerp DJ, Martin SJ, Kafri T, et al. Suppression of
TNF-α-induced apoptosis by NF-κB. Science 1996; 274:787–
789.
46
Wang CY, Mayo MW, Baldwin AS. TNF- and cancer therapyinduced apoptosis: Potentiation by inhibition of NF-κB.
Science 1996; 274:784–787.
47

Beg AA, Baltimore D. An essential role for NF-κB in
preventing TNF-α-induced cell death. Science 1996;
274:782–784.
48
Barinaga M. Life-death balance within the cell [comment].
Science 1996; 274:724.
49
Liu ZG, Hsu H, Goeddel DV, Karin M. Dissection of TNF
receptor 1 effector functions: JNK activation is not linked to
apoptosis while NF-kappaB activation prevents cell death.
Cell 1996 Nov 1; 87(3):565–76.
50
Rupec RA, Baeuerle PA. The genomic response of tumor cells
to hypoxia and reoxygenation. Differential activation of
transcription factors AP-1 and NF-kappa B. Eur J Biochem
1995 Dec 1; 234(2):632–40.

63

51

Wissing D, Mouritzen H, Egeblad M, et al. Involvement of
caspase-dependent activation of cytosolic phospholipase A2 in
tumor necrosis factor-induced apoptosis. Proc Natl Acad Sci
USA 1997 May 13; 94(10):5073–7.
52
Wyllie AH. Apoptosis and carcinogenesis. Eur J Cell Biol
1997 Jul; 73(3):189–97.
53
Peranovich TM, da Silva AM, Fries DM, et al. Nitric oxide
stimulates tyrosine phosphorylation in murine fibroblasts in the
absence and presence of epidermal growth factor. Biochem J
1995 Jan 15; 305 (Pt 2):613–9.
54
Herrlich P, Bohmer FD. Redox regulation of signal
transduction in mammalian cells. Biochem Pharmacol 2000
Jan 1; 59(1):35–41.
55
Goldman R, Ferber E, Zor U. Involvement of reactive oxygen
species in phospholipase A2 activation: Inhibition of protein
tyrosine phosphatases and activation of protein kinases. Adv
Exp Med Biol 1997; 400A:25–30.
56
Gopalakrishna R, Jaken S. Protein kinase C signaling and
oxidative stress. Free Radic Biol Med 2000 May 1;
28(9):1349–61.
57
Vepa S, Scribner WM, Parinandi NL, et al. Hydrogen peroxide
stimulates tyrosine phosphorylation of focal adhesion kinase in
vascular endothelial cells. Am J Physiol 1999 Jul; 277(1 Pt
1):L150–8.
58
Lelkes PI, Hahn KL, Sukovich DA, et al. On the possible role
of reactive oxygen species in angiogenesis. Adv Exp Med
Biol 1998; 454:295–310.
59
Renard P, Raes M. The proinflammatory transcription factor
NFkappaB: A potential target for novel therapeutical
strategies. Cell Biol Toxicol 1999; 15(6):341–4.
60
Bowie A, O’Neill LA. Oxidative stress and nuclear factorkappaB activation: A reassessment of the evidence in the light
of recent discoveries. Biochem Pharmacol 2000 Jan 1;
59(1):13–23.
61
Jevtovic-Todorovic V, Guenthner TM. Depletion of a discrete
nuclear glutathione pool by oxidative stress, but not by
buthionine sulfoximine. Correlation with enhanced alkylating
agent cytotoxicity to human melanoma cells in vitro. Biochem
Pharmacol 1992 Oct 6; 44(7):1383–93.
62
Voehringer DW, McConkey DJ, McDonnell TJ, et al. Bcl-2
expression causes redistribution of glutathione to the nucleus.
Proc Natl Acad Sci USA 1998 Mar 17; 95(6):2956–60.
63
Ripple MO, Henry WF, Schwarze SR, et al. Effect of
antioxidants on androgen-induced AP-1 and NF-kappaB DNAbinding activity in prostate carcinoma cells. J Natl Cancer Inst
1999 Jul 21; 91(14):1227–32.
64
Azzi A, Boscoboinik D, Fazzio A, et al. RRR-alpha-tocopherol
regulation of gene transcription in response to the cell oxidant
status. Z Ernahrungswiss 1998; 37 Suppl 1:21–8.
65
Rosenfeld ME. Inflammation, lipids, and free radicals: Lessons
learned from the atherogenic process. Semin Reprod
Endocrinol 1998; 16(4):249–61.
66
Karin M, Liu ZG, Zandi E. AP-1 function and regulation. Curr
Opin Cell Biol 1997; 9(2):240–6.
67
Mohan N, Sadeghi K, Reiter RJ, Meltz ML. The
neurohormone melatonin inhibits cytokine, mitogen and
ionizing radiation induced NF-kappa B. Biochem Mol Biol Int
1995 Dec; 37(6):1063–70.

Natural Compounds in Cancer Therapy

64

68

Suzuki YJ, Aggarwal BB, Packer L. Alpha-lipoic acid is a
potent inhibitor of NF-kappa B activation in human T cells.
Biochem Biophys Res Commun 1992 Dec 30; 189(3):1709–
15.
69
Packer L, Suzuki YJ. Vitamin E and alpha-lipoate: Role in
antioxidant recycling and activation of the NF-kappa B
transcription factor. Mol Aspects Med 1993; 14(3):229–39.

Packer L, Roy S, Sen CK. α-Lipoic acid: A metabolic
antioxidant and potential redox modulator of transcription.
Advances in Pharmacology 1997; 38:79–101.
71
Bowie A, O’Neill LA. Vitamin C inhibits NF kappa B
activation in endothelial cells. Biochem Soc Trans 1997;
25(1):131S.
72
Eugui EM, DeLustro B, Rouhafza S, et al. Some antioxidants
inhibit, in a co-ordinate fashion, the production of tumor
necrosis factor-alpha, IL-beta, and IL-6 by human peripheral
blood mononuclear cells. Int Immunol 1994; 6(3):409–22.
73
Sen CK, Packer L. Antioxidant and redox regulation of gene
transcription [see comments]. FASEB J 1996 May;
10(7):709–20.
74
Traber MG, Packer L. Vitamin E: Beyond antioxidant
function. Am J Clin Nutr 1995 Dec; 62(6 Suppl):1501S1509S.
75
Irani K, Xia Y, Zweier JL, et al. Mitogenic signaling mediated
by oxidants in ras-transformed fibroblasts [see comments].
Science 1997 Mar 14; 275(5306):1649–52.
76
Pennisi E. Superoxides relay ras protein’s oncogenic message
[comment]. Science 1997 Mar 14; 275(5306):1567–8.
77
Vakkuri O, Leppaluto J, Kauppila A. Oral administration and
distribution of melatonin in human serum, saliva and urine.
Life Sci 1985 Aug 5; 37(5):489–95.
78
Grimble RF. Nutritional antioxidants and the modulation of
inflammation: Theory and practice. New Horiz 1994 May;
2(2):175–85.
79
Uden S, Bilton D, Nathan L, et al. Antioxidant therapy for
recurrent pancreatitis: Placebo-controlled trial. Aliment
Pharmacol Ther 1990 Aug; 4(4):357–71.
80
Cuzzocrea S, Costantino G, Mazzon E, Caputi AP. Regulation
of prostaglandin production in carrageenan-induced pleurisy
by melatonin. Pineal Res 1999 Aug; 27(1):9–14.
81
Harant H, Wolff B, Lindley JD. 1Alpha,25-dihydroxyvitamin
D3 decreases DNA binding of nuclear factor-kappaB in human
fibroblasts. FEBS Lett 1998 Oct 9; 436(3):329–34.
82
Harant H, Andrew PJ, Reddy GS, et al. 1alpha,25dihydroxyvitamin D3 and a variety of its natural metabolites
transcriptionally repress nuclear-factor-kappaB-mediated
interleukin-8 gene expression. Eur J Biochem 1997 Nov 15;
250(1):63–71.
83
Gerritsen ME, Carley WW, Ranges GE, et al. Flavonoids
inhibit cytokine-induced endothelial cell adhesion protein gene
expression. Am J Pathology 1995; 147(2):278–292.
84
Read MA. Flavonoids: Naturally occurring anti-inflammatory
agents [comment]. Am J Pathol 1995 Aug; 147(2):235–7.
85
Liang YC, Huang YT, Tsai SH, et al. Suppression of inducible
cyclooxygenase and inducible nitric oxide synthase by
apigenin and related flavonoids in mouse macrophages.
Carcinogenesis 1999 Oct; 20(10):1945–52.
70

86

Kumar A, Dhawan S, Hardegen NJ, Aggarwal BB. Curcumin
(Diferuloylmethane) inhibition of tumor necrosis factor (TNF)mediated adhesion of monocytes to endothelial cells by
suppression of cell surface expression of adhesion molecules
and of nuclear factor-kappaB activation. Biochem Pharmacol
1998 Mar 15; 55(6):775–83.
87
Singh S, Aggarwal BB. Activation of transcription factor NFkappa B is suppressed by curcumin (diferuloylmethane)
[corrected]. J Biol Chem 1995 Oct 20; 270(42):24995–5000.
88
Wang W, Abbruzzese JL, Evans DB, et al. The nuclear factorkappaB RelA transcription factor is constitutively activated in
human pancreatic adenocarcinoma cells. Clin Cancer Res
1999 Jan; 5(1):119–27.
89
Brennan P, O’Neill LA. Inhibition of nuclear factor kappaB by
direct modification in whole cells—mechanism of action of
nordihydroguaiaritic acid, curcumin and thiol modifiers.
Biochem Pharmacol 1998 Apr 1; 55(7):965–973.
90
Bierhaus A, Zhang Y, Quehenberger P, et al. The dietary
pigment curcumin reduces endothelial tissue factor gene
expression by inhibiting binding of AP-1 to the DNA and
activation of NF-kappa B. Thromb Haemost 1997 Apr;
77(4):772–82.
91
Plummer SM, Holloway KA, Manson MM, et al. Inhibition of
cyclo-oxygenase 2 expression in colon cells by the
chemopreventive agent curcumin involves inhibition of NFkappaB activation via the NIK/IKK signalling complex.
Oncogene 1999 Oct 28; 18(44):6013–6020.
92
Natarajan K, Singh S, Burke TH, et al. Caffeic acid phenethyl
ester is a potent and specific inhibitor of activation of nuclear
transcription factor NF-κB. Proc Natl Acad Sci 1996;
93:9090–9095.
93
Yang F, De Villiers WJS, McClain CJ, Varilek GW. Green tea
polyphenols block endotoxin-induced tumor necrosis factorproduction and lethality in a murine model. J Nutr 1998 Dec;
128(12):2334–40.
94
Okabe S, Ochiai Y, Aida M, et al. Mechanistic aspects of green
tea as a cancer preventive: Effect of components on human
stomach cancer cell lines. Jpn J Cancer Res 1999 Jul;
90(7):733–9.
95
Lin YL, Lin JK. (-)-Epigallocatechin-3-gallate blocks the
induction of nitric oxide synthase by down-regulating
lipopolysaccharide-induced activity of transcription factor
nuclear factor-kappaB. Mol Pharmacol 1997 Sep; 52(3):465–
72.
96
Kumar A, Dhawan S, Aggarwal BB. Emodin (3-methyl-1,6,8trihydroxyanthraquinone) inhibits TNF-induced NF-kappaB
activation, IkappaB degradation, and expression of cell surface
adhesion proteins in human vascular endothelial cells.
Oncogene 1998 Aug 20; 17(7):913–8.
97
Weber C, Negrescu E, Erl W, et al. Inhibitors of protein
tyrosine kinase suppress TNF-stimulated induction of
endothelial cell adhesion molecules. J Immunol 1995 Jul 1;
155(1):445–51.
98
Natarajan X, Manna SK, Chaturvedi MM, Aggarwal BB.
Portein tyrosine kinase inhibitors block tumor necrosis factorinduced activation of nuclear factor-κB, degradation of ΙKBα,
nuclear translocation of p65, and subsequent gene expression.
Archives of Biochem Biophys 1998; 352(1):59–70.

Transcription Factors and Redox Signaling

99

Davis JN, Kucuk O, Sarkar FH. Genistein inhibits NF-kappa B
activation in prostate cancer cells. Nutr Cancer 1999;
35(2):167–74.
100
Bork PM, Bacher S, Schmitz ML, et al. Hypericin as a nonantioxidant inhibitor of NF-κB. Planta Medica 1999; 65:297–
300.
101
Lee S, Felts KA, Parry GC, et al. Inhibition of 5-lipoxygenase
blocks IL-1 beta-induced vascular adhesion molecule-1 gene
expression in human endothelial cells. J Immunol 1997 Apr 1;
158(7):3401–7.
102
Faux SP, Howden PJ. Possible role of lipid peroxidation in the
induction of NF-kappa B and AP-1 in RFL-6 cells by
crocidolite asbestos: Evidence following protection by vitamin
E. Environ Health Perspect 1997 Sep; 105 Suppl 5:1127–30.
103
Hehner SP, Heinrich M, Bork PM, et al. Sesquiterpene
lactones specifically inhibit activation of NF-kappa B by
preventing the degradation of I kappa B-alpha and I kappa Bbeta. J Biol Chem 1998 Jan 16; 273(3):1288–97.
104
Bork PM, Schmitz ML, Kuhnt M, et al. Sesquiterpene lactone
containing Mexican Indian medicinal plants and pure
sesquiterpene lactones as potent inhibitors of transcription
factor NF-kappaB. FEBS Lett 1997 Jan 27; 402(1):85–90.
105
Peng Q, Wei Z, Lau BH. Pycnogenol inhibits tumor necrosis
factor-alpha-induced nuclear factor kappa B activation and
adhesion molecule expression in human vascular endothelial
cells. Cell Mol Life Sci 2000 May; 57(5):834–41.
106
Musonda CA, Chipman JK. Quercetin inhibits hydrogen
peroxide (H2O2)-induced NF-kappaB DNA binding activity
and DNA damage in HepG2 cells. Carcinogenesis 1998 Sep;
19(9):1583–9.
107
Rangan GK, Wang Y, Tay YC, Harris DC. Inhibition of
NFkappaB activation with antioxidants is correlated with
reduced cytokine transcription in PTC. Am J Physiol 1999
Nov; 277(5 Pt 2):F779–89.
108
Peet GW, Li J. IkappaB kinases alpha and beta show a
random sequential kinetic mechanism and are inhibited by
staurosporine and quercetin. J Biol Chem 1999 Nov 12;
274(46):32655–61.
109
Tsai SH, Lin-Shiau SY, Lin JK. Suppression of nitric oxide
synthase and the down-regulation of the activation of
NFkappaB in macrophages by resveratrol. Br J Pharmacol
1999 Feb; 126(3):673–80.
110
Huang TS, Lee SC, Lin JK. Suppression of c-jun/AP-1
activation by an inhibitor of tumor promotion in mouse
fibroblast cells. Proc Natl Acad Sci 1991; 88:5292–5296.
111
Sikora E, Bielak-Zmijewska A, Piwocka K, et al. Inhibition of
proliferation and apoptosis of human and rat T lymphocytes by
curcumin, a curry pigment. Biochem Pharmacol 1997 Oct 15;
54(8):899–907.
112
Dong Z, Ma W, Huang C, Yang CS. Inhibition of tumor
promoter-induced activator protein 1 activation and cell
transformation by tea polyphenols, (-)-epigallocatechin gallate,
and theaflavins. Cancer Res 1997 Oct 1; 57(19):4414–9.
113
Barthelman M, Bair WB 3rd, Stickland KK, et al. (-)Epigallocatechin-3-gallate inhibition of ultraviolet B-induced
AP-1 activity. Carcinogenesis 1998 Dec; 19(12):2201–4.

65

114

El-Dahr SS, Dipp S, Baricos WH. Bradykinin stimulates the
ERK-->Elk-1-->Fos/AP-1 pathway in mesangial cells. Am J
Physiol 1998 Sep; 275(3 Pt 2):F343–52.
115
Chen Y, Sun AY. Activation of transcription factor AP-1 by
extracellular ATP in PC12 cells. Neurochem Res 1998 Apr;
23(4):543–50.
116
Zhu Y, Lin JH, Liao HL, et al. LDL induces transcription
factor activator protein-1 in human endothelial cells.
Arterioscler Thromb Vasc Biol 1998 Mar; 18(3):473–80.
117
Kobuchi H, Roy S, Sen CK, et al. Quercetin inhibits inducible
ICAM-1 expression in human endothelial cells through the
JNK pathway. Am J Physiol 1999 Sep; 277(3 Pt 1):C403–11.
118
Handel ML, Watts CK, deFazio A, et al. Inhibition of AP-1
binding and transcription by gold and selenium involving
conserved cysteine residues in Jun and Fos. Proc Natl Acad
Sci USA 1995 May 9; 92(10):4497–501.
119
Spyrou G, Bjornstedt M, Kumar S, et al. AP-1 DNA-binding
activity is inhibited by selenite and selenodiglutathione. FEBS
Lett 1995 Jul 10; 368(1):59–63.
120
Wadsworth TL, Koop DR. Effects of the wine polyphenolics
quercetin and resveratrol on pro-inflammatory cytokine
expression in RAW 264.7 macrophages. Biochem Pharmacol
1999 Apr 15; 57(8):941–9.
121
Chan MM. Inhibition of tumor necrosis factor by curcumin, a
phytochemical. Biochem Pharmacol 1995 May 26;
49(11):1551–6.
122
Saintot M, Astre C, Pujol H, Gerber M. Tumor progression
and oxidant-antioxidant status. Carcinogenesis 1996 Jun;
17(6):1267–71.
123
Sica A, Saccani A, Bottazzi B, et al. Autocrine production of
IL-10 mediates defective IL-12 production and NF-kappa B
activation in tumor-associated macrophages. J Immunol 2000
Jan 15; 164(2):762–7.
124
Stolina M, Sharma S, Lin Y, et al. Specific inhibition of
cyclooxygenase 2 restores antitumor reactivity by altering the
balance of IL-10 and IL-12 synthesis. J Immunol 2000 Jan 1;
164(1):361–70.
125
Okada F, Nakai K, Kobayashi T, et al. Inflammatory cellmediated tumour progression and minisatellite mutation
correlate with the decrease of antioxidative enzymes in murine
fibrosarcoma cells. Br J Cancer 1999 Feb; 79(3–4):377–85.
126
Irani K, Goldschmidt-Clermont PJ. Ras, superoxide and signal
transduction. Biochem Phaol 1998 May 1; 55(9):1339–46.
127
Miller AC, Samid D. Tumor resistance to oxidative stress:
Association with ras oncogene expression and reversal by
lovastatin, an inhibitor of p21ras isoprenylation. Int J Cancer
1995 Jan 17; 60(2):249–54.
128
Vladimirova O, Lu FM, Shawver L, Kalman B. The activation
of protein kinase C induces higher production of reactive
oxygen species by mononuclear cells in patients with multiple
sclerosis than in controls. Inflamm Res 1999 Jul; 48(7):412–6.
129
Okamoto M, Oyasu R. Transformation in vitro of a
nontumorigenic rat urothelial cell line by tumor necrosis
factor-alpha. Lab Invest 1997 Aug; 77(2):139–44.
130
Perego P, Paolicchi A, Tongiani R, et al. The cell-specific
anti-proliferative effect of reduced glutathione is mediated by
gamma-glutamyl transpeptidase-dependent extracellular prooxidant reactions. Int J Cancer 1997 Apr 10; 71(2):246–50.

Natural Compounds in Cancer Therapy

66

131

del Bello B, Paolicchi A, Comporti M, et al. Hydrogen
peroxide produced during gamma-glutamyl transpeptidase
activity is involved in prevention of apoptosis and
maintainance of proliferation in U937 cells. FASEB J 1999
Jan; 13(1):69–79.

6

g

CELL-TO-CELL COMMUNICATION
Cell-to-cell communication is our last topic in Part I.
Since cell-to-cell communication obviously involves
interactions between a cell and its surroundings, this
chapter forms a natural bridge between Part I, which is
concerned with the behavior of individual cells, and Part
II, which examines how a population of cancer cells
interacts with the organism in which it grows.
This chapter considers how a cell communicates with
adjacent cells and how it interacts with the extracellular
matrix (ECM), the ground substance that surrounds cells
and tissues and holds them in place. Cell-to-cell and
cell-matrix communication occurs in two ways: through
cell adhesion molecules (CAMs), the surface proteins
that bind cells to one another and to the ECM, and
through direct cell-to-cell exchange of compounds
through gap junctions, the portals that form between
adjacent cells.
In healthy cells, cell-to-cell and cell-matrix interactions are extremely important, as they help regulate a
wide range of cellular activities, including proliferation
and movement. Cancer cells, on the other hand, tend to
detach from surrounding cells and from the matrix,
thereby freeing themselves from signals that would restrict their proliferation and activity. At the same time,
since contact with other cells and the matrix also provides “do not die” signals, cancer cells have evolved
ways to mimic these signals, chiefly through growth
factor production and increased signal transduction,
thereby assuring they can survive as detached cells.
Cell-to-cell communication is a dynamic, complex
process. At least four large families of CAMs are involved, each with members that play somewhat distinct
roles. In addition, several other proteins are involved in
assuring cell-to-cell communication via gap junctions.
Moreover, the signals generated by CAMs and the signals that control them travel to and from the nucleus via
protein phosphorylation. For this reason, PTK, PKC,
and other proteins involved in signal transduction, as
well as free radicals, can affect CAM function and behavior. Any or all of these mediators of cell-to-cell
communication can be abnormal in cancer cells. Despite the complexities, however, many natural compounds help restore normal cell-to-cell communication
in such a way as to induce apoptosis or inhibit cancer
cell migration, invasion, metastasis, or proliferation.
For instance, PTK inhibitors can reduce the invasion of
cancer cells through mechanisms related to cell-to-cell
communication. Most of the natural compounds dis-

cussed in this chapter can affect cell-to-cell communication in more than one way. Some of their effects, such
as improved gap junction communication and improved
activity of E-cadherin (a particular type of CAM), are
clearly useful in inhibiting cancer. Other effects, such as
inhibition of other CAM families, are probably, but not
positively, useful in inhibiting cancer.

CELL ADHESION MOLECULES
Cell adhesion molecules are specialized proteins located on the outside of the plasma membrane. Due to
recent advances in laboratory techniques, research on
CAMs has flourished and the pivotal role they play is
understood more completely. Through interactions with
the ECM and other cells, CAMs regulate proliferation,
architecture, cell migration, differentiation, apoptosis,
angiogenesis, and invasion.1–5 We can think of CAMs
as the fingers of a cell, but instead of 10 fingers, cells
have many hundreds, each lasting only for a few hours.
Depending on the type of CAM, they generally have
three functions. First, they grasp molecules on other
cells or on the matrix. In some cases, this grasping
helps a cell move and in others, helps it stay in place.
Second, they send signals to the nucleus telling it what
they feel. Third, they, or associated proteins, receive
signals back from the nucleus that alters CAM behavior.
We see then that signal transduction mediates messages
both to and from CAMs, and compounds that affect signal transduction, such as PTK and PKC inhibitors, can
greatly affect CAM expression and activity. In addition
to sending signals to alter CAM behavior, the nucleus
can also increase or decrease the production of different
CAMs, depending on the signals it receives.
Four families of CAMs are discussed here: integrins,
cadherins, selectins, and the immunoglobulin superfamily of adhesion molecules (see Figure 6.1; adapted
from references 6 and 7). Although each of these CAMs
plays complex roles, in general the cadherins hold tissues tightly together and the other three help in cell migration, especially that of immune cells. One other
CAM family, the CD44 surface molecule, also helps
cells to migrate; it is discussed in Chapter 9 in relation
to cancer invasion.
The first three families of CAMs we discuss are integrins, selectins, and the immunoglobulin superfamily
of adhesion molecules. Because all of these play a role
in immune cell migration, it is useful to outline how
these CAMs allow leukocytes (immune cells) to attach
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Figure 6.1

Cell Adhesion Molecules
Integrins adhere
to other CAMs
and to ECM proteins such as
fibronectin.

Cadherins adhere
to other
cadherins on
adjacent cells in a
zipper-like fashion.

Selectins adhere
to carbohydrates
on adjacent cells.

These CAMs
adhere to the
same molecules
on adjacent cells
and to integrins.

cell membrane

integrin

cadherin

selectin

immunoglobulin
superfamily
(VCAM, ICAM, etc.)

Figure 6.2
Arrest of Leukocytes at Inflamed Areas
E-selectin and
integrin
dependent
adhesion
leukocyte

IL-8, GM-CSF,

monocyte
chemoattractant
protein (MCP-1)

imunoglobulin superfamily
(ICAM, VCAM, PECAM) and
integrin dependent adhesion

blood stream
adhesion
molecules

(c) interactions between the immunoglobulin superfamily of adhesion
molecules (ICAMs, VCAMs, PECAMs)
and integrins that induce the cells to arrest (stop at a particular place on the cell
wall), spread, and finally migrate
through the vascular wall. (In the figure,
IL-8 stands for interleukin-8 and GMCSF stands for granulocyte macrophagecolony stimulating factor, both of which
are immune cytokines. Immune cytokines will be discussed in later chapters
and are shown here only for completeness.)
The process illustrated in Figure 6.2 is
of interest not only because it is important in the immune response, but also
because it is likely that blood-borne tumor cells bind, creep, and stop at a metastatic site in a similar fashion. In other
words, integrins, selectins, and the immunoglobulin superfamily of adhesion
molecules all likely play a role in cancer
metastasis. The exact role they play in
cancer is complex; but in general, these
CAMs tend to be overexpressed in cancer cells, and the natural compounds
discussed here tend to inhibit their expression or activity and thus cancer metastasis.

capillary wall

Integrins
Integrins bind to a number of ECM
proteins, including collagen, laminin,
and fibronectin, and they are receptors
for certain selectins and immunoglobulin
activation,
attraction by
migration
adhesion
initial
superfamily adhesion molecules, includchemotactic
through
the
and spreading
binding,
factors
capillary
wall
ing intercellular adhesion molecules
and rolling
(ICAMs). Like other CAMs, the intracellular root of integrins is attached to
the cell’s internal (actin) cytoskeleton.
Through these connections, integrins
to and migrate through a vessel wall during an immune and other CAMs can affect signal transduction and celresponse. After floating in the bloodstream and arriving lular structure.
at a target location such as an infected area, leukocytes
Integrins are the most ubiquitous and versatile of all
must attach to the inner vascular wall, then slip through
adhesion
receptors.9 Of all the CAMs, they are the ones
the vascular tissue. This three-part process (see Figure
6.2; adapted from reference 8) consists of (a) transient most responsible for anchoring cells to the ECM. Their
interactions between selectins and integrins on the leu- expression and regulation is controlled in a complex,
kocytes and vascular cells, which pull leukocytes from dynamic fashion involving feedback from cell-cell, cellthe circulation and initiate their rolling along the vascu- matrix, and cell-growth factor interactions. At different
lar wall; (b) interactions with chemotactic proteins se- stages in a cell’s life and/or in response to changes in
creted by vascular cells, which cause leukocytes to creep their microenvironment, various integrins are expressed
along the vascular wall toward the site of infection; and
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to allow necessary growth, architectural changes,
movement, and function.
Quantitative and qualitative changes in integrin expression have been observed in a large number of human
tumors.9 Numerous integrins can be affected, and the
effects may be complex. In some cases, integrin binding
can prevent cancer progression by keeping cells in contact with the matrix. Indeed, in some highly metastatic
human tumors, the synthesis of specific integrins is reduced.10 In general, however, integrins tend to be overexpressed in cancer cells, a situation that leads to
increased arrest of the cells on the vascular lining during
metastasis (see Figure 6.2).11,_12 For example, human
prostate cancer cells express a large number of integrins,
and blocking these integrins reduces their invasion
through vessel membranes in vitro.13 In fact, highly
metastatic cells tend to adhere more easily to the vascular lining than low or nonmetastatic cells—an effect due
in part to excess integrin expression.14
Because of the complexities in the function and activity of integrins, some uncertainties exist about the potential role for integrin manipulation in cancer treatment.
Nevertheless, inhibition of integrin expression does
seem to inhibit cancer progression. Indeed, a number of
natural compounds do inhibit integrin expression, and
their actions generally lead to antiproliferation, antiinvasion, or antimetastatic effects, or all three.

Effects of Natural Compounds on Integrin
Activity
As we know, signal transduction in cancer cells via
PTK, PKC, and other proteins is generally greater than
in healthy cells. This serves two functions with regard
to integrins. First, the “do not die” signals provided by
contact with other cells and the matrix appear to be mediated through integrin-induced stimulation of such
kinases. For example, integrin activity increases, via
signal transduction, expression of the antiapoptotic Bcl-2
gene, thus providing “do not die” signals.15 Cancer
cells, being detached from other cells and the matrix,
miss this source of “do not die” signals. They compensate by relying heavily on excessive signal transduction,
thereby mimicking contact with other cells and the matrix. Kinase inhibitors, then, can reduce the “do not die”
signals in cancer cells, causing apoptosis.
Second, excess signal transduction stimulates integrin
expression and activity, resulting in increased migration
and invasion. For example, stimulation of PKC can increase integrin expression on human prostate cancer
cells and human melanoma cells, as well as their adhesion to matrix components.13,_16 Not surprisingly then,
kinase inhibitors can reduce cell adhesion and the events
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that depend on it, such as migration and invasion. For
example, genistein (at 20 to 100 µM) markedly reduced
the invasion of mouse melanoma cells in vitro, apparently due to interruption of integrin activity.17,_18 Genistein also reduced melanoma cell adhesion to ECM
components, an event also likely due to interruption of
integrin activity.19 PKC inhibitors can also reduce tumor cell motility, invasion, and metastasis.20–28 In one
study, PKC inhibition increased the life span of rats with
liver cancer, an effect apparently mediated by a reduction of integrin expression and tumor cell adhesion.29 In
another study, PKC inhibition reduced both the expression of integrins on liver cancer cells and their adhesion.30,_31 Lastly, both PKC and PTK inhibitors reduced
the migration of ovarian cancer cells and the attachment
of lung cancer cells to endothelial cells in vitro.12,_32
Although the above studies did not always use natural
compounds to reduce PTK or PKC activity, natural
compounds that inhibit these kinases could be expected
to produce a similar effect.
Leukotriene inhibitors may have a similar inhibitory
effect on integrin binding.33,_34 Leukotrienes (discussed
in Chapter 7) are hormone-like compounds that act like
growth factors to cause inflammation and other events.
Highly metastatic cell lines are associated with increased
PKC activity and increased production of or sensitivity
to leukotrienes. The omega-3 fatty acids EPA and
DHA, which inhibit PKC activity and leukotriene production, have been reported to reduce the expression of
integrins and other CAMs on cancer cells and other
cells.35–39 In several studies, diets high in EPA and
DHA inhibited the growth of human breast and colon
cancer cells and metastasis in mice.40,_41,_42 Similar inhibition of invasion and metastasis was seen in vitro and
in vivo in studies using melanoma and fibrosarcoma
cells.43
Other natural compounds may interact directly with
nuclear receptors to inhibit integrin expression. For example, vitamin D3 (1,25-D3) reduced cell proliferation
and the production of integrins in human melanoma
cells and human leukemia cells.44,_45 This effect probably occurred from direct interactions with nuclear receptors.
Lastly, since integrins sense the conditions outside the
cell and then eventually respond to these conditions,
changes in the composition of the ECM can affect integrin gene expression.46 Therefore, natural compounds
that protect matrix integrity have the potential to normalize integrin expression. These will be discussed in
Chapter 9.
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Selectins
The selectin family consists of three members, named
for the cells on which they were first discovered. Lselectin is expressed on leukocytes and attaches to activated endothelial cells. E-selectin is produced by endothelial cells and attaches to leukocytes. P-selectin is
preformed, then stored in platelets and some endothelial
cells; it attaches to the same cells as E-selectin. The
junctions produced by selectin binding are relatively
weak. Hence E-selectin plays a role in leukocyte rolling
(see Figure 6.2). When overexpressed in cancer, selectins, like integrins, tend to help metastatic cancer
cells arrest at locations in the vasculature, where they
can then begin new colonies.
Each selectin molecule contains strings of proteins
called lectins that are devoid of sugar chains. These
proteins bind sugars (carbohydrates) on adjacent cells in
a “lock and key” fashion. They can also bind with integrins in a similar fashion. In addition, these proteins
can bind to free sugars. If all the sugar-binding sites are
filled with free sugars, the selectin is not able to bind to
other cells. Based on recent studies, it may be possible
to saturate the proteins through oral administration of
certain sugars. In regard to cancer, this would reduce
the initial binding of tumor cells to the vascular wall as
they travel through the circulation. One sugar that has
been studied is modified citrus pectin. Oral administration of modified citrus pectin inhibited metastasis of
melanoma cells in mice and prostate cancer cells in
rats.47,_48,_49 Moreover, given orally to mice at a daily
dose of 310 and 620 milligrams it reduced the growth of
transplanted colon cancer cells by 38 and 70 percent,
respectively.50

Selectins and NF-κ B
Recall from Chapter 5 that NF-κB produces an inflammatory effect in part by upregulating the synthesis
of CAMs. These CAMs include E-selectin and the immunoglobulin superfamily adhesion molecules ICAM
and VCAM. Therefore, inhibitors of NF-κB can decrease expression of E-selectin and other CAMs. Indeed, several NF-κB inhibitors, including antioxidants,
PTK inhibitors, and PKC inhibitors, have been reported
to reduce production of CAMs.8 For example, in one
study vitamin E was effective at inhibiting the synthesis
of E-selectin and the adhesion of immune cells to vascular tissue.51 In another study, resveratrol (at 0.1 to 1
µM) inhibited ICAM and VCAM expression on stimulated human endothelial cells.52 Flavonoids may also
effect CAM expression via inhibition of NF-κB. One
study reported that quercetin (at 10 to 50 µM) inhibited
ICAM expression in vascular cells in vitro.53 In another

study on more than 18 flavonoids and isoflavonoids,
apigenin (at 10 µM) was the most potent at inhibiting
the expression of E-selectin, ICAM, and VCAM on vascular cells in vitro. Luteolin (at 25 µM) was also effective. Apigenin was also reported to be effective in
vivo—an anti-inflammatory effect, apparently due to
inhibition of ICAM, VCAM, or other cell adhesion
molecules, was produced in rats after an intraperitoneal
dose of 50 mg/kg.54,_55 The equivalent human oral dose
is about 4.1 grams per day. Another study also demonstrated inhibition of ICAM expression by apigenin in
rats.56
These studies measured the ability of natural compounds to inhibit E-selectin, ICAM, and VCAM on immune cells and vascular cells.
However, since
interactions of these same CAMs between cancer cells
and vascular cells may also be involved in tumor cell
arrest at a metastatic site, inhibition of NF-κB activity
may also reduce tumor cell adhesion and metastasis. At
least one study has supported this possibility: aspirin and
high concentrations of the thiol antioxidant Nacetylcysteine (NAC) reduced the adhesion of tumor
cells to human veins in vitro.57 Both aspirin and NAC,
at high concentrations, can inhibit NF-κB activity.

Immunoglobulin Superfamily of Adhesion
Molecules
The immunoglobulin superfamily of cell adhesion
molecules contains the evolutionary precursors of the
immune system. The most studied groups of immunoglobulin adhesion molecules are N-CAMs (found in
nervous tissue), intercellular cell adhesion molecules
(ICAMs), vascular cell adhesion molecules (VCAMs),
and platelet endothelial cell adhesion molecules (PECAMs). All of these play a role in assisting immune
cells and cancer cells to arrest at a target location on the
vascular wall. The synthesis of many of these is upregulated by NF-κB, as discussed above, and inhibitors of
NF-κB may reduce their expression.

Cadherins
In contrast to the three families of CAMs discussed
above that play a role in immune cell migration, cadherins play a role in maintaining the structure of tissues.
Cadherins are a family of calcium-dependent adhesion
molecules. As indicated in Figure 6.1, they bind to
other cadherins on adjacent cells in a zipperlike fashion,
forming a tight bond between cells, the tightest formed
by any cell adhesion molecule. Cadherins are named for
the tissues in which they were first found. The various
types include E-cadherin (epithelial cells), N-cadherin
(nerve cells), and P-cadherin (placental cells).
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E-cadherin deserves special mention here because its
expression is closely related to the degree of cellular
differentiation. Cancer cells, being relatively poorly
differentiated, commonly display a decreased number of
E-cadherin molecules or a decrease or malfunction in
catenin molecules, which are the proteins that attach
cadherins to the intracellular actin cytoskeleton. Reduced cadherin expression or function allows cancer
cells to detach from adjacent cells. Not surprisingly
then, E-cadherin activity appears to act reliably and consistently to suppress invasion of cancer cells. Moreover,
underexpression of E-cadherin has been associated with
poor prognosis, decreased differentiation, and increased
tumor invasion and metastasis in a wide range of human
tumors.58,_59 Consequently, stimulation of E-cadherin
expression or function may present an ideal target for
cancer therapy.
A number of natural compounds can stimulate Ecadherin expression or function. First, since PTK activity rapidly downregulates E-cadherin function, PTK inhibitors may maintain its function.60 In addition, since
E-cadherin expression is related to cell differentiation,
most compounds that induce differentiation are likely to
induce E-cadherin expression. For example, ATRA,
which induces differentiation, can increase the expression of E-cadherin in cancer cells.61,_62 Lastly, one study
reported that melatonin at near-normal concentrations (1
nM) inhibited invasion of human breast cancer cells and
increased the expression of E-cadherin in vitro.63 The
mechanism by which it acted was uncertain, but it could
have involved antioxidant interference with PTK signaling.

GAP JUNCTIONS
The last form of cell-to-cell communication discussed
is intercellular communication through gap junctions.
Such communication almost universally maintains tissue
health and inhibits cancer progression. Gap junctions,
which are portal structures between adjacent cells (see
Figure 1.1), allow cells to exchange ions and small
molecules directly, including ions and molecules used in
signal transduction.a For example, calcium ions, which
act as second messengers during PKC activation, can be
exchanged through gap junctions. Indeed, waves of ions
can pass among cells of a tissue through gap junctions.
This wave can actually be seen visually, since gap junctions will also transfer a dye between cells of a tissue.
Gap junctions can also transfer toxins, thus allowing a
toxin to be distributed over many cells; such spreading
a

Gap junctions can exchange compounds of molecular weight
below about 1,000 grams/mole.
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and dilution of a toxin can help prevent cell death. Gap
junctions themselves are comprised of proteins called
connexins. We can envision connexins as short rods
that, when arranged in a circle, form a tube. The tube in
one cell then links up with the tube in an adjacent cell,
thereby forming the gap junction.
As discussed in Chapter 1, when cells become cancerous, they detach from neighboring cells. This occurs in
part through downregulation of connexin genes. In fact,
many if not all tumor-promoting agents reduce gap junction communication.64 Normal gap junction communication has the opposite effect of tumor promoting
agents—it decreases malignant behavior. Furthermore,
restoring gap junction communication between cancer
cells (by gene transfection) has been reported to cause
them to behave more like normal cells.65 Therefore, in
recent years connexin genes have become viewed as a
family of tumor suppressor genes. Connexin genes are
usually not mutated in cancer cells but are generally silenced via hypermethylation (see Chapter 2), and/or
their protein products are altered after production so as
to make them nonfunctional.66,_67,_68 Connexin proteins
can be rendered nonfunctional through abnormal protein
phosphorylation, including abnormal PKC activity.69
Lack of cell adhesion molecules and, especially, Ecadherin can also render connexin proteins nonfunctional.70,_71
A variety of natural compounds foster gap junction intercellular communication (GJIC) and prevent its disruption (see Table 6.1). It is likely that many other natural
compounds discussed in this book will also improve
GJIC, but they have not yet been tested. Note that the
dose of natural compound given greatly affects the result. Whereas moderate doses may be beneficial, doses
that induce oxidative or other damage may be detrimental. For example, in a study on rats, oral administration
of beta-carotene and lycopene inhibited gap junction
communication in liver cells when given at 810 milligrams per day (as scaled to humans) but improved gap
junction communication when given at 81 milligrams
per day (as scaled to humans).72 The common dose of
beta-carotene during supplementation is about 15 mg
(25,000 I.U.).73 A dose-responsive effect was also seen
with melatonin, as indicated in the table. Also note that
antioxidants in general may prevent loss of gap junction
communication, since oxidants can stimulate PKC activity.74 In addition, since tumor necrosis factor can decrease gap junction communication, inhibitors of NF-κB
(which reduce TNF production) may prevent communication loss. Vitamin C (at 10 µM), vitamin E (at 1 µM),
and glutathione (at 1 mM) all inhibited TNF-induced
loss of gap junction communication in smooth muscle
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TABLE 6.1 NATURAL COMPOUNDS THAT FACILITATE GAP JUNCTION INTERCELLULAR
COMMUNICATION (GJIC)
COMPOUND
Apigenin

EFFECTS
• At 25 µM, apigenin induced GJIC in epithelial cells.76
• At 25 µM, apigenin inhibited loss of GJIC by tumor promoters in epithelial cells.77

ATRA

• At 1 µM, ATRA induced GJIC in fibroblasts.78

CAPE

• At 18 µM, CAPE restored GJIC in cancer cells.79

Genistein

• At 10 µM, genistein inhibited loss of GJIC due to oxidants in vascular cells.80

EGCG
(studied as green tea)

• Oral administration of green tea extract prevented loss of GJIC in liver cells of mice given a tumorpromoting agent.81

Melatonin

• At 10 pM to 100 pM, melatonin induced GJIC in fibroblasts. These are normal concentrations seen
in vivo. Melatonin was not effective at concentrations greater than 100 pM.82

Resveratrol

• At 17 to 50 µM, resveratrol inhibited loss of GJIC by tumor promoters in epithelial cells.83

Selenium

• At 0.1 to 1 µM, selenite inhibited loss of GJIC due to toxins in epithelial cells.84

Vitamin D3

• At 0.01 and 1 µM, vitamin D3 induced GJIC in fibroblasts.78
• At 0.1 µM, 1,25-D3 induced GJIC in fibroblasts.85

cells in vitro.75 A similar effect would be expected with
cancer cells.

CONCLUSION
Cells do not exist distinct from their environment. Intercellular communication and cell-matrix interactions
are vital processes that link a cell to its environment and
so play an important role in the life of a healthy cell.
Cancer cells commonly exhibit aberrant forms of cellcell and cell-matrix communication, and this aberrant
communication is one factor that allows them to act independently and malignantly. Natural compounds can
normalize and protect cell-cell and cell-matrix interactions through their inhibitory effects on PTK, PKC, and
NF-κB and through other ways discussed. Although the
exact role of some CAMs in cancer progression is still
uncertain, we do know that increasing E-cadherin expression and increasing gap junction communication
will be useful strategies in cancer treatment. The natural
compounds discussed here tend to normalize many aspects of cell-to-cell communication, including the two
just mentioned, and in so doing can inhibit the proliferation, invasion, and metastasis of cancer cells.
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Part II
CANCER AT THE LEVEL OF THE ORGANISM
Part II focuses on the procancer events that occur at
the level of the organism and the natural compounds that
may inhibit them. These events, which consist of interactions between a population of cancer cells and the
body, fall into three primary clusters: events that facilitate angiogenesis, invasion and metastasis, and immune
evasion.
In Chapter 7 we discuss the basics of angiogenesis, the
growth of new blood vessels. These vessels provide the
cells of a tumor not only nutrition and oxygen but also
access to the circulation, thereby allowing metastasis.
Natural compounds that inhibit angiogenesis are discussed in Chapter 8. In Chapters 9 and 10 we turn our
attention to cancer invasion—the spread of cancer cells
into adjacent areas—and metastasis—the spread of cancer cells into distant locations via the blood or lymph.
We then consider the immune response against cancer,
discussing the basics of the immune system in Chapter
11 and natural compounds that affect it in Chapter 12.
As in Part I, we see in Part II that the difference between cancer cells and healthy cells is not that the former have unique ways of acting but that the extent and
timing of their actions are abnormal. Angiogenesis, invasion, metastasis, and immune response are all normal
processes that occur apart from cancer. For example,
wound healing requires angiogenesis and an immune
response, and during an immune response, immune cells
must invade injured tissues. Similarly, immune cells
perform a type of metastasis when they travel from one
part of the body to distant parts (although this is not

commonly referred to as metastasis). Cancer cells have
devised ways to co-opt all these normal processes for
their own benefit. There are many parallels between
wound healing and immune cell activity on one hand,
and cancer cell activity on the other. The analogy between tumors and nonhealing wounds was first mentioned in Chapter 4 with respect to cell proliferation.
The analogy between cancer cells and immune cells was
first discussed in Chapter 5 with respect to their reliance
on activation of the transcription factors NF-κB and AP1. In Chapter 7 and 8 we see how tumors act like nonhealing wounds to facilitate angiogenesis, and in Chapter 9 we examine similarities between immune cell and
cancer cell migration.
The abnormal behavior of cancer cells relies largely on
the abnormal signaling discussed in detail in Part I,
which focused on how abnormal signaling helps cancer
cells proliferate and avoid apoptosis. Cancer angiogenesis, invasion, and metastasis also rely in part on several
kinds of abnormal signaling, including production of
growth factors; activity of PTK, PKC, ras proteins, and
transcription factors; and production of free radicals.
Thus many of the natural compounds identified in Part I
as inhibitors of cellular activity will also be discussed in
Part II as inhibitors of angiogenesis, invasion, and metastasis. Moreover, because Part II reviews interactions
between cancer and the body, we will introduce additional compounds that principally affect normal cells,
allowing them to resist cancer invasion or, in the case of
immune cells, to attack cancer.
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OVERVIEW OF ANGIOGENESIS
Angiogenesis, the growth of new blood vessels, is
needed anywhere new tissue is growing. Thus it not
only occurs in benign and malignant tumors but also in
wound healing, ovulation, menstruation, and pregnancy.
Abnormal angiogenesis also takes place in other diseases, including rheumatoid arthritis, psoriasis, and
atherosclerosis.
Researchers believe that if angiogenesis can be inhibited in cancer patients, tumor growth will be inhibited or
even reversed. Although inhibition of tumor angiogenesis is a very promising anticancer therapy, it is not without challenges. The same factors and environments that
drive angiogenesis during cancer also drive angiogenesis
during wound healing and other normal conditions in
which it occurs. Since wound healing and other normal
angiogenic processes are so vital for survival, the body
employs redundant mechanisms to assure that angiogenesis occurs when needed. Overriding these mechanisms to stop tumor angiogenesis is not trivial. Nonetheless, because a number of natural compounds have
been reported to inhibit tumor angiogenesis in vitro, and
some of these inhibit it in animals, the prospects of doing so in humans look hopeful.
Since angiogenesis is a normal, necessary process in
healthy humans, the goal in antiangiogenic therapy is to
inhibit blood vessel growth as much as possible at the
tumor site while allowing it to continue as necessary
elsewhere.1 Such selective inhibition seems possible.
Natural compounds, by reducing the excessive signaling
needed by cancer cells, are likely to selectively inhibit
tumor angiogenesis. Moreover, even the use of experimental antiangiogenic drugs appears to be safe, at least
in the short term. The kind of adverse effects one might
expect from inhibition of normal angiogenesis have not
yet been reported in rodent or human trials that studied
antiangiogenic therapies.2–10 For one thing, the need for
angiogenesis in most adults is small and of short duration relative to the tumor’s need. For another, the body
attempts to limit aberrant angiogenesis whenever it can,
and antiangiogenic therapies can assist the body in this
endeavor.

MECHANICS OF ANGIOGENESIS
Although it has been known for over a hundred years
that tumors contain an abnormally dense blood vessel
network, it was not until the 1960s that investigators
realized tumors induce their own blood supply. In the

1970s investigators found that the growth of solid tumors is dependent upon the growth of new blood vessels.a The blood vessels formed during angiogenesis
supply the tumor with oxygen and nutrients and provide
access to the circulation for metastasizing cells. In their
landmark 1972 study, Folkman and Hochberg reported
that tumors implanted in the eyes of rabbits grew only to
a size of approximately one cubic millimeter before developing their own blood supply.11 Thus antiangiogenic
therapies may severely limit tumor growth and metastasis.
Growth in experimental tumors is slow and gradual before angiogenesis but explosive afterward. The proliferation rate of individual cells may be similar before and
after angiogenesis, but the high rate of tumor growth
after angiogenesis appears to be due to a severe reduction of apoptosis.12 In tumors with active angiogenesis,
cells do not die when they should, and therefore more
cells are alive to proliferate. As mentioned in Chapter 3,
cancer cells die by apoptosis unless exposed to growth
factors or similar stimuli. Angiogenesis occurs in and
produces an environment steeped in growth factors.
Angiogenesis is a complex process in which existing
mature blood vessels generate sprouts, and these sprouts
develop into complete new vessels. During angiogenesis, vascular cells proliferate at abnormally rapid rates.
Whereas under normal circumstances capillary cells
divide approximately once every 7 years, capillary cells
in experimental tumors may divide once every 7 to 10
days.13
Angiogenesis within tumors or wounds involves at
least four steps:14,_15
1. Cancer cells (or adjacent tissues) secrete angiogenic
factors.
2. The basement membrane surrounding a mature capillary vessel dissolves, and a bud begins to grow (see
Figure 7.1). The basement membrane is a layer of
specialized connective tissue that encircles capillaries and serves as the connection point between the
extracellular matrix (ECM), the ground substance
surrounding cells and tissues and holding them in
place, and the capillary itself. The basement membrane also provides structural support to the capillary.
a

Recent studies indicate that several leukemias and lymphomas
also depend on angiogenesis.
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Figure 7.1
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3. Vascular (endothelial) cells proliferate and migrate
from the bud toward the angiogenic stimulus—often
that means toward a low-oxygen (hypoxic) environment.
4. The sprout eventually forms a hollow tube (lumen)
and joins its end with another sprout to form a new
capillary vessel.
Further budding from the newly formed capillary follows as the process repeats itself. Angiogenesis is a
relatively rapid process; buds can form within 48 hours
of exposure to an angiogenic factor.16
In spite of active angiogenesis, the blood supply in a
solid tumor is relatively limited compared to that of
normal tissue. Tumor angiogenesis results in chaotic
vessel growth, and the new vessels are surrounded by
poorly developed basement membranes. Because of
their abnormal basement membranes, the vessels tend to
be thin-walled and leaky. Some sprouts may not fuse
with others, and they become dead-end sacs. These factors, in conjunction with a lack of tumor lymph vessels,
lead to the creation of pressure gradients within tumors.
Pressure gradients, in turn, compress the vessels and
further restrict or occlude blood flow. A lack of circulation appears to be a primary cause of the central necrosis
found in many large tumors. Although this process does
destroy some cancer cells, the increased pressure also
limits the uptake of treatment agents and immune cells
into the tumor.17

ANGIOGENIC FACTORS
AND ANGIOGENESIS
INHIBITION
Recent studies indicate that due to a
variety of angiogenic factors, healthy
vascular endothelial cells are perpetually
poised to proliferate and that they are
restrained from doing so by elaborate
machinery.18 Endothelial cells are literally steeped in angiogenic factors, yet
they proliferate only under tightly controlled conditions. In experimental conditions, angiogenesis is not easily
sustained. When angiogenic factors are
used to stimulate angiogenesis, angiogenesis halts when the factors are removed. In contrast, pathologic angiogenesis in vivo is difficult to stop, which
suggests that in diseases like cancer, the
normal machinery that inhibits vascular
growth is somehow deranged.

Thus we have two possible therapeutic routes by
which we can reduce angiogenesis. First, we can normalize the machinery that restrains angiogenesis. This
machinery in normal tissues includes the following:
• Mechanical forces. In some cases, mechanical
forces are necessary for growth factors to function.
These forces are generated through the tension that
exists between the cell and the ECM and are mediated by CAMs. Endothelial cells are resistant to
growth factors and angiogenesis if they have no
room to stretch or spread. For this reason, it is possible that vasodilation (that is, expansion of the blood
vessels, such as occurs in inflammation) is necessary
to make endothelial cells susceptible to growth factors.
• Angiogenic substances may be bound in the extracellular matrix. As discussed below, the ECM can bind
various growth factors and make them inaccessible
to endothelial cells.
• Angiogenesis suppressor genes. Tumor suppressor
genes such as p53 may inhibit angiogenesis. Mutated genes would not fulfill this function.
• Antiangiogenic compounds. A number of negative
regulators of angiogenesis exist within the body, including angiostatin and thrombospondin.19 In some
human cells, thrombospondin is under the control of
the p53 tumor suppressor gene.
Natural compounds could be used to affect most of the
above factors. For example, those that promote proper
cell-to-cell and cell-matrix connections (see Chapter 6)
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and those that inhibit inflammation (discussed below)
may reduce angiogenesis by maintaining proper tension
between cells. Natural compounds that inhibit invasion
enzymes (discussed in Chapter 9) may reduce angiogenesis by maintaining the safe storage of growth factors in the extracellular matrix. Natural compounds that
support p53 function (see Chapter 5) may also reduce
angiogenesis.
The second route available for reducing angiogenesis
is to inhibit the factors that stimulate it. This route is the
primary focus here. Some of the more important factors
that stimulate angiogenesis are listed in Table 7.1, each
of which can be inhibited by natural compounds. In
order to understand the effects of natural compounds on
angiogenesis, we describe the role these factors play in
causing it to occur.
Of the compounds listed in the table, VEGF (vascular
endothelial growth factor) and bFGF (basic fibroblast
growth factor) are considered primary angiogenic compounds, whereas the others are considered secondary,
since they play a more complementary or initiating role.
Many other factors stimulate or help stimulate angiogenesis, but these are discussed here only in passing.
These include kinins, platelet activating factor (PAF),
epidermal growth factor (EGF), platelet-derived growth
factor (PDGF), interleukins-1, -6, and -8, elastase, collagenase, urokinase plasminogen activator (uPA), and
transforming growth factor-alpha and -beta (TGF-alpha,
TGF-beta).14,_53 Because many of these factors can be
inhibited by natural compounds, they provide yet another means by which these compounds might act when
they inhibit angiogenesis.

SIMILARITY OF ANGIOGENESIS IN
WOUND HEALING AND CANCER
Wound healing is a normal process we are all familiar
with, and the factors that stimulate angiogenesis in
wound healing and cancer are the same.23 Indeed, the
surgical wounding of tissues next to implanted tumors
has been reported to increase tumor growth and angiogenesis in mice.24 In addition, wound fluid itself stimulates tumor angiogenesis as well as cell proliferation in
vivo.23 Angiogenesis during wound healing and angiogenesis during cancer are so similar that some researchers have described cancer as a “wound that will not
heal.” 25,_26 Not surprisingly, one study observed that
when tumor cells were implanted into injured tissue in
rodents, normal wound healing was inhibited, and an
open, persistent wound developed that continued to form
blood vessels.23 The primary difference between tumor
angiogenesis and wound angiogenesis is that the former
is driven by abnormal signals and continues unabated,
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TABLE 7.1 PARTIAL LISTING OF ANGIOGENIC
FACTORS
ANGIOGENIC FACTOR
Basic fibroblast growth factor (bFGF)
Detrimental eicosanoids (such as prostaglandin E2)
Fibrin (and plasmin)
Histamine
Insulin
Lactic acid
Tumor necrosis factor (TNF) (at low concentrations)
Vascular endothelial growth factor (VEGF)
Sources: References 14, 20–22, and 53.

whereas the latter is driven by normal fluctuations in
signals and terminates when it is no longer needed in the
healing process.

WOUND HEALING AND ANGIOGENIC
FACTORS
The repair of wounds involves blood coagulation
(blood clot formation), inflammation, and the formation
of new connective tissue. Each of these processes produces factors that stimulate angiogenesis. To better understand the role of these processes in angiogenesis, we
consider their role in wound healing, referring to their
role tumor angiogenesis when appropriate.
For convenience, we can consider wound healing to
occur in four separate stages with some overlaps:
1. In the first stage, activated platelets form a temporary
plug to stop blood flow. In addition, inflammation is
induced by compounds that escape from the blood,
are produced by damaged tissues, or are produced by
local immune cells (mostly basophils).
2. In the second stage, additional immune cells are recruited to the wound site, first neutrophils and then
macrophages. Immune cells are attracted by the inflammatory compounds present, and their movement
is aided by the edema and increased vascular permeability produced as part of inflammation. Subsequently, compounds released from the recruited
neutrophils and macrophages further promote inflammation. Angiogenesis begins in this second
stage, partly due to compounds released by macrophages.
3. In the third stage, the effects of fibrin deposition become prominent. Fibrin is a fibrous protein that
strengthens the platelet blood clot. Inflammation and
angiogenesis continue through this third stage.
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4. In the fourth stage, connective tissue replaces the
fibrin clot, inflammation recedes, and angiogenesis
stops. The new blood vessels formed in the previous
two stages supply the new tissues with nutrients and
oxygen.
A somewhat similar scenario occurs at tumor sites;
however, the healing process there becomes stuck in the
second and third stages. Under these conditions, immune reaction and inflammation are chronic and promote excessive angiogenesis and tumor progression,
especially if the immune response is muted by tumorinduced immunosuppressive compounds, which it usually is. Since the healing process does not fully proceed
to the fourth stage, angiogenesis continues indefinitely.
All four stages are now discussed in more detail.

First Stage of Wound Healing
During the first stage of inflammation, blood vessels
dilate and vascular permeability increases. That is, cap-

illaries become “leaky” and allow certain blood components to escape into the
extracellular space. This creates localized swelling, or edema. Increased vascular permeability is a very important
requirement for angiogenesis and in fact
may be its rate-limiting step. Increased
vascular permeability is initially induced
by the release of histamine from circulating immune cells (basophils) and ruptured or activated mast cells. (Mast cells
are basophils that reside in connective
tissue.) Increased permeability is further
induced by blood components that leave
the vessel to enter the extracellular
space. One group of these blood components consists of proteins of the complement system, a series of proteins
produced during an immune response
that help immune cells search out and
destroy foreign particles. In so doing,
they stimulate mast cells to release more
histamine.
As edema progresses, additional compounds are released that further increase
vascular permeability. Figure 7.2 shows
some of these compounds, as well as the
formation of a fibrin clot and connective
tissue that will be discussed later. Two
of these compounds, VEGF and prostaglandin E2 (PGE2), are treated in more
detail below, along with other eicosanoids (compounds related to PGE2).

VEGF
Vascular endothelial growth factor is a protein 50,000
times more active than histamine in enhancing vascular
permeability.25 VEGF is very similar to, if not identical
with, vascular permeability factor (VPF), and it is one of
the most potent and important mediators of increased
vascular permeability during angiogenesis.13,_25 In a
series of studies, antibodies specific to VEGF reduced
angiogenesis and almost completely inhibited the
growth and metastasis of transplanted human tumors in
mice.27,_28 In addition to production by activated immune cells, some cancers can make VEGF, as has been
demonstrated in human colorectal cancers.29 Recent
studies suggest that high plasma concentrations of
VEGF can be used to diagnose some forms of cancer or
their recurrence.30
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PGE2 and Other Eicosanoids
Eicosanoids are 20-carbon polyunsaturated fatty acids such as arachidonic
acid, EPA (from fish oil), and their derivatives. We are interested here in their
derivatives—the prostanoids and leukotrienes, and the term eicosanoids will
hereafter refer exclusively to these two.
The body produces a variety of
prostanoids and leukotrienes that affect a
wide range of functions: blood pressure,
gastric secretion, platelet aggregation,
tension of the intestinal and uterine muscles, inflammation, hormone production,
pain sensation, and induction of labor.
Eicosanoids are very potent substances—as little as one billionth of a
gram can have measurable biological
effects. Eicosanoids are actually produced by many cell types according to
their immediate need and are not stored.
Once synthesized, they quickly degrade
in the body, which means they can act
only on nearby cells. The production of
many eicosanoids is initiated in response
to inflammatory stimuli, such as the histamine and cytokines produced by immune cells.
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Figure 7.3
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potently increase vascular permeability.
PGE2 also suppresses immune cell activity, probably as a negative feedback
mechanism to prevent excessive immune
(phospholipases) releases the fatty acids from the cell
response and resultant tissue damage. Solid tumors are wall, then other enzyme groups (cyclooxygenases and
known to produce excessive amounts of PGE2, which lipoxygenases) convert the free fatty acids either to
may help them induce angiogenesis, proliferate, and prostanoids or leukotrienes. This process is illustrated
evade immune attack. Thromboxanes, the other type of in Figure 7.3 (adapted from reference 31). Although
prostanoid, function in blood clotting (platelet aggrega- many different prostanoids and leukotrienes appear in
tion). Most leukotrienes, the other type of eicosanoid, the figure, the figure’s primary purpose is simply to
also induce inflammation, and they too can be produced show that cyclooxygenases and lipoxygenases produce
by tumor cells.
prostanoids and leukotrienes, respectively, from free
fatty acids liberated from the cell membrane.
Eicosanoid (Prostanoid and Leukotriene)
Note that two forms of cyclooxygenase exist, referred
Synthesis
to as cyclooxygenase 1 and 2 (COX-1 and COX-2).
Eicosanoids are produced by enzymes acting on the Whereas COX-1 mostly produces prostanoids that regufatty acids stored in the lipid bilayer, the plasma mem- late normal tissue homeostasis, including gastrointestibrane of cells (see Figure 2.1). One group of enzymes nal homeostasis, COX-2 produces prostanoids that
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fatty acids and the omega-3 fatty acids,
both of which are discussed more in
Chapter 17.

Figure 7.4
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induce inflammation.32 Because of its role in inflammation and cancer initiation and progression, we are most
interested here in the effects of COX-2. Selective COX2 inhibitors are preferable to those that inhibit both enzymes, since COX-1 inhibition can produce adverse
gastrointestinal effects similar to those produced by
nonselective anti-inflammatory drugs such as aspirin.
As mentioned above, fatty acids in the cell wall act as
the building material for eicosanoids. Each type of fatty
acid will produce a distinct series of eicosanoids, and
depending on the series, some will promote angiogenesis and cancer progression, and others will inhibit angiogenesis and cancer progression. We are most
interested in eicosanoids produced from the omega-6

Omega-6 fatty acids include arachidonic acid, which is obtained from animal fats, and linoleic acid, which is
obtained from most vegetable oils (corn
oil, for example). The prostanoids that
form from arachidonic acid are given the
subscript 2 (for example, PGE2), and the
leukotrienes are given the subscript 4
(LTB4). These eicosanoids tend to be
inflammatory, and many can promote
angiogenesis and progression. Since
linoleic acid can be converted to arachidonic acid in vivo, linoleic acid can also
produce 2-series prostanoids and 4series leukotrienes and can promote angiogenesis and cancer progression.
Omega-3 fatty acids include alphalinolenic from flaxseed oil and EPA
from fish oil. The prostanoids that form
from omega-3 fatty acids have the subscript 3 (PGE3), and leukotrienes, the
subscript 5 (LTB5). In contrast to those
produced from arachidonic acid and linoleic acid, these eicosanoids tend to be
anti-inflammatory (or much less inflammatory than those from arachidonic
acid), and they tend to inhibit angiogenesis and cancer progression.33

The production of eicosanoids from
different fatty acids and the enzymes
that form them are illustrated in Figure
7.4 (adapted from references 34 and 35).
Note that omega-9 fatty acids, such as
found in olive oil, do not contribute to
prostanoid production. Unlike omega-6
fatty acids, omega-9 fatty acids have not
been linked to cancer progression, but they also do not
appear to inhibit cancer, as do omega-3 fatty acids.
Their effects on cancer are therefore considered neutral.
Although the production of leukotrienes is not shown in
the figure, arachidonic acid produces 4-series leukotrienes and EPA produces 5-series ones.
Since the eicosanoids produced from omega-3 fatty acids reduce inflammation and inhibit angiogenesis and
other aspects of cancer progression, therapies that favor
production of 3-series prostanoids and 5-series leukotrienes, as well as therapies that inhibit production of 2series prostanoids and 4-series leukotrienes, appear to be
useful. These therapies primarily consist of increasing
the intake of omega-3 fatty acids and decreasing the in-
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take of arachidonic acid and other
omega-6 fatty acids. In addition, inhibition of prostanoid and leukotriene synthesis in general can be produced by
inhibitors of the cyclooxygenase and
lipoxygenase enzymes. For example,
drugs like aspirin and ibuprofen produce
an anti-inflammatory effect in part by
inhibiting cyclooxygenase.
Natural
compounds have been reported to inhibit
cyclooxygenase or lipoxygenase or both.
Their potential use in inhibiting angiogenesis is discussed in Chapter 8.
To return to the role of eicosanoids in
wound healing, inflammatory eicosanoids produced from omega-6 fatty
acids help attract immune cells to the
wound and induce inflammation,
thereby assisting the angiogenic process.
Again, the production of these inflammatory eicosanoids is tightly regulated
in normal angiogenesis but excessive
and long lasting in tumor angiogenesis.
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Figure 7.5
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Second Stage of Wound
Healing
After dilation of blood vessels and formation of
edema, the second stage in wound healing is immune
cell migration, in particular migration of neutrophils and
macrophages. Within an hour after the inflammatory
response begins, neutrophils migrate toward the injury
site. They are attracted partly by the previous release of
prostanoids and leukotrienes. Neutrophils predominate
in early stages of inflammation but tend to die off early.
They are replaced by macrophages, which are large
enough to engulf invading microbes, dead neutrophils,
and necrotic tissue; macrophages are the most active and
effective of the immune phagocytes (debris-eating cells).
The fact that macrophages predominate in this stage is
important because they also produce TNF (tumor necrosis factor), growth factors, enzymes, and other related
compounds. In normal wound healing, these compounds help kill pathogens, degrade damaged tissue, and
stimulate the growth of vascular (endothelial) cells required for normal angiogenesis. In the case of cancer,
however, these compounds can stimulate cancer cell
proliferation, angiogenesis, invasion, and metastasis.
Indeed, one study reported an increased risk of melanoma metastasis in mice after an intense inflammatory
reaction.36 In the next chapter, we discuss ways to inhibit the angiogenic effects of TNF and other growth
factors produced by macrophages.

Third Stage of Wound Healing
In the first stage of wound healing, vascular permeability increased and blood platelets formed a temporary
plug that inhibited bleeding. In the third stage, the platelet clot is reinforced by deposition of fibrin, a sticky fibrous protein that gives a blood clot strength. Fibrin
deposition actually begins in the first stage of healing,
but not until the third stage does it accumulate enough to
become the major component of the clot. The process of
blood clot formation during wound healing is complex,
and only a few points critical to understanding angiogenesis are discussed below.
Fibrin is formed from the protein fibrinogen and is destroyed by the enzyme plasmin, which is formed from
plasminogen (see Figure 7.5). The increased permeability of inflamed tissues allows fibrinogen to escape from
the blood and enter the wound area, where it can form
into a fibrin clot. The proteolytic enzyme plasmin
breaks down the fibrin clot in a process called fibrinolysis. If all is working correctly, fibrinolysis and fibrin
formation exist in a dynamic balance. Fibrin production
prevails in the early stages of clot formation and fibrinolysis in the later stages, as new connective tissue
forms to replace the fibrin clot.
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Role of Fibrin in Angiogenesis
Recent research suggests that fibrin may play a role in
wound-induced angiogenesis. Fibrin deposition occurs
within minutes of the entry of fibrinogen and other clotting factors into the extracellular space. While fibrin is
forming, the fibrinolytic system is stimulated and substantial destruction of fibrin occurs. In spite of this, fibrin production prevails, and sufficient fibrin eventually
accumulates to produce a provisional fibrin stroma
(structural framework) surrounding the wound.
The formation and eventual degradation of the fibrin
stroma during the four stages of wound healing plays a
role in at least three processes related to angiogenesis:
• The ongoing degradation of the fibrin clot by the
enzyme plasmin produces fibrin degradation products (fibrin fragments) that stimulate angiogenesis.37–43
As might be expected, angiogenesis is associated
with increased production of urokinase plasminogen
activator (uPA), an enzyme that facilitates plasmin
production (see Figure 7.5).
• Immune cells infiltrate the stroma, and the growth
factors they produce further stimulate angiogenesis.
• In the last stage of wound healing, fibroblasts infiltrate the stroma, and the connective tissue they produce replaces the fibrin that is being degraded. The
presence of mature connective tissue, along with the
lack of new fibrin deposition, helps create the correct
conditions for angiogenesis finally to stop.
Formation of a fibrin stroma may be one of the most
important preconditions for wound angiogenesis. Studies have reported that the removal of fibrin through severe fibrinolysis terminates wound angiogenesis.43
As in wound healing, a provisional fibrin stroma forms
around a tumor, where it also facilitates angiogenesis.25,_44,_45 Unlike normal wound healing, however, at a
tumor site inflammation as well as fibrin production and
degradation continue chronically. Instead of evolving
into mature connective tissue, the fibrin stroma surrounding a tumor transforms into a chaotic mass of fibrin, immature blood vessels, and connective tissue in
which fibrinolysis and angiogenesis persist. In fact, the
levels of both fibrin formation and fibrin destruction are
consistently elevated in patients with a variety of cancers.46
The ongoing production of the stroma may facilitate
tumor growth in at least four ways:
• The fibrin stroma provides a structure that physically
supports the tumor.25 In the early stages of tumor
growth, the fibrin stroma encases individual tumor
cells or clumps of tumor cells. This process is seen
even in nonsolid tumors such as lymphomas. These

Natural Compounds in Cancer Therapy

clumps remain discrete units as the tumor grows.
Newer stroma is deposited on the periphery of the
tumor as it grows. In total, the stroma in some tumors can comprise up to 90 percent of a tumor’s
mass.
• The fibrin stroma may shield the tumor cells from
immune attack and therapeutic intervention.47
• The fibrin deposited on cancer cells helps promote
successful metastasis. A sticky fibrin coating helps
metastasizing cells adhere more securely to distant
vasculature.
• As stated above, products of partial fibrin degradation stimulate angiogenesis. Tumor concentrations
of uPA, an enzyme that promotes fibrin degradation
and angiogenesis and is produced by both macrophages and tumor cells, is an independent prognostic
indicator for breast cancer as well as stomach, colorectal, esophageal, kidney, endometrial, and ovarian
cancers.48

Fourth Stage of Wound Healing
After a fibrin clot forms around a wound and foreign
material is removed by macrophages, the clot is slowly
dissolved by plasmin and replaced by connective tissue.
Connective tissue is produced by cells called fibroblasts
when they are stimulated by basic fibroblast growth factor (bFGF) and other factors. Since connective tissue is
essential to produce new basement membranes for growing capillaries, bFGF is also a potent angiogenic factor.
In fact, there appear to be at least two distinct routes of
angiogenesis stimulation. The first is mediated primarily through bFGF and the second primarily through
VEGF (although the other angiogenic factors discussed
here also play a role).49,_50 In addition to its effects on
angiogenesis, bFGF is also a growth factor for cancer
cell proliferation.51
As mentioned, tumors do not fully enter this fourth
stage of wound healing; they remain as chronic wounds,
and the damaged tissues surrounding them are not replaced by new, healthy, connective tissue. Nonetheless,
bFGF does have a role in tumor angiogenesis; it can be
released by tissue injury, including injury caused by enzymes freed during inflammation and tumor invasion.
Current research suggests that before tissue injury,
bFGF and many other angiogenic factors are safely
bound within the extracellular matrix (ECM). Tissue
injury stimulates the secretion of enzymes that degrade
the ECM and thereby liberate the bound factors.20,_52,_53
In fact, nearly 37 percent of cancer patients have bFGF
levels 100 to 200 times higher than normal.54 The binding and release of bFGF from the ECM is illustrated in
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Figure 7.6. In some cases, bFGF may
also be secreted directly by immune
cells and tumor cells.
One of the primary matrix components
that binds bFGF and other angiogenic
factors is heparan sulfate. The binding
of bFGF and other angiogenic factors by
heparan sulfate or other ECM components is important, because natural compounds can be used to maintain proper
binding. For example, they can be used
to strengthen the ECM against enzymatic degradation, to inhibit the enzymes that degrade the ECM, and to
inhibit inflammation that may facilitate
the release of bound growth factors. By
preventing the release of bound growth
factors, natural compounds have the potential not only to inhibit angiogenesis
but also invasion and cancer cell proliferation. Natural compounds that protect
the ECM or inhibit ECM-degrading enzymes are discussed in Chapter 9.

Figure 7.6
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Lactic Acid, Insulin, and
Angiogenesis
We end this chapter with a brief discussion of the relationship between lactic acid, insulin, and angiogenesis in
wound healing and cancer. As mentioned earlier, vascular cells proliferate
and migrate toward an angiogenic stimulus, usually toward a low-oxygen (hypoxic) environment. In wound healing,
hypoxia occurs from a lack of blood
circulation in the traumatized area. In
tumors, hypoxic conditions occur both
through inflammation, which reduces
blood flow, and the chaotic development
of blood vessels within tumors.

3

Liberated bFGF stimulates fibroblasts to produce connective tissue
for securing the fibrin clot and for angiogenesis.
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Hypoxic environments alter the pathway by which
immune cells and tumor cells burn fuel (specifically,
glucose) for energy. The result of hypoxia is that affected cells produce excessive lactic acid, which is an
angiogenic factor. Under aerobic, or oxygen-rich, conditions, glucose is burned in an efficient process that
produces a maximal amount of energy and a minimal
amount of lactic acid. Under hypoxic conditions, however, glucose is burned in an inefficient process that produces a small amount of energy and a large amount of
lactic acid (see Figure 7.7). Note that lactic acid is an
angiogenic factor because it causes macrophages to secrete other angiogenic factors.55
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In tumor cells, the chronic hypoxic conditions cause
excessive production of lactic acid and a prolonged inefficient utilization of glucose. The reduced energy output
stimulates tumor cells to burn more glucose, which
makes even more lactic acid. Thus the glycolysis (glucose-burning) pathway is greatly stimulated in tumor
cells. Tumor cells consume glucose at a rate three to
five times higher than normal cells.56,_57 Not only can
this waste the energy reserves of a cancer patient, but as
stated, the lactic acid produced can stimulate macrophages to produce more angiogenic factors.20
One growth factor that is intimately involved in glycolysis is insulin. Insulin stimulates not only glycolysis
but also proliferation of many cancer cell lines.54,_58–60 It
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may facilitate angiogenesis by increasing lactic acid production in hypoxic
tumor cells and by stimulating the proliferation of vascular cells. For example,
insulin injection can increase angiogenesis in mice.61 High insulin levels are
common in cancerous tissue and in the
plasma of cancer patients.62 In addition,
the high insulin levels found in the early
stages of non-insulin-dependent diabetes
mellitus type II (NIDDM) have been
implicated as a risk factor for a variety
of cancers.63 Chapter 8 discusses natural
compounds that can reduce lactic acid
and insulin production.

CONCLUSION

Figure 7.7
Energy Production from Glucose
glucose (blood sugar)
enzymes

pyruvate
aerobic
conditions

carbon dioxide
and water

anaerobic
conditions

lactic acid
and water

Large Energy Gain
Small Energy Gain
Angiogenesis is a part of natural
wound healing, and tumors also require
angiogenesis. In both cases, many of the
same factors and conditions are at work;
central to all of these is increased vascular permeability and inflammation. However, angio- REFERENCES
genesis in wound healing and angiogenesis in tumors
differ in that the former lasts only for a finite period
1
Kerbel RS. Tumor angiogenesis: Past, present and the near
while tumor angiogenesis proceeds unchecked. By unfuture. Carcinogenesis 2000 Mar; 21(3):505–15.
derstanding the factors that drive tumor angiogenesis,
2
Brewer
GJ, Dick RD, Grover DK, et al. Treatment of metastatic
we can begin to design therapies that halt it. Many natucancer
with tetrathiomolybdate, and anticopper, antiangiogenic
ral compounds inhibit the production or activity of anagent: Phase I study. Clin Cancer Res 2000; 6:1–10.
giogenic factors, and these are the topic of the next 3
Majewski S, Marczak M, Szmurlo A, et al. Retinoids, interferon
chapter.

alpha, 1,25-dihydroxyvitamin D3 and their combination inhibit
angiogenesis induced by non-HPV-harboring tumor cell lines.
RAR alpha mediates the antiangiogenic effect of retinoids.
Cancer Lett 1995 Feb 10; 89(1):117–24.
4
Majewski S, Skopinska M, Marczak M, et al. Vitamin D3 is a
potent inhibitor of tumor cell-induced angiogenesis. J Investig
Dermatol Symp Proc 1996; 1(1):97–101.
5
Zhou JR, Mukherjee P, Gugger ET, et al. Inhibition of murine
bladder tumorigenesis by soy isoflavones via alterations in the
cell cycle, apoptosis, and angiogenesis. Cancer Res 1998 Nov
15; 58(22):5231–8.
6
Joseph IB, Isaacs JT. Macrophage role in the anti-prostate
cancer response to one class of antiangiogenic agents. J Natl
Cancer Inst 1998 Nov 4; 90(21):1648–53.
7
Bhargava P, Marshall JL, Rizvi N, et al. A phase I and
pharmacokinetic study of TNP-470 administered weekly to
patients with advanced cancer. Clin Cancer Res 1999 Aug;
5(8):1989–95.
8
Kudelka AP, Levy T, Verschraegen CF, et al. A phase I study
of TNP-470 administered to patients with advanced squamous
cell cancer of the cervix. Clin Cancer Res 1997 Sep;
3(9):1501–5.
9
Joseph IB, Vukanovic J, Isaacs JT. Antiangiogenic treatment
with linomide as chemoprevention for prostate, seminal

Overview of Angiogenesis

vesicle, and breast carcinogenesis in rodents. Cancer Res 1996
Aug 1; 56(15):3404–8.
10
Eckhardt SG, Burris HA, Eckardt JR, et al. A phase I clinical
and pharmacokinetic study of the angiogenesis inhibitor,
tecogalan sodium. Ann Oncol 1996 Jul; 7(5):491–6.
11
Folkman J, Hochberg M. Self-regulation of growth in three
dimensions. J Exp Med 1973 Oct 1; 138(4):745-53.
12
Lu C, Tanigawa N. Spontaneous apoptosis is inversely related
to intratumoral microvessel density in gastric carcinoma.
Cancer Research 1997 Jan 15; 57:221–224.
13
Scott PA, Harris A. Current approaches to targeting cancer
using antiangiogenesis therapies. Cancer Treatment Reviews
1994; 20:393–412.
14
Denekamp J. Review article: Angiogenesis, neovascular
proliferation and vascular pathophysiology as targets for
cancer therapy. British Journal of Radiology 1993; 66:181–96.
15
Paper DH. Natural products as angiogenesis inhibitors. Planta
Medica 1998; 64:686–695.
16
Folkman J. The vascularization of tumors. Sci Amer 1976;
234(5):58–64, 70–3.
17
Jain RK. Vascular and interstitial barriers to delivery of
therapeutic agents in tumors. Cancer Metastasis Rev 1990
Nov; 9(3):253–66.
18
Folkman J. Angiogenesis and angiogenesis inhibition: An
overview. EXS 1997; 79:1–8.
19
Folkman J. Angiogenesis in cancer, vascular, rheumatoid and
other disease. Nat Med 1995 Jan; 1(1):27–31.
20
Folkman J. Tumor angiogenesis. In Cancer medicine. 3rd ed.
Holland JF, Frei E, Bast RG, et al., eds. Philadelphia: Lea &
Febiger, 1993, pp. 153–170.
21
Polverini PJ. The pathophysiology of angiogenesis. Crit Rev
Oral Biol Med 1995; 6(3):230–47.
22
Yamagishi S, Kawakami T, Fujimori H, et al. Insulin
stimulates the growth and tube formation of human
microvascular endothelial cells through autocrine vascular
endothelial growth factor. Microvasc Res 1999 May;
57(3):329–39.
23
Abramovitch R, Marikovsky M, Meir G, Neeman M.
Stimulation of tumour growth by wound-derived growth
factors. Br J Cancer 1999 Mar; 79(9–10):1392–8.
24
Abramovitch R, Marikovsky M, Meir G, Neeman M.
Stimulation of tumour angiogenesis by proximal wounds:
Spatial and temporal analysis by MRI. Br J Cancer 1998;
77(3):440–7.
25
Nagy JA, Brown LF, Senger DR, et al. Pathogenesis of tumor
stroma generation: A critical role for leaky blood vessels and
fibrin deposition. Biochim Biophys Acta 1989; 948(3):305–
26.
26
Haddow A. Molecular repair, wound healing, and
carcinogenesis: Tumor production a possible overhealing?
Adv Cancer Res 1972; 16:181–234.
27
Kim KJ, Li B, Winer J, et al. Inhibition of vascular endothelial
growth factor-induced angiogenesis suppresses tumour growth
in vivo. Nature 1993; 362:841–4.
28
Asano M, Yukita A, Matsumoto T, et al. Inhibition of tumor
growth and metastasis by an immunoneutralizing monoclonal
antibody to human vascular endothelial growth factor/vascular

89

permeability factor 121. Cancer Research 1995 Nov 15;
55:5296–5301.
29
Nakata S, Ito K, Fujimori M, et al. Involvement of vascular
endothelial growth factor and urokinase-type plasminogen
activator receptor in microvessel invasion in human colorectal
cancers. Int J Cancer 1998 Apr 17; 79(2):179–86.
30
Fuhrmann-Benzakein E, Ma MN, Rubbia-Brandt L, et al.
Elevated levels of angiogenic cytokines in the plasma of
cancer patients. Int J Cancer 2000 Jan 1; 85(1):40–5.
31
Hostettmann K, et al., eds. Phytochemistry of plants used in
traditional medicine. New York: Oxford University Press,
1995. Figure 6.3.
32
Lipsky PE. Specific COX-2 inhibitors in arthritis, oncology,
and beyond: Where is the science headed? J Rheumatol 1999
Apr; 26 Suppl 56:25–30.
33
Hammarstrom S. Leukotriene C5: A slow reacting substance
derived from eicosapentaenoic acid. J Biol Chem 1980 Aug
10; 255(15):7093–4.
34
Booyens J, Maguire. Dietary fats and cancer. Med Hypotheses
1985; 17:351–362.
35
Linder MC, ed. Nutritional biochemistry and metabolism. 2nd
ed. New York: Elsevier Science, 1991, p. 60.
36
Ellis LM, Fidler IJ. Angiogenesis and metastasis. European J
Cancer 1996; 32A(14):2451–2460.
37
Thompson WD, Smith EB, Stirk CM, et al. Angiogenic
activity of fibrin degradation products is located in fibrin
fragment E. UK J Pathol 1992; 168(1):47–53.
38
Thompson WD, Harvey JA, Kazmi MA, et al. Fibrinolysis and
angiogensis in wound healing. UK J Pathol 1991; 165(4):311–
8.
39
Thompson WD, Smith EB, Stirk CM, et al. Atherosclerotic
plaque growth: Presence of stimulatory fibrin degradation
products. Blood Caogul Fibrinolysis 1990; 1(4–5):489–93.
40
Thompson WD, Smith EB, Stirk CM, et al. Factors relevant to
stimulatory activity of fibrin degradation products in vivo.
Blood Coagul Fibrinolysis 1990; 1(4–5):517–20.
41
Liu HM, Wang DL, Liu CY. Interactions between fibrin,
collagen and endothelial cells in angiogenesis. Adv Exp Med
Biol 1990; 281:3 19–31.
42
Dvorak HF, Harvey VS, Estrella P, et al. Fibrin containing gels
induce angiogenesis. Lab Invest 1987; 57 (6):673–86.
43
Liu HM. Wound chamber study of nerve and blood vessel
growth. Proc Natl Sci Counc Repub China 1992; 16(1):65–9.
44
Brown LF, Dvorak AM, Dvorak HF, et al. Leaky vessels,
fibrin deposition, and fibrosis: A sequence of events common
to solid tumors and to many other types of disease. Am Rev
Respir Dis 1989; 140(4):1104–7.
45
Beranek JT. Ingrowth of hypoplastic capillary sprouts into
fibrin clots: Further evidence in favor of the angiogenic
hypothesis of repair and fibrosis. Med Hypotheses 1989;
28(4):271–3.
46
Sagripanti A, Carpi A, Baicchi U, Grassi B. Plasmatic
parameters of fibrin formation and degradation in cancer
patients: Correlation between fibrinopeptide A and D-dimer.
Biomed Pharmacother 1993; 47(6–7):235–9.
47
Gasic GJ. Role of plasma, platelets, and endothelial cells in
tumor metastasis. Cancer Metastasis Rev 1984; 3(2):99–114.

Natural Compounds in Cancer Therapy

90

48

Duffy MJ, Maguire TM, McDermott EW, O’Higgins N.
Urokinase plasminogen activator: A prognostic marker in
multiple types of cancer. J Surg Oncol 1999 Jun; 71(2):130–5.
49
Friedlander M, Brooks PC, Shaffer RW, et al. Definition of
two angiogenic pathways by distinct alpha v integrins. Science
1995 Dec 1; 270(5241):1500–2.
50
Samoto K, Ikezaki K, Ono M, et al. Expression of vascular
endothelial growth factor and its possible relation with
neovascularization in human brain tumors. Cancer Res 1995
Mar 1; 55(5):1189–93.
51
Liuzzo JP, Moscatelli D. Human leukemia cell lines bind basic
fibroblast growth factor (FGF) on FGF receptors and heparan
sulfates: Downmodulation of FGF receptors by phorbol ester.
Blood 1996 Jan 1; 87(1):245–55.
52
Folkman J, Klagsburn M. Angiogenic factors. Science 1987;
235:442–7.
53
Norrby K. Angiogenesis: New aspects relating to its initiation
and control. APMIS 1997; 105:417–437.
54
Lupulescu A. The role of hormones, growth factors and
vitamins in carcinogenesis. Crit Rev Oncol Hematol 1996 Jun;
23(2):95–130.
55
Jensen JA, Hunt TK, Scheuenstuhl H, Banda MJ. Effect of
lactate, pyruvate, and pH on secretion of angiogenesis and
mitogenesis factors by macrophages. Lab Invest 1986 May;
54(5):574–8.

56

Mahnensmith RL, Aronson PS. The plasma membrane
sodium-hydrogen exchanger and its role in physiological and
pathophysiological processes. Circ Res 1985; 56(6):773–88.
57
Demetrakopoulos GE, Brennan MF. Tumoricidal potential of
nutritional manipulations. Cancer Res (Suppl) 1982; 42:756s65s.
58
Lupulescu AP. Hormones, vitamins, and growth factors in
cancer treatment and prevention. A critical appraisal. Cancer
1996 Dec 1; 78(11):2264–80.
59
Corpet DE, Jacquinet C, Peiffer G, Tache S. Insulin injections
promote the growth of aberrant crypt foci in the colon of rats.
Nutrition and Cancer 1997; 27(3):316–320.
60
Pearline RV, Lin YZ, Shen KJ, et al. Alterations in enzymatic
functions in hepatocytes and hepatocellular carcinomas from
Ras-transduced livers resemble the effects of insulin.
Hepatology 1996 Oct; 24(4):838–48.
61
Kimura M, Amemiya K, Suzuki J. Insulin-induced granuloma
tissue formation and angiogenesis in alloxan-treated diabetic
mice. Endocrinol Jpn 1987 Feb; 34(1):55–63.
62
Yam D, Ben-Hur H, Dgani R, et al. Subcutaneous, omentum
and tumor fatty acid composition, and serum insulin status in
patients with benign or cancerous ovarian or endometrial
tumors. Do tumors preferentially utilize polyunsaturated fatty
acids? Cancer Letters 1997; 111:179–185.
63
Moore MA, Park CB, Tsuda H. Implications of the
hyperinsulinaemia-diabetes-cancer link for preventive efforts.
Eur J Cancer Prev 1998; 7(2):89–107.

8

g

NATURAL INHIBITORS OF ANGIOGENESIS
After examining the basic mechanisms of angiogenesis
in Chapter 7 and identifying a number of angiogenic
factors, this chapter discusses the role that natural compounds could play in reducing tumor angiogenesis.
Several angiogenic factors produce increased vascular
permeability and/or inflammation, and both these
events, in turn, increase production or release of other
angiogenic factors. Angiogenic factors include vascular
endothelial growth factor (VEGF); eicosanoids such as
PGE2 that derive from omega-6 fatty acids; tumor necrosis factor (TNF); fibrin; basic fibroblast growth factor
(bFGF); and histamine, insulin, and lactic acid. Here we
identify a number of natural compounds that block the
abnormal production or activity of angiogenic factors;
many of these compounds also decrease vascular permeability and inflammation. We also discuss natural compounds that inhibit angiogenesis by still other means.

INHIBITION OF ANGIOGENIC
FACTORS
Vascular Endothelial Growth Factor
As mentioned in Chapter 7, the rate-limiting step in
angiogenesis seems to be increased vascular permeability, and vascular endothelial growth factor (VEGF), one
of the most potent inducers of permeability known,
plays a key role in angiogenesis. Not surprisingly, some
studies have reported that plasma concentrations of
VEGF are predictive of recurrence and survival in cancer patients.1 In addition to increased angiogenesis, high
concentrations of VEGF have also been associated with
increased metastasis of a variety of cancers.2,_3,_4 Increased metastasis is likely a byproduct of increased
angiogenesis, since metastasis will not happen until angiogenesis has occurred.
There are two conceivable means to reduce VEGFmediated angiogenesis. The first is to reduce VEGF
production, and the second is to reduce the end effect of
VEGF, which is increased vascular permeability itself.

Inhibition of VEGF Production
VEGF is produced in response to hypoxic (lowoxygen) conditions, which are prevalent within tumors.
It is also produced secondarily in response to the production of other growth factors, such as platelet-derived
growth factor (PDGF), epidermal growth factor (EGF),
tumor necrosis factor (TNF), and transforming

growth factor-beta (TGF-beta).5–10 Indeed, one study
reported that wound fluid stimulated tumor growth and
angiogenesis in vivo, and that PDGF and EGF contained
in the fluid were apparently responsible for the effect.11
Most likely, PDGF and EGF stimulated the production
of VEGF, which led to angiogenesis. Thus by inhibiting
the production or activity of PDGF, EGF, TNF, or TGFbeta, it may be possible to decrease production of VEGF
and its stimulating effect on angiogenesis.
A major source of PDGF, EGF, and TNF within solid
tumors is macrophages. The production of these and
other growth factors by macrophages is discussed later
in this chapter, as well as the effects of hypoxia on
macrophages and VEGF production, but note here that
antioxidants, PTK inhibitors, PKC inhibitors, and leukotriene inhibitors may all reduce production of VEGF
by macrophages or other cells in response to growth
factors or hypoxia. In addition, inhibitors of AP-1 may
also block VEGF production, as has been reported for
curcumin.12
Reduced production of VEGF has been reported, for
example, with genistein, a PTK inhibitor, and EPA, a
PKC inhibitor, in vitro and ex vivo.13–18,_a Reduced production of VEGF has been reported in vivo with selenium, a PKC inhibitor. In one study, oral administration
of about 3.6 milligrams of selenium per day (as scaled to
humans) for seven weeks reduced angiogenesis in rats
with breast cancer.19 VEGF concentrations in tumor
tissue were reduced, presumably due to reduced production by macrophages. In support of the types of synergistic combinations discussed in this book, recent
evidence suggests that combinations of VEGF inhibitors, for example, PTK and PKC inhibitors, may be
more effective than single therapies at reducing VEGF
production.20
It should come as no surprise that PTK inhibitors
would reduce the stimulatory effects of growth factors
such as EGF and PDGF on VEGF production. Recall
from Table 4.1 that receptors for most growth factors,
including EGF and PDGF, are protein tyrosine kinases.
Indeed, PTK inhibitors such as EGCG, curcumin,
CAPE, and genistein have been reported to reduce EGF
and PDGF signaling in a variety of cells.21–27

a

In ex-vivo studies, compounds are administered in vivo, then the
blood or blood cells are withdrawn and tested in vitro.
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TABLE 8.1 NATURAL COMPOUNDS THAT INHIBIT
INCREASED VASCULAR PERMEABILITY
COMPOUND
Anthocyanidins
Butcher’s broom
Centella asiatica
Horse chestnut
Proanthocyanidins
Note: See Table F.1 in Appendix F for details and references.

Some studies have looked specifically at the antiangiogenic properties of genistein. Genistein (at 13 µM)
is an effective inhibitor of endothelial cell proliferation
(vascular cells are endothelial cells).28 Also, genistein
was identified as the most potent compound in the angiogenesis-inhibiting urine of healthy humans who consumed a plant-based diet.29,_30 At least three animal
studies have reported that genistein can inhibit angiogenesis and tumor growth in vivo.31,_32,_33 One, an oral
study, also reported that genistein reduced the number of
tumor-associated macrophages.32 It is likely this effect
played a role in reducing angiogenesis, since this would
reduce the source of many angiogenic factors. In another in-vivo study, a combination of genistein (at 100
mg/kg intraperitoneal) and an antiangiogenic drug
(TNP-470), along with a variety of cytotoxic chemotherapy drugs and radiotherapy, was more effective at
inhibiting tumor growth in mice with implanted lung
tumors than either genistein or TNP-470 used separately
with chemotherapy or radiotherapy. Even without TNP470, genistein reduced angiogenesis in the tumors by
about 35 to 51 percent.34,_35 The human oral equivalent
of the genistein dose is about 4.5 grams per day.
Other flavonoids, which are also PTK inhibitors, may
be as potent as genistein. At 10 µM, genistein, luteolin,
and apigenin inhibited in-vitro angiogenesis by 60 to 75
percent. The IC50 for inhibition of endothelial cell proliferation was about 2 to 7 µM.36
As with PTK inhibitors, it is not surprising that PKC
inhibitors would reduce the stimulatory effects of
growth factors such as EGF and PDGF on VEGF production. As discussed in Chapter 4 (see Figure 4.3),
signal transduction cascades tend to be interrelated. For
example, stimulation of a PTK receptor on the cell surface (such as the EGF or PDGF receptor) can later
stimulate PKC within the cell. Thus inhibitors of PKC
can block some effects of PTK receptor activity. For
example, EPA reduced EGF and PDGF signaling and
reduced angiogenesis in vitro.13,_37–40
PKC and PTK inhibitors may also act through other
means to reduce angiogenesis, apart from decreasing

VEGF production, since PKC and PTK signaling control
many aspects of cell behavior. For example, PKC inhibitors may reduce angiogenesis in part by lowering
production of collagenases, which are enzymes involved
in tumor invasion (discussed in Chapter 9).41 Other
types of collagenase inhibitors also reduce angiogenesis.42,_43 They are effective because both invasion and
angiogenesis have some events in common (vascular
cells must invade through tissues during angiogenesis).44,_45 Lastly, PKC inhibitors may also reduce angiogenesis by decreasing histamine release by mast cells
and by lowering insulin resistance, as is discussed below.
Before leaving this discussion on VEGF and the
growth factors that stimulate its production, note that
some natural compounds may directly interfere with
growth factors or their receptors. For example, EGCG
inhibited the binding of EGF to its receptors, and highmolecular-weight polysaccharides such as PSK inhibited
the binding of TGF-beta to its receptors.24,_46 In addition, EPA inhibited the binding of PDGF to its receptor.47

Normalization of Vascular Permeability
A second possible method to reduce VEGF-induced
angiogenesis is to minimize the primary effect of VEGF:
increased vascular permeability. Again, increased vascular permeability at tumor sites facilitates inflammation
and the release or eventual production of angiogenic
compounds. Numerous natural compounds have been
reported to decrease vascular permeability in animals
and humans. Some of these compounds are listed in
Table 8.1. Although this approach of normalizing vascular permeability seems reasonable, it has not been investigated in any depth; this book is one of the first to
suggest it may be useful.

Eicosanoids (Prostanoids and
Leukotrienes)
Eicosanoids were introduced in Chapter 7. There we
focused on how prostanoids and leukotrienes are produced from fatty acids, namely via the cyclooxygenase
and lipoxygenase pathways, respectively. We also
looked at how different fatty acids in the membrane produce different series of prostanoids and leukotrienes,
then noted that eicosanoids derived from omega-6 fatty
acids facilitate cancer progression and eicosanoids from
omega-3 fatty acids inhibit it. We focus here on the role
eicosanoids play in angiogenesis and other aspects of
cancer progression, as well as on natural compound’s
ability to inhibit the production of detrimental eicosanoids or increase that of beneficial ones.
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When produced in appropriate amounts and at appropriate times, eicosanoids play a positive role in the body;
when they are produced inappropriately, however, they
can play a variety of roles in the initiation, promotion,
and progression of cancer. Some observed relationships
between eicosanoids and cancer include:48–54
• Malignant cells synthesize excessive levels of prostaglandins, especially PGE2. Elevated levels of prostaglandins have been detected in the blood and urine
of tumor-bearing animals. This not only increases
inflammation and angiogenesis but can also increase
cancer cell proliferation.
• Diets high in omega-6 fatty acids (for example, those
high in vegetable oil) promote prostaglandin (PGE2)
synthesis and stimulate tumor progression. The tumor-promoting effects of high-fat diets can be reduced by inhibitors of prostaglandin synthesis.55,_56
• Prostanoids may mediate angiogenesis. Cyclooxygenase inhibitors reduced angiogenesis and tumor
progression in vivo, apparently by blocking VEGF
and bFGF production.57–60 The ability of COX-2 inhibitors to reduce angiogenesis is particularly apparent.61 Moreover, tumor cells lacking the ability to
express COX-2 proliferate very slowly in vivo.62
• Leukotrienes may be critical intermediates in regulating growth-factor-induced angiogenesis, and they
have been reported to stimulate angiogenesis in some
tissues without the assistance of growth factors.63,_64
They may induce angiogenesis in part by inducing
NF-κB; therefore inhibition of leukotriene activity
may reduce NF-κB-induced angiogenesis. Conversely, NF-κB activity may induce angiogenesis, in
part by promoting leukotriene production. (NF-κB
can act as a transcription factor for the genes that
control lipoxygenase and cyclooxygenase production.65)
• PGE2 and leukotrienes can stimulate cancer cell proliferation. For example, PGE2 stimulated the proliferation of human colon cancer cells in vitro.66,_67 In
some cases, leukotrienes may play an even more important role than PGE2 in stimulating proliferation.66,_68–72 For example, in two studies, lipoxygenase inhibitors reduced the proliferation of human
brain cancer cells and human leukemia cells in vitro,
whereas cyclooxygenase inhibitors (PGE2 inhibitors)
had no effect.73,_74 Moreover, the leukotriene 5HETE is a potent survival factor for some cancer
cells, including human prostate cancer cells, and can
protect them from apoptosis.75 Arachidonic acid and
other omega-6 fatty acids can stimulate the proliferation of prostate cancer cells through the production
of 5-HETE.76,_77 (See Figure 7.3 for an illustration of
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TABLE 8.2 NATURAL COMPOUNDS THAT
BENEFICIALLY EFFECT PROSTANOID AND
LEUKOTRIENE SYNTHESIS
COMPOUND
Boswellic acids
CAPE and bee propolis
Curcumin
EPA and DHA
Flavonoids (including genistein, apigenin, luteolin, quercetin,
and EGCG)
Garlic
Glutathione-enhancing agents
Melatonin
NF-κB Inhibitors (see Tables 5.1 and 5.2)
Parthenolide
PTK inhibitors (see Table 4.2)
Resveratrol
Vitamin E
Note: See Table F.2 in Appendix F for details and references.

the role of lipoxygenases and cyclooxygenases in the
production of eicosanoids.)
Natural compounds that inhibit the production of eicosanoids derived from omega-6 fatty acids (detrimental
eicosanoids) or increase the production of eicosanoids
derived from omega-3 fatty acids (beneficial eicosanoids) are listed in Table 8.2. Although most studies
on these compounds were conducted in vitro, a few were
also done in vivo. Compounds reported to beneficially
affect eicosanoid production in vivo include CAPE, curcumin, EPA/DHA, flavonoids, and vitamin E. Many of
the compounds listed in the table have also been reported to inhibit COX-2 (and hence PGE2 production) in
vitro. These compounds include CAPE, curcumin,
EPA/DHA, flavonoids, parthenolide, and resveratrol
(see Table F.2 for details).
Reducing the intake of omega-6 fatty acids (such as
most vegetable oils) is also important. Reduced intake
not only provides less material to make detrimental eicosanoids but also helps cells use omega-3 fatty acids to
make beneficial eicosanoids.

Macrophages as Inducers and Inhibitors
of Angiogenesis
Although it is a common belief that immune activity
will inhibit cancer, this simplistic view does not accurately describe what occurs in the body, at least not for
macrophages. Macrophages, the predominant immune
cell at tumor sites, can both induce and inhibit angiogenesis and tumor progression, depending on the circumstances. That macrophages play a dual role in
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tumor angiogenesis is not surprising—they also do so in
wound angiogenesis. Macrophages are the predominant
immune cell at wound sites, acting not only as phagocytes, engulfing debris and foreign cells, but also as
small chemical factories, producing compounds that
guide the healing process. As we saw in Chapter 7, the
healing process has several stages; the early ones require
angiogenesis and the last stage requires it to end.
Macrophages produce different compounds, according
to the healing stage. In this way, they promote angiogenesis in early stages and halt or at least do not promote it in the final stage.78,_79 As also discussed there,
tumors become stuck in the second and third stages of
the healing process, where active angiogenesis occurs,
and thus tumors behave like nonhealing wounds. In
cancer treatment then, our goal is to create an environment that favors movement to the fourth and final stage
of healing, so that angiogenesis can cease. To help
achieve this goal, natural compounds can be used to reduce the signals that tell macrophages they are in the
second and third stages, thereby easing entry into the
fourth stage.
Macrophages play an essential role in the immune response by engulfing dead bacteria and other debris and
by producing noxious compounds, such as free radicals
and TNF, that kill invading pathogens. If produced in
sufficient quantity, these same noxious compounds can
also kill cancer cells. If macrophages produce only low
concentrations, however, these same compounds can
facilitate tumor proliferation and angiogenesis.80
Macrophages can also produce or activate various factors that inhibit angiogenesis, such as angiostatin and
thrombospondin-1.
In many cases the overall effect of macrophages is
promotion of angiogenesis and tumor progression.81,_87
For example, a significant positive correlation has been
reported between macrophage infiltration, angiogenesis,
tumor stage, reduced relapse-free survival, and/or reduced overall survival in breast cancer and melanoma
patients.82,_83,_84 For these reasons, inhibitors of tumorassociated macrophage activity are being studied as potential anticancer agents.85
The ability of macrophages to mediate angiogenesis
results from a complex interplay between opposing
macrophage regulators.86 During normal wound healing, macrophages may switch from an initial angiogenesis-promoting mode to a later angiogenesis-inhibiting
mode. At tumor sites, however, the signals that cause
them to switch modes appear to be lacking, and the initial promoting mode prevails.87
Macrophages produce various compounds that stimulate angiogenesis, and of these, TNF may be the most
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active. We are speaking here of mild to moderate TNF
concentrations since, as stated above, high concentrations can kill cancer cells. The effects of TNF on angiogenesis may be related to its ability to stimulate
production of other angiogenic factors, such as VEGF
and bFGF, by macrophages or other cells. In-vitro studies suggest that TNF-induced angiogenesis can be prevented by inhibiting VEGF and bFGF activity.88 This is
not to say that TNF is the only important angiogenesis
factor produced by macrophages. In total, macrophages
secrete over a hundred different molecules; more than
twenty of these can stimulate endothelial cell proliferation and migration.89 In addition to producing TNF,
VEGF, and bFGF, macrophages are also capable of producing copious amounts of other angiogenic factors,
including PDGF and EGF, which can stimulate production of VEGF and the proliferation of some tumor
cells.81,_90
There are at least three conceivable ways natural compounds could be employed to favor the antiangiogenic
and antitumor mode of macrophages; all three are likely
to be most effective when used together. First, natural
compounds could be used to inhibit inflammation and
the factors that help drive angiogenesis. In addition to
those discussed in this chapter, ways to reduce inflammation and TNF production were given in Chapter 5
with reference to inhibition of NF-κB. When angiogenesis and inflammation are inhibited, macrophages at
tumor sites will get the message that the fourth stage of
healing has begun, and we can expect them to switch to
the antiangiogenic mode.
Second, natural compounds could be used to stimulate
macrophage (and other immune cell) activity and to reduce immune evasion. Stimulated macrophages may
produce greater amounts of TNF, and as we have stated,
high concentrations of TNF are lethal rather than proangiogenic. Immunosuppressive compounds such as PGE2
that are produced by cancer cells keep macrophages and
other immune cells in a state of low activity, thereby
helping to assure that lower concentrations of TNF, free
radicals, and other compounds are produced. If we reduce production of immunosuppressive compounds,
macrophages and other immune cells will be more capable of producing lethal concentrations of antitumor compounds.
Since inflammation is part of the immune response,
one might think that using compounds that reduce inflammation would be incompatible with using ones that
stimulate the immune system. However, for reasons
discussed in Chapter 12, it seems probable that both
types of compounds could be used together to produce
benefit.
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Third, natural compounds could promote the antiangiogenic mode of macrophages by reducing the signals
that tell macrophages angiogenesis is necessary. One
primary source of these signals is hypoxic conditions
and, along with them, high lactic acid concentrations, a
byproduct of such conditions. To make clear how cutting down the flow of signals caused by hypoxia will be
useful, we look more closely at hypoxia’s role in wound
angiogenesis.
Because hypoxic tissues in wounds are in great need of
angiogenesis, the body contains redundant mechanisms
to ensure that angiogenesis in these locations is successful. Some of these mechanisms involve macrophages.
For example, macrophages cultured under hypoxic environments are reported to produce abundant amounts of
angiogenesis factors, but they produce little once they
have been put under normal oxygen conditions.91 Because macrophages comprise 10 to 30 percent of the
cells in a solid tumor and solid tumors commonly contain hypoxic areas, hypoxia-stimulated macrophages are
likely to produce substantial quantities of angiogenesis
factors. Hypoxic conditions also stimulate fibroblasts to
produce more collagen, which also facilitates angiogenesis since collagen synthesis is needed to produce the
basement membranes for new blood vessels.92
The chronic hypoxic conditions at tumor sites are created in large part by the chaotic and faulty development
of blood vessels during tumor angiogenesis. If extreme,
hypoxia causes cell death, which accounts for the common observation of dead cells at the center of solid tumors (central necrosis). In contrast, moderate or
transient hypoxia stimulates angiogenesis. One way that
hypoxia drives macrophages toward a pro-angiogenic
mode is by inducing macrophages (and cancer cells and
vascular cells) to produce greater quantities of angiogenesis factors such as VEGF.93,_94 The production of
VEGF by macrophages may also be stimulated by the
oxygen reperfusion that occurs in moderately hypoxic
tissues after reexposure to oxygen. Oxygen reperfusion
produces a high concentration of free radicals, which in
turn stimulates VEGF production by various cells.95
From the above, we can see at least two possible ways
natural compounds could reduce the signaling caused by
hypoxia and oxygen reperfusion. First, natural compounds that are antioxidants could scavenge the free
radicals produced during reperfusion. Indeed, in-vitro
studies have reported that antioxidants can successfully
inhibit VEGF production or macrophage-induced angiogenesis or both.96–99 Some antioxidants also appear to
be effective in vivo. For example, vitamin E (given
orally at about 92 I.U. per day in the succinate form, as
scaled to humans) inhibited angiogenesis in oral tumors
in hamsters.100

95

Second, natural compounds can be used to inhibit the
signal transduction pathways that transport the hypoxia
signal from outside the cell to the nucleus. The signals
induced by hypoxia travel to the nucleus by multiple
pathways, some of which involve protein kinase C; inhibitors of PKC can reduce the synthesis of VEGF in
hypoxic environments and can inhibit VEGF-induced
endothelial cell proliferation in vitro.101,_102 PTK may
also be involved. For example, the PTK inhibitor genistein reportedly blocked the inducing effect of hypoxia
on VEGF production in vitro.103 In one study, the IC50
for genistein was about 36 µM.104
In summary, natural compounds that are antiinflammatory, antiangiogenic, antioxidants, or inhibitors
of signal transduction may all help drive macrophages
toward an antiangiogenic mode. These compounds may
inhibit hypoxia-induced VEGF production as well as
production of TNF, and subsequently VEGF. A recent
review reported that the following natural compounds
inhibited TNF secretion by macrophages and/or inhibited TNF function: ATRA, caffeic acid, curcumin,
EGCG, emodin, EPA, hypericin, luteolin, parthenolide,
quercetin, and resveratrol.105 All of these are antioxidants, inhibitors of PTK or PKC, and/or inhibitors of
NF-κB. In addition, it may be possible to increase TNF
production by macrophages by using natural compounds
that stimulate the immune system or inhibit immune
evasion; high TNF concentrations are lethal to cancer
cells. Producing an anti-inflammatory effect while increasing the immune response may seem contradictory
but still should be possible (see Chapter 12).

Fibrin
As discussed in Chapter 7, a fibrin stroma forms
around developing tumors. Fibrin deposition and stroma
formation may assist tumor progression by providing a
physical support, by shielding the tumor from immune
attack, and by promoting metastasis. In addition, fibrin
degradation products may act as angiogenic factors.
Therefore, agents that induce fibrinolysis could inhibit
tumor progression but also might increase angiogenesis
by producing more fibrin fragments. Indeed, preliminary evidence suggests that high intravenous doses of
fibrinolytic agents may promote tumor angiogenesis.106
However, oral doses of fibrinolytic agents, which produce lower plasma concentrations, are much less likely
to increase angiogenesis and do appear to inhibit tumor
metastasis.107,_108 Orally administered fibrinolytic agents
could also facilitate perfusion of anticancer agents into
solid tumors. It appears that at least some natural compounds that possess fibrinolytic activity produce an
overall anticancer effect when given orally. Natural
compounds that inhibit fibrin production and/or stimu-
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TABLE 8.3 NATURAL COMPOUNDS THAT INHIBIT
MAST CELL GRANULATION IN VITRO
COMPOUND
Eleutherococcus senticosus
Flavonoids (including apigenin, luteolin, genistein, quercetin,
EGCG, and proanthocyanidins)
Vitamin C
Note: See Table F.3 in Appendix F for details and references.

late fibrinolysis include bromelain and garlic. Bromelain has been reported to stimulate plasmin production
and fibrinolysis in vitro and in vivo.109,_110 Multiple
studies have reported that daily ingestion of garlic by
humans increases fibrinolysis, in part by increasing
plasmin activity via increased plasminogen (see Figure
7.5).111–115 Bromelain has shown promising effects in
cancer patients (discussed in Chapter 18). Garlic has
also shown antitumor effects in animals, but mostly
these were at high doses and may have been related to
other mechanisms. Still, a fibrinolytic effect would have
been produced, and no increase in angiogenesis was
seen. Studies on garlic also are discussed in Chapter 18.

Basic Fibroblast Growth Factor
Basic fibroblast growth factor (bFGF), like VEGF, is a
potent angiogenic factor. Excessive concentrations of
bFGF have been identified in the plasma, urine, and/or
tumor tissues of patients with a variety of cancers, including those of the uterus, prostate, kidney, liver, endometrium, and stomach. Its presence has also been
positively correlated with reduced survival of patients
with breast, kidney, and uterine cancer.116,_117
Unfortunately, few studies on bFGF inhibition by
natural compounds have been conducted. Studies on the
polysaccharide PSK reported it may inhibit production
of bFGF in rat prostate cancer cells.118,_119 One study on
curcumin reported that oral administration of about 1.2
grams per day (as scaled to humans) inhibited angiogenesis induced by fibroblast growth factor-2 (FGF-2)
in the corneas of mice.120 FGF-2 is similar to bFGF.
This mouse study, and another, also reported that direct
treatment of the cornea with curcumin inhibited angiogenesis induced by FGF-2 or bFGF.121
Given what we already know about the actions of
natural compounds, it seems likely that many could be
useful in inhibiting bFGF activity indirectly. Conceivably, this could be accomplished in two ways. First, the
extracellular matrix (ECM) could be protected from enzymatic degradation. As discussed in the previous chapter, bFGF is safely stored in the ECM until it is released
through enzymatic action. Natural compounds that in-

hibit these enzymes or otherwise stabilize the ECM are
discussed in Chapter 9. Second, inhibition of TNF production could help, since TNF can stimulate bFGF production by macrophages and other cells.

Histamine—The Role of Mast Cells
Histamine is generated by mast cells in response to
tissue injury and other factors.a Mast cells migrate toward tumors in response to growth factor production,
and once at the site, the histamine they release increases
vascular permeability and stimulates angiogenesis.122,_123
Numerous natural compounds inhibit the release of
histamine from mast cells. This release is referred to as
mast cell “granulation,” since histamine is stored in intracellular pouches called granules. Natural compounds
that inhibit mast cell granulation are listed in Table 8.3.
Note that many of these compounds occur in traditional
herbal formulas used to treat asthma and allergies, which
are diseases mediated by histamine release. Some compounds listed in the table are PTK inhibitors, which have
been reported to inhibit histamine release from mast
cells in some circumstances.124,_125 PKC inhibitors may
also inhibit histamine release.126 Apigenin, luteolin, and
EGCG are PTK and PKC inhibitors, and genistein inhibits PTK.
A second method of reducing histamine secretion is to
inhibit mast cell migration. This prevents mast cells
from reaching an inflamed area and releasing histamine
there. Mast cells are attracted to growth factors such as
VEGF, PDGF, EGF, and bFGF, so again, inhibitors of
these compounds may reduce angiogenesis. Mast cell
migration can also be reduced by compounds that inhibit
NF-κB activation and PTK activity, both of which inhibit VEGF, PDGF, EGF, and/or bFGF production.

Lactic Acid and Insulin
As mentioned, under hypoxic conditions lactic acid
may stimulate production of angiogenic factors by
macrophages. Unfortunately, few natural compounds
have been tested for their effects on lactic acid generation in cancer cells. In one study, apigenin and luteolin
inhibited both proliferation and lactic acid release from a
human adenocarcinoma cell line in vitro.127 In other
studies, the flavonoid quercetin reduced the production
of lactic acid in healthy rat cells, probably by blocking
the transport of lactic acid out of the cell.128,_129 Antioxidants may also inhibit lactic acid production. For
example, vitamin C has been reported to increase oxya

Mast cells derive from basophils and reside in a variety of tissues.
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gen consumption and reduce lactic acid production in
tumor and normal cell cultures.130,_131

probably through their direct effects on nuclear receptors.144–149 Three in-vivo examples follow:

Insulin may stimulate cell proliferation and angiogenesis. Among its effects, insulin stimulates hypoxic cells
to produce greater amounts of lactic acid. One way to
regulate insulin production is through dietary modifications. When food is digested, its carbohydrate content is
converted to glucose, and elevated plasma concentrations of glucose stimulate the secretion of insulin.
Foods that are slowly converted to glucose raise insulin
levels less dramatically than foods that contain glucose
or are easily converted to glucose. The ability of foods
to increase insulin concentrations is referred to as their
glycemic index. Thus, insulin secretion can be kept to a
minimum by eating foods that have a low glycemic index, such as vegetables and protein and, to a lesser extent, whole grains and beans. The glycemic index has
been used extensively by diabetic patients to control
their insulin requirements.

• A combination of 1,25-D3 (at 0.5 µg/kg intraperitoneal) and ATRA (at 2.5 mg/kg intraperitoneal) synergistically inhibited tumor-induced angiogenesis in
vitro and in mice.150,_151 Angiogenesis was also inhibited by 1,25-D3 alone. The equivalent human oral
doses are about 7.2 micrograms of 1,25-D3 and 36
milligrams of ATRA.

Some natural compounds have also been reported to
inhibit the cancer-promoting effects of insulin. For example, genistein inhibited insulin-induced proliferation
of human breast cancer cells in vitro.132 This likely occurred via inhibition of PTK activity. In addition, some
natural compounds may be able to reduce insulin production by reducing insulin resistance. Insulin resistance occurs when cells are no longer sensitive to insulin
and thus more is produced in an effort to reduce blood
glucose levels. Insulin resistance has been implicated as
a risk factor for breast cancer.133,_134,_135 Diets high in
omega-6 fatty acids promote insulin resistance, possibly
via chronic activation of PKC.136,_137,_138 Natural compounds that can reduce insulin resistance include omega3 fatty acids and other PKC inhibitors.139–142
Omega-3 fatty acids have been reported to effectively
reduce both lactic acid and insulin production in vivo.
For example, in a randomized, double-blind, placebocontrolled study, a diet containing about 6 percent fish
oil (containing omega-3 fatty acids) and 3 percent arginine (an amino acid) enhanced the antitumor effect of
doxorubicin in dogs with spontaneous lymphoma. The
treatment reduced plasma concentrations of insulin and
lactic acid, and low lactic acid concentrations were associated with greater survival.143

ADDITIONAL NATURAL COMPOUNDS
THAT MAY INHIBIT ANGIOGENESIS
Vitamins A and D3
Vitamins A (ATRA) and D3 (1,25-D3) have been reported to inhibit angiogenesis in vitro and in vivo,

• Subcutaneous administration of 1 and 2.1 µg/kg of
1,25-D3 or vitamin D3 inhibited angiogenesis induced by transplanted kidney cancer cells in mice.152
The equivalent human oral dose is about 19 and 39
micrograms.
• Subcutaneous administration of 0.21 µg/kg 1,25-D3
inhibited angiogenesis in transplanted breast cancer
cells in mice.153 The equivalent human oral dose is
about 3.9 micrograms.
In addition to the above, treatment with similar doses
of 1,25-D3 (1.7 µg/kg intraperitoneal) also prevented
increased vascular permeability in experimentally induced edema in rodents.148,_150,_151,_154–156

Anticopper Compounds
Another approach to inhibiting angiogenesis depends
on reducing copper concentrations in the body. In normal functioning, copper is needed for proper formation
of vascular components, and it induces the proliferation
and migration of endothelial cells.157,_158 Copper levels
are commonly elevated in cancer tissues, as well as in
the plasma of cancer patients, and there it contributes to
uncontrolled angiogenesis.159,_160,_161 Copper may also
facilitate angiogenesis by increasing the binding of angiogenic factors to endothelial cells and by increasing
the production of free radicals.162
A recent phase I study in humans has reported that angiogenesis can be reduced by lowering plasma copper
concentrations.a This study used tetrathiomolybdate (a
derivative of the trace metal molybdenum) to reduce
copper levels. A reduction of plasma copper concentrations to about 20 percent of baseline for 90 days or more
stopped the growth of advanced cancers in five of six
patients. Side effects were minimal.163 Molybdenum
acts by forming complexes with copper in the intestines
and plasma, thereby preventing copper absorption and
a

In phase I studies, a drug is given to a small group of patients
to determine the maximum tolerated dose and identify the types of
adverse effects caused. Low doses are given first, and the dose is
increased over time until toxicity begins to occur. Phase I studies
are not designed to produce an anticancer effect, although this
does sometimes happen.
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activity.164,_165 Similar results were seen in studies on
rats and rabbits, where administration of a copperchelating agent (penicillamine) in combination with a
copper-depleted diet reduced tumor copper concentrations and invasion, angiogenesis, and the growth of
transplanted brain cancer cells.161,_166,_167 (A copperchelating agent is one that binds with and reduces the
bioavailability of copper.) Another copper-chelating
agent (diethyldithiocarbamate) has also been reported
effective in inhibiting angiogenesis in rodent models.168
In addition to molybdenum compounds, other natural
compounds may be useful in anticopper therapies. For
example, a number of natural compounds are known to
chelate copper and reduce its prooxidant effect. These
include luteolin, alpha-lipoic acid, green tea catechins
such as EGCG, protocatechuic acid (a flavonoid metabolite produced in vivo), proanthocyanidins, and resveratrol.169–177

CONCLUSION
This chapter has discussed angiogenic factors and the
natural compounds that may inhibit them. Since the
body uses multiple factors to assure angiogenesis, it
would seem that multiple natural compounds might be
needed to inhibit angiogenesis. Such combinations
would target inflammation and increased vascular permeability in general and production of detrimental eicosanoids, VEGF, bFGF, and other angiogenic factors
specifically. These combinations would likely include
antioxidants and inhibitors of PTK, PKC, NF-κB, COX2, and lipoxygenases, as well as anticopper compounds
and vitamins A and D3. Only a few studies have been
conducted on combinations of multiple angiogenesis
inhibitors or combinations of angiogenesis inhibitors
and other types of antitumor agents. Such studies on
genistein combined with other angiogenesis inhibitors
have reported promising results, and the use of combinations is definitely worth exploring further.
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INVASION
Invasion is the spread of cancer cells into adjacent tissues. Along with metastasis, the spread of cells to distant sites, it is one of the distinguishing features of
malignancy. Invasion and metastasis are in fact related—cancer cells must generally invade the connective
tissue surrounding blood vessels (the basement membrane) for metastasis to be successful. This chapter and
the next then form a pair; in this one, we focus on the
central role that tumor-induced protease (proteindegrading) and glycosidase (glycoside-degrading) enzymes play in invasion. These enzymes provide the
means by which tumors digest the extracellular matrix,
thereby allowing local spread. Since invasion takes
place in the ECM environment, we also discuss in some
depth its makeup and function. In addition, we discuss
natural compounds that can inhibit these enzymes or
stabilize the ECM. By performing these functions, natural compounds can help prevent destruction of tissue and
reduce invasion.
To put our discussion in context, note that these types
of enzymes are active in a wide variety of normal biological processes in addition to their role in cancer invasion. Various enzymes are produced both inside the
digestive tract, where they digest food proteins and
starches, and outside of it, where they play important
roles in numerous body functions. For example, proteolytic enzymes are active in normal wound healing because immune cells (e.g., macrophages) secrete
proteolytic enzymes that dissolve damaged tissue. The
source of some ECM-degrading enzymes in cancer invasion may actually be stimulated immune cells. As with
angiogenesis, enzyme activity at cancer sites is another
natural, beneficial process gone awry, and natural compounds can be used to help restore it to normal.

CONNECTIVE TISSUE AND THE
EXTRACELLULAR MATRIX
Cells in the body are held together and supported by
connective tissue, the most common tissue in the body.
Connective tissue lies between and supports other tissues, and it consists of a limited number of cells embedded in a large amount of extracellular matrix. We
include under the term connective tissue tendons, bones,
cartilage, reticular tissue (the tissue that forms the structure of organs), and most important for our purposes, the
extracellular matrix itself. Because the ECM is the first
barrier to tumor invasion and its properties govern the

function and proliferation of cells within it, it is of prime
importance to any discussion on cancer.
The ground substance of the ECM is a complex, gelatinous material composed of a variety of interlacing
glycosaminoglycans (GAGs), most of which are proteoglycans (GAGs bound to a central protein core).a
GAGs are large spongelike, hydrophilic (water-loving)
molecules that consist of repeated sugar chains. GAGs
form a viscous mesh through which all nutrients and
waste products make their way to and from the cell surface. This mesh is a conduit for the transfer of electrolytes, metabolites, dissolved gases, trace elements,
vitamins, hormones, growth factors, enzymes, carbohydrates, fats, and proteins. In addition to its role as
conduit, the GAG mesh is also a storage repository for
some compounds, including many growth factors.
Extracellular matrix GAGs exist in four forms:
heparan sulfate, chondroitin sulfate, keratin sulfate, and
hyaluronic acid. The first three are proteoglycans, and
the last is a pure GAG. Each of these GAGs, but in particular the sulfated GAGs, carry a strong negative charge
that causes positively charged molecules like growth
factors to bind tightly to them. For example, as mentioned in Chapter 7, heparan sulfate binds and stores
basic fibroblast growth factor (bFGF) until it is needed
for wound repair or other functions.
The ECM also contains a network of microscopic protein fibers that provides structure and ensures its integrity. Most of these fibers are made of collagen, but other
fibrous proteins such as elastin and fibronectin are also
present.b Some of these collagen fibers are cross-linked
together by GAG chains and hydrogen bonds to form
visible collagen “ropes.” Cross-linked collagen fibers
reinforce the ECM in much the same way that rebar reinforces a concrete wall.

THE ECM AND CANCER
The ECM not only provides a barrier to tumor invasion, it also governs the behavior of the cells it surrounds. The makeup of the ECM varies in gross or
a

Proteoglycans are a subset of glycoproteins. Glycoproteins are
proteins bound to glucose residues.
b

Fibronectin is an adhesive glycoprotein found on the surface of
cells and in the ECM. It binds to cell surfaces, collagen, fibrin,
and other components, and it is involved in cell adhesion, cell
motility, and other processes.
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subtle ways in different body tissues. These differences
partly govern not only the architecture of the tissue but
also the function and proliferation of the tissue’s cells.
The production and maintenance of the ECM is a dynamic process, and ECM GAGs are renewed and replaced rapidly, usually within a month’s time. Since the
source of GAG synthesis is the cells themselves, a complex, two-way regulatory loop exists. Cells affect ECM
formation and ECM formation affects cells. Because of
this intimate relationship, cells cannot be adequately
discussed apart from their immediate environment. For
example, most normal cells undergo apoptosis when
they become detached from the ECM.1 Recall from
Chapter 3 that apoptosis may be an ever-present default
pathway and that cell survival is maintained only so
long as cells receive the appropriate antiapoptotic survival signals; these signals can be produced partly
through cell-matrix interactions. In contrast, most cancer cells do not undergo apoptosis when they become
detached from the ECM; instead, they exhibit an increased tendency to proliferate. In part, prevention of
apoptosis may be due to the ability of cancer cells to
self-stimulate the signal transduction pathways that
would normally be activated through cell-matrix (or
cell-cell) interactions.
Cancer cells can in fact produce matrix components
that favor their migration and proliferation. In particular, a number of cancer cell lines do not assemble a
functioning matrix. Although they do produce the proteoglycan components, the components tend to be in an
under-sulfated form.2–5 Such altered proteoglycans are
less capable of gluing collagen and other protein fibers
to one another, of maintaining cell attachment, and of
binding growth factors. These characteristics facilitate
increased invasion and proliferation.
In addition to producing chemically altered matrix
components, some cancer cells produce an abnormally
large volume of matrix components. This is especially
true with cancer cells that have a high ability to invade
and metastasize.6–10 Matrix synthesis may occur within
the cancer cell itself or within fibroblasts stimulated by
the cancer cell.11 In either case, insulin and other
growth factors may provide the stimulatory signals for
excessive matrix synthesis.12 Not surprisingly, elevated
levels of hyaluronic acid (a GAG extracellular matrix
component) have been observed in the blood of cancer
patients. For example, one study reported that patients
with lymphoma exhibited increased plasma levels of
hyaluronic acid, and the highest levels were found in
patients with relapsing or resistant disease.13 Increased
plasma levels of hyaluronic acid have also been found in
lung cancer patients.14 Therefore, hyaluronic acid, especially its low-molecular-weight fragments, has been
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proposed as a plasma diagnostic marker to measure cancer progression.13,_15,_16,_19
Theoretically, it might seem that hyaluronic acid production could inhibit tumor progression, for example,
hyaluronic acid synthesis is needed to repair the damaged ECM during wound healing. It is much more
likely, however, that it facilitates cancer progression.
For one thing, the excess hyaluronic acid produced during cancer is probably not of the normal type, or it is
produced in relative imbalance to other ECM components such as collagen and fibronectin. As discussed
below, this type of imbalance (high GAG production
and low collagen production) occurs in the dysfunctional
matrix produced around varicose veins, a condition that
has some similarities to cancer invasion.
Even if the excess hyaluronic acid produced by cancer
cells is of a normal type, it may still facilitate tumor
progression. For example, normal hyaluronic acid facilitated invasion of brain cancer cells in vitro.17 It is
not clear exactly how this occurs, but hyaluronic acid is
produced on the leading edge of invading tumors and
could assist tumor cell migration by opening up spaces
in the ECM for tumor cell movement (recall that hyaluronic acid has a spongelike quality). In addition, hyaluronic acid could further promote cell migration by
providing a path tumor cells can “walk” on. Furthermore, hyaluronic acid forms a “halo” around invading
tumor cells, which could protect them from immune
recognition and attack.19 Lastly, the production of hyaluronic acid could indirectly facilitate angiogenesis. As
the newly formed hyaluronic acid is overcome by the
leading edge of the invading tumor mass, it is digested
by tumor-generated hyaluronidases, which produce hyaluronic acid fragments. These fragments can act as angiogenic factors, not unlike the fibrin breakdown
products discussed in Chapter 7.18,_19,_20
We see then that cancer cells can alter their relationship with the ECM to their own benefit. They can produce abnormal ECM components or produce an
excessive volume or abnormal mix of ECM components, or any of these. Natural compounds can reduce
the degree to which these processes occur. For one
thing, natural compounds can reduce the growth factorinduced signal transduction that allows excessive production of ECM components. Protein tyrosine kinase
inhibitors like genistein can inhibit increases in hyaluronic acid production induced by growth factors, and
they can inhibit cell migration.21,_22 In one study genistein (at 37 µM) inhibited hyaluronic acid production
by fibroblast cells that were stimulated by the growth
factors EGF, IGF, and PDGF.23 Moreover, PTK inhibitors may be useful in blocking the ability of hyaluronic
acid degradation fragments to induce vascular cell pro-
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liferation and angiogenesis. This effect was demonstrated for genistein at 10 µM.24
Natural compounds can also inhibit production of
GAGs by other means. For example, boswellic acid is
not a kinase inhibitor, but it can reduce GAG synthesis
in vitro.25 Perhaps its ability to do so is related to its
anti-inflammatory action.

GLYCOSIDASES, PROTEASES, AND
CANCER
As discussed previously, the strength and structure of
the ECM is provided by collagen fibers linked together
by GAG chains. To break free of the ECM, cancer cells
(or cancer-stimulated immune cells) produce enzymes
that degrade these ECM components. These enzymes
include glycosidases, which break apart GAG chains,
and proteases, which break apart protein structures.
Many different types of proteases and glycosidases may
be involved in cancer invasion, but only two primary
ones are discussed here: collagenases, proteases that
digest the protein collagen, and hyaluronidases, a family
of glycosidases that digest hyaluronic acid. Other enzymes will be discussed more briefly.a
Proteases and glycosidases appear to mediate at least
five processes that influence cancer progression. Proteases can stimulate inflammation, cell proliferation, invasion, metastasis, and angiogenesis. It follows that
inhibitors of these enzymes could impede all these processes, described below:
• Inflammation. The inflammatory response, including
that associated with cancer, involves the release of
histamine, free radicals, eicosanoids, and proteases
such as collagenases. It appears that each individual
product of inflammation affects the release of others;
for example, some proteases may cause stimulated
macrophages to produce two to six times more free
radicals.26 Similarly, various proteases increase
PGE2 synthesis, and a variety of protease inhibitors
inhibit PGE2 synthesis.
• Cell proliferation. Some proteases have been reported to stimulate cell proliferation.27
• Invasion. Invasion requires a delicate balance between conditions that stabilize the ECM (enzyme inhibition and matrix synthesis) and conditions that
destabilize it (enzyme production and abnormal matrix synthesis). When the ECM is highly stable, it is
a

One enzyme active in tumor cell invasion is urokinase plasminogen activator (uPA, see Figure 7.5). uPA is produced by
macrophages and tumor cells, in some cases as a result of production of VEGF and other growth factors.
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difficult for tumor cells to break loose and invade.
Similarly, when the ECM is highly unstable, it is difficult for tumor cells to use the ECM as a track for
movement.
• Metastasis. For successful metastasis, cancer cells
must generally penetrate the basement membrane
surrounding capillaries to obtain access to and exit
from the circulation. Because the basement membrane is a collagen-rich form of the ECM, collagenases are required for this process.
• Angiogenesis. Proteases may facilitate angiogenesis
by inducing inflammation and increases in capillary
permeability, and by freeing other angiogenic factors
stored in the extracellular matrix. In addition, glycosidases produce hyaluronic acid fragments, and these
may directly stimulate angiogenesis, as discussed.

ENZYME INHIBITORS
GAGs provide the ground substance of the ECM, and
hyaluronic acid is one of the most ubiquitous of GAGs;
thus our discussions on enzyme inhibitors start with inhibitors of hyaluronidase, the enzyme that degrades
hyaluronic acid. We also discuss inhibitors of other enzymes involved in GAG degradation, then turn to inhibitors of heparanases and finally, those of collagenase.

Hyaluronidase and Its Inhibitors
Hyaluronidase is capable of cutting channels through
the ECM. It follows that the hyaluronidase produced by
cancer cells helps them invade surrounding tissues. In
much the same way, the hyaluronidase in snake and bee
venoms allows the rapid spread of their poisons through
the extracellular matrix. Moreover, injections of hyaluronidase have been shown useful in enhancing the antitumor effects of locally applied chemotherapy drugs, by
helping the drugs spread to tumor tissues.28,_29,_30
Hyaluronic acid is actually degraded, or digested, in a
two-step process. In step one, it is converted to medium-length sugar chains by hyaluronidase. In step two,
these chains are further shortened by the enzymes betaglucuronidase and N-acetyl-beta-glucosaminidase. Nacetyl-beta-glucosaminidase activity is elevated in the
plasma of patients with a variety of cancers, including
those of the breast, stomach, liver, pancreas, and colorectum.31,_32 It is also excessively secreted by human
ovarian cancer cells in vitro and increases their ability to
degrade ECM components.33,_34 Elevated beta-glucuronidase levels have been observed in the urine of patients
with bladder and kidney cancers.35,_36 It appears to be
less sensitive than N-acetyl-beta-glucosaminidase as a
diagnostic marker for cancer, however.
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TABLE 9.1 NATURAL COMPOUNDS THAT INHIBIT HYALURONIDASE, ITS ASSISTANT ENZYMES,
OR ELASTASE
COMPOUND
Apigenin
Boswellic acids
Centella asiatica
Escin, from horse chestnut
Luteolin
Proanthocyanidins
Resveratrol
Ruscogenin, from butcher’s broom
Vitamin C

HYALURONIDASE

BETA-GLUCURONIDASE

NABG*

ELASTASE

weak

x
in vivo
in vivo

in vivo

x

weak
weak
weak

x
x
x
in vivo

x
x
weak
x

*

NABG = N-acetyl-beta-glucosaminidase
Note: See Table G.1 in Appendix G for details and references.

Like hyaluronidase and its assistant enzymes, the enzyme elastase is also involved in matrix destruction and
invasion. It is produced by a variety of cells, including
macrophages and tumor cells. Elastase degrades components of the extracellular matrix, including elastin,
collagen, and other proteoglycans; it also degrades fibronectin. Table 9.1 lists some natural compounds that
inhibit hyaluronidase, its assistant enzymes, or elastase.
The studies on which the table is based were mostly
conducted in vitro, the few in-vivo studies being noted.
Compounds that produced an inhibitory effect at concentrations of 50 µM or greater are marked as “weak” in
the table.
It was possible to construct Table 9.1 from the available evidence, but in fact, few studies have actually been
conducted and it is quite likely future studies will report
additional effects. For example, we see from the table
that escin and ruscogenin have only weak effects on a
limited number of enzymes (and they are not reported to
affect collagenase).
Horse chestnut extract and
butcher’s broom extract, however, are both effective in
preventing increased capillary permeability after oral
administration in humans and animals (see Table F.1 in
Appendix F). Escin and ruscogenin are thought to be
the primary active ingredients in these extracts, and their
effects on vascular health are likely mediated, at least in
part, through inhibition of one or more of the four enzymes listed, or inhibition of collagenase. Thus escin
and ruscogenin and the other compounds listed in the
table may inhibit more enzymes than shown or may inhibit them at lower concentrations.
Although not listed specifically in the table, prostaglandin inhibitors may reduce hyaluronidase activity.
The potent prostaglandin inhibitor and anti-inflammatory drug indomethacin markedly reduced plasma
hyaluronidase activity in rodents when used at normal

doses.37 Natural prostaglandin inhibitors (see Chapter 8)
could also have this effect.

Heparanases and Their Inhibitors
Heparan sulfate is a prominent component of the
ECM, and enzymes that digest heparan sulfate (heparanases) may play a role in invasion and metastasis. A
variety of sulfated polysaccharides capable of inhibiting
heparanase have been reported to inhibit metastasis of
breast and liver tumors in rats.38,_39,_40 The sulfated
polysaccharides appeared to impede metastasis by inhibiting tumor-induced heparan sulfate degradation in the
basement membrane. The mechanism is uncertain, but
perhaps they act as a decoy for GAG-degrading enzymes. Alternatively, they may induce signals in cancer
cells that limit enzyme production.
Sulfated polysaccharides capable of inhibiting heparanase include dextran sulfate and xylan sulfate (components of the ECM), the common anticoagulant drug
heparin, and fucoidan, a sulfated polysaccharide obtained from seaweed (Sargassum kjellmanianum). Additional work is needed to identify other natural
compounds that inhibit heparanases.

Collagenases and Their Inhibitors
Collagenases are a family of enzymes that digest collagen, the fibrous protein found in connective tissue.
Collagen is derived from the Greek words kolla (glue),
and gennan (to produce), reflecting its role in “gluing”
cells together. Collagen accounts for approximately 30
percent of the body’s total protein store. Each type of
collagenase degrades a specific type of collagen. For
example, the basement membrane around capillaries
contains type IV collagen, and therefore type IV collagenase is a particularly important enzyme in tumor invasion and metastasis. One specific group of collagenases
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TABLE 9.2 NATURAL COMPOUNDS THAT AFFECT COLLAGEN
COMPOUND
Anthocyanidins and
proanthocyanidins
Centella asiatica
EGCG
EPA
Leukotriene inhibitors
(see Table 8.2)
Curcumin
Emodin
Genistein
Luteolin and quercetin
PSK and other mushroom
polysaccharides
Vitamin A (ATRA)
Vitamin C

STABILIZE COLLAGEN

INHIBIT COLLAGENASE

x

INCREASE COLLAGEN
SYNTHESIS
x

x

x
x

x
x
x
x

x

x
x
x
x
x
x
x

Note: See Table G.2 in Appendix G for details and references.

of interest are matrix metalloproteinases (MMPs), a
family of at least 15 zinc-dependent enzymes that collectively can degrade all components of the ECM.
MMPs are inhibited by tissue inhibitors of metalloproteinases (TIMPs). TIMPs are being studied for their
ability to inhibit tumor invasion and angiogenesis, although their use as chemotherapeutic agents is hampered
by their rapid degradation in vivo.41,_42,_43 Compounds
that stimulate TIMP production in vivo may be more
suitable than administration of TIMPs themselves.
Natural compounds that affect collagen or collagenase
are listed in Table 9.2. Some of these also stimulate
TIMP production (see Table G.2 for details). In addition, the table lists natural compounds that stabilize collagen or increase its production. These compounds may
inhibit invasion by making collagen more resistant to
destruction or by producing fresh collagen to replace
degraded material. Some compounds that increase the
stability of collagen do so by facilitating the crosslinking of collagen fibers. This approach has received
little research but seems promising, especially when
used as one part of a more complex anticancer strategy.
There is some concern that compounds that stimulate
collagen synthesis might also increase angiogenesis in
vivo. For example, vitamin C, which increases collagen
production, was reported to increase angiogenesis in
vitro; it is uncertain, however, whether this effect would
occur in vivo. At least in some animal studies, vitamin
C produced an anti- rather than a protumor effect (discussed in Chapter 15). Moreover, the other compounds
listed that increase collagen synthesis also inhibit collagenases, an effect that may limit their ability to facilitate

tumor angiogenesis in vivo. Additional in-vivo studies
are warranted on vitamin C and other compounds that
increase collagen synthesis.
Note that many of the compounds discussed in Table
9.2 are antioxidants. Free radicals by themselves may
degrade collagen or otherwise stimulate invasion.
Oxygen radicals increased the invasive potential of
mouse liver cancer cells, possibly by altering their
plasma membrane or by altering signal transduction or
both.44
The pathology of varicose veins bears some resemblance to cancer invasion, and in considering the resemblance, we find suggestions for compounds that may be
useful in cancer treatment. In both cases, intermittent
blood stasis causes tissue hypoxia and reperfusion,
which leads to free radical generation. The free radicals
then degrade collagen in the ECM and basement membrane. In addition, collagenases are produced, which
further degrade collagen. At the same time, a dysregulation of normal matrix production occurs in both diseases, and GAG synthesis, primarily of hyaluronic acid,
is excessively stimulated.45,_46 This leads to a maldeveloped ECM and basement membrane that is collagenpoor and GAG-rich.
Proanthocyanidins and other compounds such as Centella and boswellic acid inhibit GAG synthesis and collagen degradation, and/or stimulate collagen production
in vitro. In fact, proanthocyanidins are reportedly useful
in vivo for increasing capillary resistance in diseases
such as varicose veins (see Table F.1 in Appendix F).
This suggests they might also be useful in cancer treatment.
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TABLE 9.3 EFFECTS OF NATURAL COMPOUNDS ON CELL MIGRATION
COMPOUND
1,25-D3 (vitamin D3)
Apigenin, luteolin, quercetin
Bromelain and other proteolytic enzymes
EPA/DHA
Boswellic acid
Genistein
Hyaluronidase inhibitors (see Table 9.1)
Melatonin
Panax ginseng
PKC inhibitors (see Table 4.3)
PSK
PTK inhibitors (see Table 4.2)

INHIBIT CANCER CELL
MIGRATION
x

x
x
x
x
x
x
x
x

INHIBIT IMMUNE CELL
MIGRATION
x
x
x
x
x
x
x

x

Note: See Table G.3 in Appendix G for details and references.

ADHESION PROTEINS AND CANCER
CELL MIGRATION
From the above, it should be clear that production of
hyaluronidase or collagenase by tumor cells or other
adjacent cells can lead to matrix digestion, which subsequently allows tumor cell invasion. One more aspect of
this process is the mechanism by which tumor cells
“walk” during invasion. It is useful to consider the close
analogy between the migration of immune cells toward
an infection site and the movement of cancer cells away
from the central tumor. In both cases, the cells rely on
the attraction of their surface adhesion proteins to other
proteins in the extracellular matrix. Immune cells and
cancer cells “walk” to their intended targets by gripping
and then internalizing proteins of the ECM.47,_48
The “legs” of immune cells, fibroblasts, and some cancer cells appear to be RHAMM proteins (RHAMM =
receptor for hyaluronic acid mediated motility) and variants of the CD44 family of proteins. CD44 proteins are
surface receptors for both hyaluronic acid and collagen,
and they mediate attachment, cellular uptake, and degradation of these proteins. RHAMM proteins are receptors for hyaluronic acid. CD44 and RHAMM proteins
facilitate the uptake of hyaluronic acid and collagen into
the cell, which are then degraded by enzymes.
In a number of human breast cancer cell lines, high
CD44 expression has been associated with high invasive
capacity.49 One human study reported that elevated levels of soluble CD44 occurred in a high percentage of
patients with metastatic disease, and removal of the primary tumor reduced these levels.47 Accordingly, other
human studies have reported that levels of soluble CD44

variants may act as an indicator of tumor burden and
metastasis.50,_51
Resting immune cells produce normal CD44 proteins,
which do not facilitate movement, whereas stimulated
cells produce CD44 variants that do. Cancer cells appear to mimic stimulated immune cells by also expressing CD44 variants, thereby allowing increased
migration.51 The expression of CD44 variants may also
play a role in metastasis. The basement membrane surrounding capillaries contains hyaluronic acid, and CD44
variants on blood-borne tumor cells help the cells attach
to the vasculature.52 In one study, intravenous injection
of CD44 inhibitors (CD44 antibodies) reduced the proliferation and metastatic potential of CD44-expressing
melanoma cells in mice.53
In addition to CD44 activity, cell migration is dependent on a number of other events, such as the presence of
chemoattractant compounds (such as leukotrienes),
growth factor signaling, and the interactions of other cell
adhesion molecules (CAMs) with matrix components.
These other adhesion molecules include integrins, selectins, cadherins, and the immunoglobulin superfamily
of adhesion proteins (see Chapter 6).
A number of natural compounds inhibit cancer cell
migration. Many of these also inhibit immune cell migration, since the mechanisms that govern both can be
similar. However, at least some natural compounds,
such as PSK, appear to inhibit cancer cell migration
preferentially. Ginseng may do the same. The reason
some natural compounds inhibit cancer cell migration
but not that of immune cells is probably because cancer
cells rely on such abnormal signals for activity that their
activity is more easily inhibited.

Invasion

Table 9.3 summarizes the effects of natural compounds on cancer cell and immune cell migration. Inhibitors of immune cell migration are included because
these compounds are also likely to inhibit cancer cell
migration. Note that as with Table 9.1, the data in Table
9.3 are probably incomplete. Future studies will identify
additional compounds that affect cell migration and
likely show that most of these compounds inhibit migration in both cell types (with cancer cells generally being
more sensitive).

CONCLUSION
Cancer cells produce three types of compounds that
facilitate invasion: abnormal matrix components or an
abnormal mix of them that fails to bind growth factors
and is easily invaded; enzymes such as collagenases and
hyaluronidases that digest matrix components to allow
room for invasion; and variant CD44 surface proteins
that help them migrate. Natural compounds can be used
to inhibit the production or action of all three, and it is
reasonable to suppose natural compounds will have the
greatest effect on invasion when all three are inhibited
together. Active natural compounds are likely to include
inhibitors of signal transduction, collagenase and hyaluronidase inhibitors, and compounds that stabilize ECM
components and prevent their digestion.
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METASTASIS
Metastasis is the movement of malignant cells from a
primary tumor site to a distant location where they form
a new tumor. As discussed in the last chapter, invasion
and metastasis are related—tumor cells must generally
invade the basement membrane for metastasis to be successful. In this chapter we examine the role that invasion plays in metastasis, as well as a number of other
events needed for metastasis. Natural compounds will
be discussed that may be useful in inhibiting these
events.

2. Once they are circulating in the bloodstream, the
migrating cells evade attack by the immune system
and survive other adverse conditions.

Most cancers do metastasize. Metastatic cells travel
through the blood and lymphatic circulation systems,
and the metastatic colonies they form are often more life
threatening than the primary tumor. In fact, the growth
of a tumor at its primary location is generally not a cause
of death, except in a limited number of cancers such as
those of the brain, liver, and lungs. (Brain cancer, for
example, is one of the few cancers that rarely metastasize.) Since metastasis is what makes so many cancers
life threatening, its inhibition is an important clinical
goal.

5. The tumor cells proliferate and the new tumor induces angiogenesis.

STEPS OF METASTASIS
The metastatic process is inherently inefficient. In a
study of patients with kidney cancer, between 10 million
and 1 billion cancer cells were released from their tumors into the bloodstream per day. In spite of this
enormous release, 20 percent of the patients showed no
evidence of new tumor development, even after 30
months.1 In animal tumors, only 0.001 percent of the
released tumor cells develop into metastatic colonies.2,_3
The reasons for the inefficiency of the metastatic process are uncertain, but since at least five different sequential steps are required for its success, interruption of any
one of them could derail the whole process. The last
step in this process seems particularly sensitive to inhibition.
A metastatic colony develops according to the steps
listed below and illustrated in Figure 10.1. Like many
aspects of cancer, metastasis is a complicated process,
and numerous factors can affect each step.
1. Cells detach from the primary tumor and invade the
basement membrane surrounding blood vessels to
gain access to the bloodstream, a process called intravasation.

3. The migrating cells adhere to the wall of a blood
vessel at the metastatic site—the process of cell arrest.
4. The arrested cells exit the blood vessel and, by invading through the basement membrane, enter the
tissues. This process is called extravasation.

Studies with small video cameras suggest that at least
in some cases, the majority of traveling metastatic cells
come to rest in a target capillary bed and that most of
these successfully exit the circulation (step four above).
After this point, however, only a small fraction begins to
proliferate and form a new tumor. The majority remains
dormant, neither proliferating nor undergoing apoptosis.4 Since the cells that do undergo proliferation
likely do so in response to signals from growth factors,
interactions with the extracellular matrix, and/or other
signals such as free radicals or hypoxia, all the natural
compounds mentioned in previous chapters that affect
these signals may inhibit metastasis.
Each of the five steps is discussed individually below.
Although they refer primarily to metastasis via the blood
circulation, metastasis through the lymphatic system can
occur by similar processes.

CELL DETACHMENT AND MOVEMENT
INTO A VESSEL
The initial step in metastasis is detachment of cells
from the primary tumor. Once detached, cancer cells
contact a blood vessel (usually within the tumor) and
secrete or induce the secretion of proteolytic enzymes,
which digest the basement membrane. Tumor cells then
slip between the cells of the vascular lining to enter the
circulation. This process of intravasation is facilitated
by the poorly developed basement membranes and fragile capillaries produced within the tumor during angiogenesis. An intact basement membrane is a barrier that
inhibits metastasis. In some cases, broken capillaries
may allow instant access to the circulation.
Cell detachment rates tend to increase as a tumor
enlarges and as it undergoes central necrosis. Other fac-
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limiting metastasis. The immune cells
that appear to be most active in attacking
migrating cancer cells are natural killer
(NK) cells and macrophages. Studies
suggest that

Figure 10.1

Steps in Metastasis

1. Cell detachment
1
and intravasation
blood vessel

2. Migration through
2
the circulation and
evasion of the
immune system
3. Cell arrest and
3
4
4. Extravasation

5
5. Cell proliferation
and angiogenesis

tors that may stimulate detachment include mechanical
stress, increased hydrostatic pressure within tumors,
increased activity by various proteolytic enzymes, and
decreased expression of cell adhesion molecules on the
cell’s surface. Of these, CAMs and proteolytic enzymes
are of particular importance in this book (see Chapters 6
and 9).

MIGRATION THROUGH THE
CIRCULATION
Once cells detach from the tumor and enter the blood,
the second step in metastasis is the migration of tumor
cells through the circulation. A significant percentage of
migrating tumor cells die in this step due to forces present in the circulation.
The most important of these forces may be the immune system. Although there is considerable evidence
that the immune system plays a prominent role in inhibiting metastasis, the issue is complex, and no simple
correlation between immune status and metastatic
spread has been found. Nevertheless, numerous animal
experiments do support a role for the immune system in

• metastasis is more frequent in animals with immune cell deficits,
including deficits caused by immunosuppressive drugs;
• when animals are injected with tumor
tissue, metastasis is more frequent if
the macrophages within the tumor
tissue are extracted before injection;
• metastasis is less frequent in mice
that have high levels of NK cells.5
These observations suggest that natural
compounds that stimulate the immune
system may inhibit metastasis. This
may be particularly true for those compounds that stimulate NK cell activity.
For example, the mushroom polysaccharide PSK, an immune stimulant that enhances NK cell activity, has been
reported to inhibit metastasis in tumorbearing animals.6,_7 Chapters 11 and 12
discuss the immune system in detail,
along with natural compounds that affect
it.

In addition to the immune system, other forces may
destroy migrating tumor cells. These include mechanical stress as cells move through the small vessels, and
toxicity caused by high oxygen levels in the blood.8 It is
difficult to affect these forces, and they are not discussed
here other than to say that some investigators have studied the possibility of administering oxygen-rich air to
cancer patients. There is also evidence that metastasizing cells are protected from apoptosis by high intracellular levels of the antioxidant glutathione.9,_10 Thus
antioxidants could potentially produce a prometastatic
effect. Indeed, at least two studies have reported that
antioxidants could increase metastasis in rodents (see
Chapter 15).11,_12 For this reason and others discussed
there, I do not recommend the use of antioxidants as sole
treatment agents. They may still be useful, however, as
one part of a more complex anticancer strategy.

CELL ARREST AT A NEW LOCATION
The third step in metastasis is cell arrest. Because the
environment within blood vessels is inhospitable to migrating tumor cells, the cells must leave the blood vessels in order to survive. This exit is initiated by
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attaching to the capillary wall, referred to as cell arrest.
Several factors promote cell arrest at a given location,
including CAM activity, vessel damage or thinning of
the basement membrane, platelet aggregation, and fibrin
formation. CAM activity was discussed in Chapter 6;
the other factors are discussed below.

Damage to the Basement Membrane
Tumor cells adhere more efficiently to the exposed
collagen of a damaged blood vessel than to normal vessel walls, and so damaged areas provide prime targets
for cell arrest. Vessels can be damaged by trauma or
inflammation; in fact, evidence is mounting that surgical
removal of some tumors can promote tumor metastasis
to existing wounds.13,_14 This effect may also be facilitated by the growth factors present in wound fluid.
Therefore, natural compounds that protect the vasculature or reduce inflammation may limit cell arrest. A
host of anti-inflammatory and anticollagenase compounds have already been discussed (see Chapters 8 and
9). Some natural compounds like proanthocyanidins
appear to have a specific affinity for vascular tissue and
may be particularly useful.

Platelet Aggregation and Fibrin
Production
Platelet aggregation and fibrin production can play an
important role in metastasis. Three mechanisms by
which they can promote metastasis are:2,_3
• Activated platelets are sticky and can act as a glue to
enhance adhesion of tumor cells to the blood vessel
lining.
• Platelet-secreted growth factors like platelet-derived
growth factor (PDGF) can stimulate the proliferation
of tumor cells and contribute to their survival within
the blood circulation.
• The excessive fibrin production surrounding tumor
cells enhances their stickiness and facilitates their arrest at metastatic sites. Fibrin helps tumor cells to
aggregate with each other while migrating in the
blood, thereby forming a larger clump that may more
easily lodge in a capillary bed. In experimental studies on mice, the efficiency of metastasis was increased when either large numbers of tumor cells or
clumps of tumor cells were injected.15
Regarding the last item, animal experiments have reported that oral administration of fibrinolytic enzymes
such as bromelain and WOBE-MUGOS (a proprietary
mixture of enzymes) inhibits tumor metastasis.16,_17,_18
However, this effect could also be due to factors other
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than fibrinolysis, such as enzyme-induced digestion of
CD44 surface proteins or immune stimulation.a
Experimental studies have reported that migrating cells
from some cancers induce platelet aggregation by modifying the prostanoid balance.8 Prostanoids were introduced in Chapter 7, and two additional ones are
discussed here. Platelet aggregation depends on the
relative balance of prostaglandin I (PGI, or prostacyclin)
and thromboxane (see Figure 7.3). PGI is produced by
vascular cells and inhibits platelet aggregation, whereas
thromboxane is produced by platelets and enhances aggregation. Tumors promote platelet aggregation by inhibiting production of PGI or by stimulating production
of thromboxane or both.
Platelet aggregation can readily be manipulated; however, numerous studies designed to test the antimetastatic effects of anticoagulants and platelet inhibitors
have in general been inconclusive.19,_20 One common
drug that inhibits platelet aggregation is aspirin, which
does so by preventing the formation of thromboxane. A
single dose of aspirin can suppress platelet aggregation
for 48 hours and longer. In one study on cancer-bearing
mice, aspirin significantly reduced the number of lung
metastases.5 COX-2 inhibitors (see Tables 8.2 and F.2)
might also have this effect, but again, the antimetastatic
effect of platelet aggregation inhibitors is still in question. It is reasonable to speculate that the mixed results
of the studies are due to the limited ability of platelet
aggregation inhibitors to prevent metastasis when used
alone, but that when used as one part of a larger combination therapy, they may be more effective.
Some cancer patients may be at risk for bleeding, and
in fact, unexpected bleeding can be the initial symptom
of cancers of the lung, colon, kidney, and uterus. In addition, patients can bleed after surgery. The indiscriminate use of fibrinolytic agents or agents that inhibit
platelet aggregation in these patients could be disastrous.
Not all cancer patients are at high risk for bleeding,
however. Because of the potential danger in some patients and because studies on the use of anticoagulants
and platelet inhibitors have been inconclusive, no new
anticoagulant compounds are introduced in this chapter.
In Table 10.1 the list of natural compounds that produce
an anticoagulant effect through fibrinolysis or inhibition
of platelet aggregation contains only those compounds
otherwise mentioned in this book. Table 10.1 alerts the
reader that these compounds should be used with caua

In contrast, intravenous administration of fibrinolytic enzymes,
which produces much higher plasma levels, may have either a
positive or negative effect on metastasis. Intravenous doses of
fibrinolytic compounds can also promote tumor growth and angiogenesis (see Chapter 8).

Natural Compounds in Cancer Therapy

116

TABLE 10.1 NATURAL ANTICOAGULANT
COMPOUNDS
COMPOUND
Anthocyanidins
Astragalus membranaceus
Bromelain (fibrinolytic)
Curcumin
Emodin
EPA
Feverfew
Flavonoids (including quercetin,
apigenin and luteolin)
Ganoderma lucidum
Garlic (fibrinolytic)
Genistein and other PTK inhibitors
Panax ginseng
PSK
Resveratrol
Vitamin E
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tion in patients who may have a bleeding problem. Although no studies have compared their relative
strengths, some of these compounds, such as bromelain,
EPA, feverfew, garlic, PTK inhibitors, resveratrol, and
vitamin E, might produce a relatively strong anticoagulant effect, while the others might produce a weaker one.

MOVEMENT OUT OF THE VESSEL
The fourth step in metastasis is extravasation, the
movement of the metastatic colony out of the blood vessel. This is mediated by proteases and other factors in a
process similar to movement into the blood vessel (step
one). In both cases, the basement membrane provides
an obstacle to the movement of tumor cells through the
vessel wall.
One of the factors that mediates extravasation is local
trauma (damaged capillaries). Just as trauma may facilitate intravasation (step one) and cell arrest (step three), it
may also facilitate movement out of the vessel. One
study reported that when cancer cells were injected into
rabbits with traumatized tissues, metastasis to the trauma
site was increased 20-fold over nontraumatized tissues.5
Therefore, we again see that compounds that stabilize
the vasculature or basement membrane may inhibit metastasis. These compounds were discussed in Chapter 8
(see Table 8.1) and Chapter 9 (see Tables 9.1 and 9.2).

INDUCTION OF ANGIOGENESIS
The fifth and final step in tumor metastasis is cell proliferation and induction of angiogenesis. Without angiogenesis, a tumor is unable to grow larger than a few
millimeters in diameter. Once angiogenesis is established, the tumor can seed itself in a new cycle of metastasis. In fact, tumors generally do not metastasize until
angiogenesis is initiated. The leaky vessels produced
during angiogenesis allow tumor cells greater access to
the circulation. Thus compounds that inhibit angiogenesis may inhibit metastasis (see Chapter 8). Similarly,
any compounds discussed thus far that inhibit cell proliferation may also inhibit this last step in metastasis.

CONCLUSION
Metastasis is a five-step process consisting of cell detachment and intravasation, migration through the circulation, arrest at a new location, extravasation, and cell
proliferation and angiogenesis. Successful metastasis is
the deadly culmination of nearly every process we have
discussed so far. At every step it seems likely that natural compounds might play a significant role in slowing
down or even stopping its course.
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THE IMMUNE SYSTEM
The immune system is a complex organization of
white blood cells, antibodies, and blood factors that protects the body from foreign invaders. Many investigators believe the immune system plays a key role both in
preventing the establishment of new cancers, a process
known as “immune surveillance,” and in limiting the
progression of established tumors. As we will see in
Chapter 12, natural compounds can be used to both support and stimulate immune function. It is too simplistic,
however, to expect that using these kinds of immunoactive compounds alone will profoundly affect the course
of an established cancer. Indeed, there is now much
evidence that even powerful immune stimulants, such as
the cytokine interleukin-2, have only moderate effects
on established cancers, and then only on a few select
types.
There are two reasons why immune stimulants have
not been found highly effective against established cancers. The first, more theoretical reason is that the immune system acts as a kind of last-chance net for
catching and ensuring the destruction of cancer cells.
Just as excessive criminal activity in a city can overwhelm a police force, too many cancer cells can overwhelm the immune system. Thus to reduce the number
of cancer cells, and thereby maximize the ability of the
immune system to destroy them, cancer cells must be
cut at their root; the aberrant signals that sustain their
lives must be normalized. We have discussed in previous chapters how this might be accomplished.
The second, more mechanical reason immune stimulants have not been effective against established cancers
is that cancer cells have devised numerous ways to
evade immune recognition and attack. Thus even a
well-functioning immune system will generally not destroy an established cancer.
In spite of its difficulties in destroying cancer, a
healthy immune system is still important and immune
stimulation does have a role in cancer treatment, particularly as one part of a multifaceted strategy. Such a strategy must, however, include compounds that prevent
immune evasion, or immune stimulation will not play its
role successfully.
The immune system is a complex world unto itself,
and large books have been written attempting to describe how it works. Here I provide only a rudimentary
overview as a background for understanding the relationship between it and cancer. We look at how it functions in general, and how it affects and is affected by

cancer. We also look at ways immune stimulants have
been used in conventional medicine to treat cancer,
which provides context for using natural compounds to
do the same (see Chapter 12).

INNATE AND ADAPTIVE IMMUNITY
Without an immune system we would quickly fall prey
to the plethora of viruses, bacteria, and parasites that live
within and around us. The immune system is a multilayered defense system. In its broadest sense, it includes
physical barriers, such as the skin and the lining of the
gastrointestinal tract; chemical barriers, such as stomach
acid; microbial barriers, such as beneficial intestinal
microflora; and the immune system proper (immune
cells, antibodies, and so forth). This chapter focuses on
the immune system proper.
The cells of the immune system are called white blood
cells (leukocytes) that, like red blood cells (erythrocytes), are derived from stem cells in the bone marrow.
The production of the different types of cells from the
bone marrow is shown in Figure 11.1 (adapted from
reference 1). Other cells important in the immune response but not shown in the figure (e.g., natural killer
cells and dendritic cells) are discussed below.
As Figure 11.1 shows, leukocytes can be classified
into two categories: those that derive from myeloid stem
cells (macrophages and granulocytes) and those from
lymphoid stem cells (the lymphocytes). Macrophages
and granulocytes are involved with innate immunity,
and lymphocytes are involved with adaptive immunity.
Innate immunity provides the first line of defense
against newly encountered pathogens.a It limits the initial progression of the pathogens and activates the adaptive immune system. Unlike the innate system, the
adaptive system has the ability to remember previous
pathogens and thereby mount a fast attack if the pathogen is encountered more than once.
The two systems function together to keep out foreign
organisms, which are recognized as such by their foreign
proteins or their lack of “self-proteins.” In a simple
analogy, the two systems can be likened to the security
system at an international airport. A small group of sea

The immune system protects against four classes of pathogens:
extracellular bacteria, parasites, and fungi; intracellular bacteria
and parasites; intracellular viruses; and extracellular parasitic
worms.
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gregate formed by the MHC and antigen
then rests at the surface of the innate
immune cell, waiting for a cell from the
adaptive system to come sample it.
Cells of the adaptive system could not
recognize the antigen as foreign if it
were not presented to them in an MHCantigen aggregate.
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curity guards—the cells of the innate system—are on
guard at the security checkpoint to screen all incoming
passengers, looking for “undesirable foreign elements.”
These guards have a rather nonspecific way of identifying suspects. Possibly they look for an absence of ordinary characteristics (a lack of self-proteins), or they look
for generalized suspicious characteristics. If they spot
suspects, they obtain their ID and call nearby guards—
also cells of the innate system—for assistance. If there
is trouble these guards can’t handle, they call the state
police—the adaptive immune system—who might take
some time to arrive. Once they do, the guards present
the suspect’s IDs and the police take the suspects into
custody. Importantly, the police also remember the suspect’s IDs so that next time they come through the airport they can quickly be recognized.
The method that cells of the innate immune system use
to “obtain” the IDs of foreign organisms and “present”
them to the cells of the adaptive system is fascinating.
Cells of the innate system ingest the foreign pathogens
and, after digesting them a bit, “burp up” their protein
fragments (called antigens) in a carrier molecule, called
the major histocompatibility complex (MHC). The ag-

As the analogy illustrates, cells of the
innate immune system handle the initial
response to a pathogen. They attempt to
clear the pathogen from the body, and if
they are successful, the immune response ends. If unsuccessful and the
amount of antigen reaches a threshold
concentration, the adaptive immune system is stimulated. The cells of the adaptive immune system then help those of
the innate system to destroy the pathogen. Furthermore, some of the B cells of
the adaptive system form memory B
cells that remember the specific antigen
if it is encountered again. Other B cells
differentiate to form plasma cells, which
produce antibodies specific to the new
foreign antigens. On reinfection with
the same pathogen, the memory B cells
quickly produce antibodies and engage
the adaptive immune system.

The different cell types of the innate
and adaptive immune system are listed
in Table 11.1, along with a description of what activates
them, what their function is, and what cells assist them
(accessory cells). Two cell types, natural killer (NK)
cells and dendritic cells, not shown in Figure 11.1, are
also listed. NK cells are a type of specialized lymphocyte that destroy foreign cells. The main function of
dendritic cells is to present antigens to T cells. Each of
these cell types are described later in this chapter.
In Table 11.1, T cells are categorized by their CD
(cluster of differentiation) number. TH1 and TH2 cells
are CD4 cells, and cytotoxic T cells are CD8 cells. The
CD number is simply a way to identify cells by their
prominent surface proteins. Recall from Chapter 9 that
the CD44 protein is a cell adhesion molecule that binds
to components of the extracellular matrix. Similarly,
both CD4 and CD8 are proteins that assist T cells in the
final phase of docking with antigen-presenting cells.
The first phase is accomplished by ICAMs, which are
surface proteins that allow cells to stick together (see
Chapter 6).
The primary molecule that allows a CD4 or a CD8 T
cell to dock with antigen-presenting cells is called the T-
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TABLE 11.1 LEUKOCYTES IN INNATE AND ADAPTIVE IMMUNITY
Name
Macrophages

Natural killer (NK) cells

Name
Neutrophils, eosinophils,
basophils, and mast cells

Name
CD4 T Cells

CD8 T Cells

B Cells
Accessory Cells
Antigen-presenting cells
(APCs)

NONGRANULOCYTES IN INNATE IMMUNITY
Activated by
Activated function
general microbial constituents
Eat (phagocytose) pathogens and tumor cells. Macrophages are
(but not antigens)
the primary phagocytic cells of tissues outside the blood vessels;
their name literally means “big eaters.” They also present
antigens from the pathogens they ingest to T cells.
uncertain, but may recognize a Release compounds that destroy some virus-infected cells; they
lack of MHC molecules on the can also kill tumor cells.
surface of foreign cells
GRANULOCYTES IN INNATE IMMUNITY
Activated function
Granulocytes are so named because of their densely staining intracellular granules. Neutrophils
phagocytose pathogens and are the primary phagocytic cells of the blood. Eosinophils destroy
antibody-coated parasites. Basophils release granules containing histamine and other
inflammatory agents (see Chapter 8); those that reside in tissues are called mast cells.
Granulocytes do not play as large a role in destroying cancer cells as macrophages and NK cells.
LEUKOCYTES IN ADAPTIVE IMMUNITY
Description
Activated by
Activated Function
TH1 cells: (helper T cells): a T antigen-MHC class II
Activate macrophages to kill
lymphocyte that expresses the
aggregate on infected
bacteria that lie within them.
CD4 surface protein
macrophage
Release cytokines that attract
macrophages.
TH2 cells (helper T cells): a T
antigen-MHC class II
stimulate B cells to produce
lymphocyte that expresses the
aggregate on B cells
antibodies
CD4 surface protein
cytotoxic T cells: a T
antigen-MHC class I
destroy infected cells
lymphocyte that expresses the
aggregate on infected cell
CD8 surface protein
B lymphocytes
contact with antigen
present antigens to T cells and
produce antibodies
Name
Activated By
Activated Function
dendritic cells, macrophages,
contact with antigen or by Present antigens to T cells.
and B cells
viral infection
Dendritic cells are the most
important of the three types of
antigen-presenting cells.

cell receptor. The T-cell receptor actually docks directly
to the antigen-MHC aggregate, and in this way the antigen is presented to the T cell. CD4 and D8 proteins are
called co-receptor molecules, since they assist the T-cell
receptor molecule to dock.

ANTIGENS AND ANTIBODIES
The antibodies produced by the B cells of the adaptive
system are a key element in the adaptive response. They
are tiny Y-shaped proteins belonging to the immunoglobulin family of proteins; some CAMs are also related to this family (see Chapter 6). After being
produced by B cells, antigens travel in the blood circulation and can reside in tissues.

Antibodies perform three important tasks. First, they
neutralize antigens like bacterial toxins by surrounding
them and preventing them from causing harm. Second,
they coat (opsonize) pathogens in a way that makes the
pathogens more attractive to immune cells, such as
macrophages and natural killer cells. Lastly, antibodies
activate the complement system; so-called because it
“complements” the antibodies, helping them in their
work of defense.
The complement system involves production of a series of plasma proteins that, when stimulated, bind to an
antigen-antibody complex (this is called the classical
complement pathway). The primary purpose of these
proteins, like that of antibodies, is to make pathogens
more recognizable and attractive to phagocytic immune
cells like macrophages. Complement proteins can also
bind to sugars on the pathogen surface or bind directly
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TABLE 11.2 MACROPHAGE DESTRUCTION OF PATHOGENS AND THE ROLE OF T CELLS
EVENTS

Pathogen degraded in:
Antigens bind to:
Antigens presented to:
Effect of antigen
presentation:

PATHOGEN IN
CYTOSOL

cytosol
MHC class I
CD8 T cells
CD8 T cells destroy
macrophages and other
cells displaying the
antigen

PATHOGEN IN VESICLES

acidified vesicles
MHC class II
CD4 TH1 cells
CD4 TH1 cells activate
macrophage to kill pathogens
in vesicles

acidified vesicles
MHC class II
CD4 TH2 cells
CD4 TH2 cells activate B cells to produce
antibodies

Source: Reference 2.

to the pathogen and destroy it by rupturing its cell membrane (these are called the lectin and alternative pathways, respectively).

MHC MOLECULE
As mentioned, cells of the innate system, such as
macrophages and dendritic cells, present antigens to
cells of the adaptive system in the form of antigen-MHC
(major histocompatibility) aggregates. Pathogens enter
antigen-presenting cells in one of two ways: either the
pathogen is ingested, as when a macrophage ingests bacteria, or the pathogen enters the cell by its own means,
as occurs with a virus. Accordingly, there are two forms
of the MHC, one for carrying antigens from ingested
pathogens and one for carrying them from viruses.
MHC class I molecules carry antigens from virally infected cells (the antigens being picked up in the cytosol),
and class II molecules carry ones picked up from bacteria or other pathogens that were degraded in intracellular
vesicles (see Figure 2.1 for the cytosol and intracellular
vesicles). Intracellular vesicles function somewhat like
the intestines in animals. Phagocytic immune cells eat
pathogens and digest them with acids in vesicles.
T-helper cells of the adaptive system are designed to
recognize antigen-MHC class II aggregates (again,
which contain antigens obtained from vesicles). Upon
recognition, the T-helper cells do one of two things: Thelper 1 (TH1) cells stimulate macrophages so they can
better digest the pathogens in their vesicles, and Thelper 2 (TH2) cells stimulate B cells to make antibodies
to the antigen.

In contrast, cytotoxic T cells of the adaptive system are
designed to recognize antigen-MHC class I aggregates
(containing antigens from the virally infected cytosol).
Upon recognition, cytotoxic T cells destroy any cells
that display the virus’s antigen.
In order to pick up and deliver antigens to T cells, antigen-presenting cells circulate between the tissues,
blood, and lymph organs. Although mature dendritic
cells are found exclusively in the lymph organs, the precursors of these cells migrate in the blood and lymph to
infection sites where they pick up antigens.
B and T cells also circulate between the bloodstream
and the lymph organs. The most common location
where antigen-presenting cells meet T cells is the lymph
organs (spleen, tonsils, and other lymph nodes). The
lymph organs are so designed that a high concentration
of T and B cells come in contact with a high concentration of antigen-presenting cells. T and B cells that have
not yet encountered antigens are called “naïve” cells.
Upon contact with antigens, these naïve cells temporarily remain in the lymph node to proliferate, and their
offspring differentiate into activated or “effector” lymphocytes capable of combating the infection. This is the
reason people develop swollen glands during an infection. Eventually, these primed effector cells travel in the
lymph and blood to the infection site.
The destruction of different pathogens by macrophages
is summarized in Table 11.2. Although the table is specific to macrophages, the events occurring in other antigen-presenting cells are similar.
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ROLE OF CYTOKINES IN IMMUNITY
Cytokines are a varied group of soluble proteins secreted by mammalian cells that affect the behavior of the
secreting cell or that of nearby cells via specific cytokine
receptors. Growth factors are also cytokines and can be
produced by many cell types, but we use the term cytokine here to refer to soluble proteins produced by immune cells. Note that some proteins are referred to as
both cytokines and growth factors, since they are produced by both immune cells and other cells. Cytokines,
like the growth factors listed in Table 4.1, control a wide
range of cellular behavior besides proliferation. Some
cytokines like TGF-beta even inhibit cell proliferation.
In this way cytokines play a significant role in the control of hematopoiesis (the production of red and white
blood cells), the inflammatory response, and the immune
response.
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Cytokine Activation of B Cells
TH2 cells activate B cells by secreting cytokines such
as IL-4 and IL-5. Other cytokines produced by TH2
cells include IL-3, IL-10, GM-CSF, and TGF-beta. After activation, some B cells become memory B cells,
which remember antigens, and some become plasma
cells, which produce antibodies for the encountered antigen.
Cytokine Activation of CD4 T Cells
Cytokines also control proliferation and activity of
CD4 T cells. The first response of CD4 T cells to antigen presentation is IL-2 production, which leads to selfproliferation. The presence of other cytokines, including
IL-12 and IFN-gamma, causes them to differentiate into
TH1 cells, and the presence of other cytokines, including
IL-4, causes them to differentiate into TH2 cells. Thus
either TH1 or TH2 cells, but not both, are produced.

Cytokines and Immune Cell Activation
In the following sections we discuss how cytokines activate CD8 T cells (cytotoxic T cells), macrophages, B
cells and CD4 T cells. The important points to remember here are simply that many cytokines are involved,
and their moment-to-moment mix determines the effect
on immune cell activation.

Cytokine Activation of CD8 T Cells
The primary cytokine that instructs CD8 T cells to proliferate after antigen presentation is IL-2; some of which
comes from the T cell itself. When stimulated by contact with the appropriate antigen on the surface of a
pathogen, the primed CD8 T cell secretes destructive
proteases and cytotoxins such as perforin and granzymes. Stimulated CD8 cells also secrete other cytokines, including interferon-gamma (IFN-gamma) and
tumor necrosis factor (TNF-alpha and TNF-beta), which
can help destroy viruses and pathogens and stimulate
other immune cells.
Cytokine Activation of Macrophages
The primary cytokine that activates macrophages is
IFN-gamma. TH1 cells activate macrophages by secreting IFN-gamma and other cytokines that assist IFNgamma, including TNF and granulocyte macrophagecolony stimulating factor (GM-CSF). The activated
macrophage then produces a wide variety of cytokine
and noncytokine compounds, including free radicals,
proteases, TNF, IL-1, and IL-6. Some of these stimulate
other immune cells, and some destroy pathogens.

ROLE OF IMMUNE CELLS IN CANCER
Immune cells can destroy cancer cells within a tumor
and also cancer cells that are metastasizing. T cells appear to play the largest role in the destruction of tumor
cells, and macrophages and NK cells do the same in the
destruction of metastasizing cells.

T Cells and Cancer
Although T cells are important in destroying cancer
cells within a tumor, to be effective they require adequate antigen presentation. For this reason, T cells rely
on antigen-presenting cells such as macrophages and
dendritic cells. Since tumor cells often disrupt the mechanics of antigen presentation, they are able to evade
T-cell recognition. Evasion of the immune response is
discussed in more detail below.

NK Cells and Cancer
Natural killer (NK) cells are large, specialized, non-T,
non-B lymphocytes. NK cells were discovered in the
mid-1970s and constitute up to 15 percent of the total
lymphocyte population in healthy subjects. They are
capable of killing a broad range of human solid tumor,
leukemic, and virus-infected cells. Depressed NK cell
activity and depressed NK cell populations appear to be
associated with the development and progression of cancer, as well as AIDS, chronic fatigue syndrome, psychiatric depression, various immunodeficiency syndromes,
and certain autoimmune diseases.
NK cells may present the first line of defense against
metastatic spread of tumors. In animal experiments, low
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NK cell populations have been associated with greater
survival of injected cancer cells and increased development of lung metastasis. Correction of the NK cell
population restored resistance.3–6 In human studies, patients with solid tumors commonly have diminished NK
cell activity, but the association between low NK cell
activity and metastatic spread is not so strong as in animals. This lack of correlation, however, may be due in
part to the fact that most clinical studies of immunostimulants that affect NK cell activity were conducted
in patients with advanced cancers. Patients with early
stage cancers might be most likely to benefit from such
therapies.7

• Stimulation of macrophage activity has been associated with decreased tumor growth or decreased tumor incidence in animals.
Tumor-associated macrophages, however, have also
been reported to promote angiogenesis and tumor
growth (see Chapter 8). Since this negative effect may
be mediated in large part by immunosuppressive compounds secreted by tumor cells, it is reasonable to suppose that the most effective strategies for increasing the
antitumor effects of macrophages are those that include
both immunostimulants and agents that prevent immunosuppression.

NK cell activity appears to be a well-regulated system,
subject to both inhibitory and excitatory controls. Some
cytokines (interferons and IL-2) stimulate activity, while
prostaglandins such as PGE2 inhibit NK cell activity.8
Although the exact mechanisms that regulate NK cell
activity are still uncertain, recent research suggests that
newly identified receptors on NK cells may recognize
proteins similar to MHC class-I proteins on some tumor
cells.9 NK cells may also be activated by cells lacking
MHC class I molecules.

ROLE OF THE IMMUNE SYSTEM IN
CANCER PREVENTION

Macrophages and Cancer
Like NK cells, macrophages do not recognize foreign
antigens. In addition, they do not recognize selfproteins. Their activation mechanisms are poorly understood but may involve receptors for certain carbohydrates, complement, and other proteins. Although
bacterial products are among the most potent activators,
macrophages can also be activated by contact with tumor cells. Macrophages destroy foreign substances by
phagocytosis (ingestion); by secretion of proteases, hydrogen peroxide, or other enzymes or radical species; or
by secretion of certain cytokines, such as tumor necrosis
factor, as discussed above.
Macrophages may play an important role in the immune response to cancer. A good bit of evidence supports this hypothesis:10
• Macrophages accumulate in considerable numbers
within a variety of tumors, and they destroy a wide
variety of cancer cells in vitro.
• Treatments that suppress the function of macrophages have been associated with increased tumor
incidence and increased metastasis.
• Injection of activated macrophages into tumorbearing animals inhibits metastatic spread of some
tumor cell lines.

Some researchers believe the immune system plays a
critical role in preventing tumor development by searching out and destroying newly transformed cells. This
process, known as immune surveillance, was first proposed by Ehrlich in 1909, and is supported by the following observations that associate immune depression
with increased cancer risk:11,_12
• Children with immunodeficiency diseases have increased rates of lymphoma, leukemia, and Hodgkin’s
disease.
• Approximately 40 percent of patients with immunosuppression caused by the human immunodeficiency
virus (HIV) are likely to develop cancer. Common
cancers include Kaposi’s sarcoma, non-Hodgkin’s
lymphoma, cervical cancer, and Hodgkin’s disease.
• In organ transplant patients who receive immunosuppressive drugs, the incidence of malignancies is
increased about 3-fold. In some studies on kidney
transplant patients, the incidence of cancer has been
observed to be 7-fold higher than in the general
population. Commonly, these malignancies include
Kaposi’s sarcoma, non-Hodgkin’s lymphoma, sarcoma, and cancers of the skin, kidney, cervix, and
liver.
• Cancer risk increases with the duration of immunosuppressive treatment. In a study of heart transplant
patients, cancer incidence increased 3-fold after one
year of immunosuppressive treatment and 26-fold after five years. In some patients, regression of Kaposi’s sarcoma and lymphoma was observed after
immunosuppressive therapy ceased.
• Patients with autoimmune diseases treated with immunosuppressive therapy show increased incidence
of acute leukemia, lymphoma, liver cancer, bladder
cancer, and skin cancer.
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Immunosuppressed patients appear to have a disproportionately high incidence of certain malignancies,
such as skin cancers, Kaposi’s sarcoma, lymphoma, and
acute leukemia. Relatively few of the more common
malignancies like breast and lung cancer are seen. This
difference may be due to the longer latency period (15 to
20 years or more) of those tumors less apt to develop.
Immunosuppressed patients may simply succumb to
faster-developing tumors, or infections, before other
slow-growing tumors can develop.
An alternate and more likely explanation for this disproportion is that cancers commonly associated with
immunosuppressed states are virally induced, or they
originate in the immune system itself. Accordingly, the
problem is that the immune system fails to destroy viruses that cause or assist the development of cancer
rather than that it fails to destroy tumor cells. In some
cases, viruses can interfere with the p53 tumor suppressor gene or can activate oncogenes. A number of human
viruses are associated with increased risk of cancer.
These include the Epstein-Barr virus (EBV), which has
been associated with nasopharyngeal cancer and various
lymphomas and leukemias. They also include human Tcell leukemia virus type I (HTLV-I), hepatitis B virus
(HBV), human papilloma virus (HPV), and several herpes viruses (herpes virus 2, 6, 8, and 16), which have
been associated with adult T-cell leukemia, liver cancer,
cervical cancer, oral squamous cell carcinoma, nasopharyngeal cancer, Kaposi’s sarcoma, multiple myeloma, lymphoma, Hodgkin’s disease, oral squamous
cell carcinoma, or penile cancer.13–19
Tumors of viral origin are sometimes referred to as
“opportunistic” tumors, in reference to the “opportunistic infections” of immunosuppressed individuals. For
example, the short induction time of Kaposi’s sarcoma
and lymphoma in immunosuppressed patients may reflect a virally induced opportunistic tumor. In organ
transplant patients, whose immune systems are purposefully suppressed by drugs to avoid organ rejection, Kaposi’s sarcoma appears, on average, within 20 months of
transplant, and lymphoma appears, on average, within
34 months. This is in contrast to the 10- to 20-year period during which most solid tumors develop.
The immune system, then, may play a role in cancer
prevention by destroying cancer cells soon after they
arise or by destroying viruses that lead to cancer or both.
It stands to reason that maintaining a healthy immune
system will help prevent cancer.
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IMMUNE SYSTEM IN CANCER
TREATMENT
The immune system’s postulated role in preventing
cancer by destroying cancer cells, along with other evidence, tells us it can also help destroy cells of established cancers. Its ability to do so, referred to as
antitumor immunity, involves both the innate and adaptive immune systems. For example, recent evidence
suggests the immune system may be capable of detecting the protein products of oncogenes on the cell surface; immune responses to the HER-2/neu protein and
mutated ras and p53 gene products have been reported.20,_21 In addition, antibodies against the patient’s
own tumor have been identified in the sera of some patients with soft-tissue sarcoma, malignant melanoma,
ovarian carcinoma, and lung cancer.22
The degree to which the immune system can destroy
established cancers, however, has not been established.
In general, the immune system may be more effective
against small tumors and metastatic spread than against
established solid tumors. What is clear is that the success of the immune system is severely hampered by the
ability of tumors to evade immunologic reactions, a
problem now discussed in more detail.

Immune Evasion by Tumors
The immune system must recognize a cancer cell as
foreign before it can be destroyed. If the immune system is able to recognize a substance as foreign, that substance is referred to as being antigenic. One might
expect the immune system to have trouble recognizing
tumors as foreign, but in fact most tumor cells appear to
be strongly antigenic. Unfortunately, recognition of a
foreign substance does not necessarily ensure that an
immune reaction will take place. Although most human
tumor cells are apparently strongly antigenic, they are
only weakly immunogenic. (The ability of a foreign
substance to evoke an immunologic reaction in a host is
called its immunogenicity.) Therefore, rejection of the
tumor is difficult, even with a fully functioning immune
system. Recent investigations have reported that a few
cancers, such as melanoma and kidney cancer, are more
strongly immunogenic, but even these often escape destruction by the immune system. The low immunogenicity of most tumors may be due to their ability to
successfully evade immune attack.
Immune evasion can occur through one or more of the
following mechanisms:23,_24,_25
• Modulation of surface proteins. Tumor cells can
evade immune cell recognition by reducing their ex-
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pression of MHC molecules, adhesion molecules, or
co-stimulatory molecules.
• Antigenic modulation. Antigenic modulation occurs
when the tumor cell loses its surface antigens upon
exposure to specific antibodies. In addition, contact
between surface antigen and antibody may induce
some cancer cells to absorb and degrade the antigenantibody complex, leaving fewer ways for immune
cells to recognize the cancer cell as foreign.
• Induced immunosuppression. Cancer patients are
frequently immunosuppressed, a condition that can
sometimes be corrected by removing the bulk of the
tumor. There are a variety of ways tumor cells can
induce local or systemic immunosuppression. One
method is through the excessive production and
shedding of antigens; the shed antigens combine with
antibodies to form antigen-antibody complexes. This
initially stimulates the immune system but in excess
eventually overwhelms and suppresses it. Circulating immune complexes are elevated in many forms
of cancer and have been suggested as potential tumor
markers.26 Tumors, or the immune cells they attract,
can also locally produce immunosuppressive substances such as PGE2, TGF-beta, IL-10, and others.12,_27 In addition, unspecified substances produced by tumors can impair the function of the T-cell
receptor complex.11,_28
• Shedding of surface receptors. Some tumor cells
shed their receptors for TNF. As a result, TNF is unable to bind to the cell and destroy it. The shed receptors can also bind with TNF, thus preventing it
from reaching other tumor cells.
Whatever the exact cause, patients with advanced cancers of any type frequently exhibit nonspecific defects in
both innate and adaptive immunity. According to a recent study, they may also experience specific defects in
immunity, such as lack of responsiveness of CD8 T cells
to the tumor antigens present.29 This finding supports
the hypothesis that the immune system is able to recognize and respond to cancer cell antigens, even though
this ability can be undermined.

Use of Immunotherapy in Conventional
Cancer Medicine
We now look at how immunotherapy has been used in
conventional cancer medicine. From this discussion, we
obtain ideas on how natural compounds might be used
to produce some of the same effects on the immune system, and we also see how the use of natural compounds
differs from that of most conventional immunotherapy
agents. The primary distinction between conventional
immunotherapy agents and natural immunostimulant
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compounds is that the former tend to be cells or cytokines activated or generated outside the body, then injected into it, whereas the natural compounds cause the
body to produce its own activated cells and cytokines.
Still, the research showing that externally administered
cells or cytokines can have an effect on cancer implies
that natural compounds have the potential to produce the
same effect.
The majority of human cancers exhibit low immunogenicity, probably due to one or more of the immuneevading mechanisms described earlier. This does not
mean, however, that immunotherapy is necessarily ineffective against them. Conventional immunotherapy can
be divided into two categories, active and passive, each
discussed below. In general, conventional immunotherapy in humans is most effective in patients with a relatively healthy immune system and a low tumor burden
(i.e., at an early stage of malignancy).

Active Immunotherapy
The term active immunotherapy refers to methods that
directly stimulate an immune response by the body. In
conventional medicine, this is often accomplished
through immunization with damaged (nonviable) tumor
cells or by injection of bacterial antigens, such as microbial agents. Examples of this type of therapy are the
administration of Coley’s toxins and the BCG bacterial
product. (Recall that macrophages are activated by bacterial antigens.)
The clinical role of active immunotherapy as a sole
agent may be limited, since prior to therapy the patient’s
immune system has had ample time to recognize and
react to tumor antigens. Nonetheless, the use of various
active immunotherapy agents has had some limited success in treating patients with osteosarcoma, leukemia,
lymphoma, melanoma, and lung, kidney, bladder, ovarian, colon, and breast cancer.30–33 Kidney cancer and
melanoma exhibit the greatest immunogenicity and may
respond better to active immunotherapy than other cancers. Also, transitional cell carcinoma of the bladder
responds well to BCG bacterial products.34 (In this case,
the bacterial products are applied directly to the tumor.)
In general, however, tumor-induced immunosuppression
must be removed or reduced for active immunization to
be successful.

Passive Immunotherapy
Passive immunotherapy refers to administration of
agents that passively increase immune activity. Passive
immunotherapy includes administration of serum or
immune cells from immunized animals; administration
of cloned antibodies; and administration of cloned im-
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mune cells and cytokines. Of these, passive immunotherapy with cloned immune cells or cytokines or both
seems the most promising.
Two types of cloned cells have been investigated: tumor-infiltrating lymphocytes (TIL) and lymphokineactivated killer (LAK) cells. TIL therapy involves removing the T lymphocytes that migrate into solid tumors, cloning and activating them with IL-2, and then
re-injecting them into the patient. The idea is that the T
cells taken from inside the tumor, and their subsequent
clones, are already sensitized to the tumor. TIL therapy
has had some success against melanoma. LAK cell
therapy is similar to TIL therapy, except that NK cells
are used and the cells are obtained from the general circulation rather than from inside the tumor. LAK cells
act similar to but are more active than NK cells. The
cloning and activation of LAK cells in culture is made
possible by the administration of IL-2.
Generating TIL and LAK cells and then injecting them
into the body has relevance to the use of natural immunostimulant compounds, since both involve using cytokines to activate immune cells (one outside the body and
one inside). As discussed in Chapter 12, a number of
natural compounds increase production of IL-2, interferons, and other cytokines. Administration of these
cytokines in their pure form can modestly affect some
cancers (see below), and it seems reasonable that increasing their internal production using natural compounds will also modestly affect some cancers. It is also
reasonable to suppose that the anticancer effects will be
greater when these compounds are combined with ones
that inhibit immune evasion and those that deter cancer
by other means, such as inhibition of signal transduction.
Treatment with IL-2
A number of clinical trials have administered IL-2
alone or in combination with LAK cells.35–39 Although
IL-2 immune stimulation holds promise, so far the results have been modest. In past studies, the average total response rate has been roughly 20 to 30 percent, with
the majority of these partial responses. For example, IL2, with or without LAK cells, produced a response in up
to 30 percent of patients with kidney cancer, but only 5
to 10 percent achieved long-lasting complete responses.41 The clinical gains were modest in spite of the
fact that immune function, as measured by NK cell activity, was successfully stimulated in the majority of
patients.36,_38 This again suggests that to obtain optimal
clinical results, it may be necessary to combine immunotherapy with other anticancer therapies, including therapies that limit immune evasion.
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Although IL-2 is a naturally occurring substance in the
body, its use at high concentration produces serious,
sometimes life-threatening, adverse effects. These effects are apparently due partly to increases in capillary
permeability caused by IL-2. However, newer approaches, employing lower doses of IL-2 given intravenously or subcutaneously, may circumvent some of
these problems. These newer approaches more closely
mimic the increase in IL-2 concentrations that would be
produced by the use of natural compounds (i.e., more
gradual increases and lower peak concentrations).
Treatment with Interferons
Interferons (IFNs) have been the most extensively
studied cytokines in cancer treatment. As a group, interferons affect a wide array of immunological functions.
They mediate antiviral and antimicrobial activity, stimulate or inhibit leukocyte proliferation, suppress oncogenes, enhance tumor antigen expression, suppress
angiogenesis, and augment the activity of NK cells, T
lymphocytes, and macrophages. Interferons and tumor
necrosis factor (TNF) also increase the burning of body
fat stores, possibly to release energy reserves from fat
cells for the immune system to use. In this capacity,
they play a role in the development of cachexia (tissue
wasting disease). Although this is a drawback to their
use, interferons still produce an anticancer effect at tolerable doses.
Interferons have been effective against some nonsolid
tumors such as hairy cell leukemia (85 percent response
rate), chronic myelogenous leukemia (75 percent), and
nodular lymphoma (45 percent).40 Injections are usually
administered daily for prolonged periods. Interferons
are ineffective against chronic lymphocytic leukemia
and multiple myeloma, but in the latter, administration
of interferons may prolong the duration of chemotherapy-induced remission. Solid tumors respond less favorably to interferon therapy. Responses have been
observed in Kaposi’s sarcoma (33 percent response
rate), brain cancer (40 percent), gastrointestinal cancers
(20 percent), melanoma (15 percent), and kidney cancers
(20 percent). As with IL-2, most of these responses
were partial. In the case of kidney cancer, only about 3
to 5 percent of patients achieve long-lasting complete
responses.41 Local injection, as opposed to systemic
therapy, has been used with some success against basal
cell carcinoma (75 percent response rate), bladder cancer (40 percent), and ovarian cancer (45 percent).
Although life-threatening complications are rare from
interferon administration, quality of life is commonly
impaired because of fever, chills, headache, fatigue, anorexia, nausea, and other side effects. Some of these side
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effects may be due to increased secretion of tumor necrosis factor by stimulated macrophages.
Treatment with Multiple Cytokines
The results of clinical trials using individual cytokines
such as IL-2 have been modest. Recent studies, however, have employed cocktails of cytokines and chemotherapy agents and the results of these trials are more
promising. For example, studies have reported that the
combination of chemotherapy with IL-2 and IFN-alpha
produced responses in more than 50 percent of patients
with metastatic melanoma, and approximately 10 percent achieved long-lasting complete responses.42,_43 This
again supports the concept that combinations of natural
compounds that both stimulate the immune system and
inhibit cancer by other means may be most effective.
Importantly, natural immunostimulant compounds tend
to stimulate a broad-based increase in cytokine production (see Chapter 12). Production of interleukins, interferons, and colony-stimulating factors may all be
increased. In this way, such immunostimulants may
naturally produce their own cocktail of cancer-fighting
compounds.

CONCLUSION
The immune response to cancer consists of two arms:
the innate immune response, which does not depend on
tumor antigens, and the adaptive immune response,
which does. Cells of the immune system communicate
with and stimulate one another by transient docking and
secretion of cytokines. Some of these cytokines have
been produced in the laboratory and tested for their anticancer effects. Results with individual cytokines have
been moderate, due partly to the ability of cancer cells to
evade an immune response. It is likely the best results
from immunotherapy will occur when immunostimulants are used in combination with compounds that prevent immune evasion, as well as in combination with
those that inhibit cancer by other means. Natural compounds can, when used together, increase cytokine production, stimulate immune activity, and reduce the
production or activity of compounds that allow immune
evasion.
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NATURAL COMPOUNDS THAT AFFECT THE IMMUNE
SYSTEM
We have looked at how the immune system functions,
how it may affect or be affected by cancer, and how its
ability to find and destroy cancer cells is hindered by
their evasion techniques. We saw also that regulation of
immune cells happens largely through the release of
various cytokines and that cytokines, especially interleukin-2 (IL-2) and interferons, have some value as anticancer agents. In this chapter, we examine natural
compounds that can support or stimulate the immune
system, and in this way may be useful in cancer treatment.
Compounds that support the immune system do so by
providing proper nutrition to immune cells or by acting
as antioxidants or both. (Immune cells such as macrophages require large amounts of antioxidants for protection from the free radicals they generate.) Some natural
compounds also help the immune system by providing a
regulatory influence, thereby normalizing the extremes
in activity found in diseases like cancer. Compounds
that stimulate the immune system often do so by increasing the production of cytokines, including IL-2 and
interferons, but may act in other ways as well. These
natural compounds tend to increase production of a
broad range of cytokines
We also look at natural compounds that can cause immunosuppression. It is important to consider compounds with this characteristic because they could
conceivably interfere with immunotherapy and, paradoxically, because many also produce anti-inflammatory
or other effects that may inhibit cancer. For example,
natural compounds that inhibit NF-κB activity can reduce the production of tumor necrosis factor. These
compounds are potentially detrimental in that they could
reduce the ability of immune cells to produce TNF,
thereby interfering with an immune response. On the
other hand, they are potentially beneficial in that they
could reduce TNF-induced inflammation and angiogenesis, as well as NF-κB-mediated cell proliferation.
Moreover, most natural compounds that inhibit NF-κB
activity also inhibit PGE2 production (compare Tables
5.2 and 8.2). Since PGE2 is an immunosuppressive
compound that helps cancer cells evade immune attack,
these compounds could actually help the immune system attack cancer and thus work with immune stimulants to inhibit it.
This book does not resolve all the possible conflicts
between using natural compounds that inhibit aspects of

the immune system and those that stimulate it. The effects of and interactions between both types of compounds are complex, and their final effect when used
together will depend on many factors, not the least of
which is the final mix of cytokines produced. Although
additional research is needed to determine the optimal
ways these types of compounds could be used in combination, it seems likely their concurrent use would be
beneficial in most cases, as is discussed later.

NATURAL COMPOUNDS THAT
STIMULATE AND/OR SUPPORT THE
IMMUNE SYSTEM
A large number of natural compounds can stimulate or
support the immune system or do both. A selected list
of some of the major compounds is provided in Table
12.1. Note that many other natural compounds discussed in this book (and many not included) could act as
immunostimulants or supportive agents. For example,
CAPE has been reported to increase the susceptibility of
tumor cells to NK cell attack and induce expression of
tumor-associated antigens on human melanoma and
brain cancer cells lines in vitro.1,_2 As another example,
oral administration of proanthocyanidins to mice has
increased NK cell cytotoxicity and enhanced ex-vivo IL2 production by immune cells.3 Even though not
comprehensive, Table 12.1 does include many of the
well-known natural immunostimulants and supportive
compounds. Reference books that discuss additional
natural compounds with these effects are cited in Chapter 16.
In addition to stimulating the immune system, we must
also inhibit immune evasion. One primary way cancer
cells evade immune attack is by producing excessive
amounts of immunosuppressive substances like PGE2
and immunosuppressive cytokines, such as transforming
growth factor-beta and IL-10. Natural compounds that
reduce production of TGF-beta and/or IL-10 include
PSK and other polysaccharides, proanthocyanidins,
omega-3 fatty acids, monoterpenes, and vitamin E 3–11
In addition, protein kinase inhibitors like genistein can
reduce the signaling effects of IL-10.12 Natural compounds that inhibit PGE2 production include omega-3
fatty acids and other compounds discussed in Chapter 8
(see Table 8.2). Lastly, compounds that reduce vascular
endothelial growth factor production (see Chapter 8)
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TABLE 12.1 NATURAL COMPOUNDS THAT ASSIST
THE IMMUNE SYSTEM

themselves also include compounds from both families, as is the case with Eleutherococcus and ginseng.

HERBAL IMMUNOSTIMULANT COMPOUNDS
Astragalus membranaceus
Eleutherococcus senticosus
Ganoderma lucidum
Panax ginseng
Shiitake (Lentinus edodes), PSK, and other mushroom
polysaccharides
ANTIOXIDANTS AND NUTRITIONAL COMPOUNDS
Glutamine
Glutathione-enhancing compounds (i.e., most antioxidants)
Selenium
Vitamin C
Vitamin E
OTHER COMPOUNDS
Bromelain and other enzymes
Melatonin

The mechanisms by which herbal compounds exert
their immunostimulant effects are not well understood, but often they include the production of immunostimulating cytokines or modulation of
cytokine effects. For example, Astragalus polysaccharides have been reported to potentiate the in-vitro
antitumor cytotoxicity of lymphokine-activated killer
cells generated with low-dose IL-2. The exact
mechanism was uncertain but could have been due to
Astragalus-induced increases in IL-2 receptor expression on the LAK cells, or some other form of
increased IL-2 binding.14 As another example, one
study reported that Ganoderma polysaccharides increased production of cytokines by macrophages and
T cells and increased the cytotoxic effect of macrophages against leukemia cells in vitro. The cytokines
that were increased included IL-1, IL-6, TNF, and
interferon-gamma.15 Lastly, these compounds may
work synergistically with IL-2 itself or possibly other
natural compounds that increase IL-2 production.
For example, a synergistic antimetastatic effect was seen
when IL-2 was combined with the mushroom polysaccharide lentinan in mice. Little effect on metastasis occurred with either agent alone, but an 85 percent
reduction was observed when the compounds were combined.16

Note: See Table H.1 in Appendix H for details and references.

may limit immune evasion by cancer cells. In addition
to its role in increasing vascular permeability, VEGF
may also impede maturation of dendritic cells and
thereby reduce the presentation of tumor antigens to
lymphocytes.13 Thus, between compounds that stimulate and/or support the immune system and those that
limit immune evasion, we see that a large number, if not
the majority of compounds discussed in this book, could
affect tumor progression via immune-mediated mechanisms.
The compounds listed in Table 12.1 are divided into
three categories: herbal immunostimulant compounds,
antioxidants and nutritional compounds, and others.
After discussing them, we look at some Chinese studies
that have used herbal immunostimulants in cancer
treatment.

Regardless of their exact modes of action, the final result of these herbal compounds is stimulation of both the
innate and adaptive immune responses. As would be
expected, these compounds produce antitumor effects in
rodents. In humans, PSK has been the most extensively
studied, and results suggest it may be useful in preventing recurrence after surgical removal of some tumors
(see Chapter 16).

Antioxidants and Nutritional Support
Herbal Immunostimulant Compounds
The (probable) active ingredients of the herbal compounds in Table 12.1 tend to fall into a limited number
of chemical families; one of these is high-molecularweight polysaccharides, which are large sugar molecules. Natural compounds containing them include Astragalus, Ganoderma, Eleutherococcus, and PSK. A
second family of immunostimulating compounds is the
saponins. Natural compounds with these are Eleutherococcus and ginseng. It is tempting to speculate that the
most effective combinations of herbal immune stimulants will contain compounds from both families, and in
fact, most multiherb, immunostimulating formulas used
in Chinese herbal medicine do have both. Some herbs

The second category in Table 12.1 is compounds that
are antioxidants or provide nutritional support. All cells
need proper nutrition to function optimally, and immune
cells are no exception. Although these require a variety
of micro- and macronutrients, we focus here on a select
few nutrients that have been extensively studied. In particular, several antioxidant vitamins appear to support
immune function; when their levels are low, immune
function can be hampered. Animal and human studies
have reported that vitamins C and E support immune
function through a number of mechanisms. For example, immune cells produce various noxious compounds,
including reactive oxygen species (ROS) and reactive
nitrogen species; antioxidants may help protect immune
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cells from self-destruction caused by the release of these
compounds.
Antioxidants may also support immune function via
their effects on intracellular glutathione levels. Glutathione plays an important role in immune function for
three reasons. First, as a primary intracellular antioxidant, adequate glutathione is needed to protect the cell.
Second, adequate glutathione levels are necessary for
optimal T-cell activation by IL-2.17 Third, high glutathione levels inhibit cellular production of PGE2, an
immunosuppressive substance.18 Glutamine, listed in
the table, induces glutathione synthesis and in addition
can support immune function by acting as a fuel for immune cells. Antioxidants can also increase glutathione
concentrations.
Lastly, selenium can support immune function. Selenium is not an antioxidant itself, but it is a crucial component of the antioxidant enzyme glutathione
peroxidase. It therefore assists in the antioxidant effects
of glutathione (see Figure 5.2). Moreover, either because of its influence on glutathione or through other
means, selenium can enhance the expression of IL-2
receptors on immune cells.19,_20,_21

Other Compounds
Bromelain and melatonin act by somewhat different
means than the other compounds listed. Bromelain’s
action is especially intriguing, since it appears to have a
regulatory effect on the immune system that is mediated
by a number of contradictory mechanisms.

Bromelain and Other Proteolytic Enzymes
Bromelain and other proteolytic (protein degrading)
enzymes such as papain (from papaya) and trypsin and
chymotrypsin (produced in the digestive tract) have been
proposed as potential anticancer agents. These enzymes
may affect cancer by a number of mechanisms, but one
of the most important is through immune modification.
Rather than being immune stimulants, proteolytic enzymes are considered immune regulators. They tend to
bolster aspects of the immune system that are underactive and hinder aspects that are overactive.22 For example, one study reported that oral administration of six
bromelain tablets per day for 10 days corrected deficient
macrophage activity in patients with breast cancer. In
contrast, less of an effect on macrophage activity was
seen in healthy subjects.23 These enzymes have also
produced anti-inflammatory and anti-edema effects, especially in acute conditions.24–31
This regulatory function is very useful, since either insufficient or excessive immune activity can reduce the
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body’s ability to fight cancer. Immune dysregulation
can lead to other adverse effects. For example, overproduction of TNF can lead to cachexia (tissue wasting), a
potentially fatal condition associated with some types of
cancer. Seven mechanisms by which proteolytic enzymes regulate the immune system are discussed below.
Digestion of Surface Proteins
Proteolytic enzymes like bromelain and trypsin can digest cell surface proteins, including CD4, CD8, and
CD44, all of which are important regulators of immune
response.32–35 Recall that CD44 binds to components of
the extracellular matrix (specifically, hyaluronic acid)
and facilitates the invasion of tumor cells and the migration of immune cells (see Chapter 9). CD44, CD4, and
CD8 also are involved in T-cell stimulation and IL-2
release (discussed in Chapter 11). Although this may
help explain some of bromelain’s anti-inflammatory
effects, bromelain can also enhance T-cell activation, by
up to 325 percent in some cases, an event that appears to
be mediated through CD2-induced T-cell stimulation.33,_35,_36 CD2, a cell adhesion molecule that helps T
cells dock with antigen-presenting cells, is not digested
by bromelain.
Increased Alpha2-Macroglobulin Production
Alpha2-macroglobulin is a large protein present in human serum; it is produced in the liver in response to
high blood levels of proteolytic enzymes, which are
found after administration of bromelain or other enzymes. It is also produced by macrophages in response
to high tissues levels of proteolytic enzymes, like those
found at inflammation sites. It has four actions that may
affect the immune system and cancer.
First, it reduces tissue destruction by binding to endogenous proteases, such as plasmin, collagenase, elastase, and trypsin, and hastening their removal from the
body.37 Macroglobulin-protease complexes in the blood
are removed by the liver, and complexes in inflamed
tissues are removed by local macrophages. In regard to
cancer, the binding and removal of plasmin and other
proteases in inflamed areas by alpha2-macroglobulin
may inhibit cancer by limiting protease-dependent tumor
cell invasion. Moreover, removal of proteases can also
reduce protease destruction of cytokines, resulting in a
greater concentration of cytokines and greater immune
activity.
Second, alpha2-macroglobulin transports and in some
cases facilitates the removal of cytokines and growth
factors.38,_39 In this way, alpha2-macroglobulin may
regulate cytokine activity and the immune response.
The alpha2-macroglobulin molecule actually has two
binding sites. Binding by a protease to the first site acti-
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vates the molecule for fast removal from the body. The
second site can then bind either another protease or a
cytokine or growth factor. For example, IL-2 appears to
compete effectively with trypsin for binding to the second site, and removal of IL-2 by trypsin-stimulated
alpha2-macroglobulin may explain the immunosuppressive effects of this complex.40–43
The third action of alpha2-macroglobulin that may affect the immune system or cancer is that it binds other
proteins besides proteinases, cytokines, and growth factors. In particular, it binds antigens. The removal of
alpha2-macroglobulin and associated antigens by local
macrophages can increase by more than 100-fold the
ability of macrophages to present antigens to T cells. In
this way, alpha2-macroglobulin may stimulate T-cell
activity.
Lastly, alpha2-macroglobulin directly stimulates
macrophage activity. It appears there may be two distinct receptor sites on macrophages for alpha2macroglobulin; binding to the first controls alpha2macroglobulin uptake, and binding to the second stimulates macrophage activity.44
To sum up, orally administered enzymes increase production of alpha2-macroglobulin. This may result in
increased removal of proteases and cytokines, decreased
destruction of cytokines by free proteases, increased
antigen presentation to T cells, and increased macrophage stimulation.
The final result of alpha2macroglobulin induction by orally administered enzymes appears to be immunoregulatory, either stimulating or inhibiting aspects of the immune system as
needed.
Cytokine Production
In addition to affecting cytokine concentrations via alpha2-macroglobulin production, a variety of proteolytic
enzymes also stimulate cytokine production. The
mechanisms involved are uncertain, but one possible
explanation is that many cytokines, including TGF-beta
and IL-1, are secreted from immune cells as inactive
precursor molecules. Activation of these precursors is
accomplished by proteolytic enzymes.38,_45 In-vitro
studies have reported that bromelain, papain, and a
polyenzyme preparation (Wobenzym) all increased production of TNF, IL-1, and IL-6 by immune cells.46–49
Of the three, bromelain was the most effective at increasing TNF production. Similar effects were seen
after oral administration of the enzymes. Other studies
have also reported that proteolytic enzymes can increase
cytokine production in vitro and in vivo.22,_50,_51
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Digestion of Immune Complexes
One way that cancer cells evade immune attack is
through excessive shedding of surface antigens (see
Chapter 11). When antibodies contact these antigens,
they combine to form antigen-antibody complexes. Excessive formation of these complexes can induce immunosuppression by hindering macrophage-mediated
immunity, by causing cells to secrete immunosuppressive substances (for example, PGE2), and by other
means.52,_53 In addition to cancer, excessive production
of immune complexes is also common in viral infections
and autoimmune disorders.22 Enzymes can digest immune complexes in vivo and may prevent immunosuppression. For example, intraperitoneal administration of
the enzyme chymopapain has been reported to reduce
immune complex concentrations in rodents.54,_55
Digestion of Fibrin
Tumors consist of cancer cells and immune cells embedded in a fibrin stroma; this stroma coats cancer cells
and can inhibit immune cell recognition. Accordingly,
proteolytic enzymes that increase fibrinolysis may improve immune cell destruction. Although the fibrinolytic effect of enzymes is diminished by binding
with alpha2-macroglobulin, some enzymes like bromelain contain components that induce plasmin production
and therefore still produce a small fibrinolytic effect in
vivo.28,_56–59 Other investigators report a fibrinolytic
effect by bromelain in vitro but not in vivo.60
Shedding of TNF Receptors
Cytokines such as TNF can induce production of their
matching receptors in cells they contact. Although this
is healthy in a normal immune response, in an excessive
one it can lead to further tissue destruction and inflammation. Proteolytic enzymes counteract this process by
inducing cells to shed cytokine receptors.22
Signal Transduction
Recently it has been reported that bromelain and other
proteolytic enzymes can affect signal transduction in T
cells. For example, bromelain can block the activation
of kinases such as ERK-2, which are involved in the
transduction of signals originating from T-cell receptors
on the surface of T cells.61
Summary of Regulatory Function
We have seen that bromelain and other proteolytic enzymes may produce both immunostimulatory and immunosuppressive effects. The overall effect of enzyme
therapy on the immune system tends to be regulatory
rather than strictly stimulatory or suppressive, as summarized in Table 12.2. Although their effects are com-
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TABLE 12.2 SUMMARY OF THE EFFECTS OF ENZYME THERAPY ON THE IMMUNE SYSTEM
ACTION
Digestion of surface proteins such as CD44
Increased shedding of TNF receptors
Increased alpha2-macroglobulin production
Increased antigen presentation by macrophages
Direct stimulation of macrophage activity
Increased cytokine production
Digestion of immune complexes
Increased fibrinolysis

COMMENT
reduces immune cell migration and raises the
stimulation threshold of T cells
cells become less sensitive to TNF
numerous effects
increases T-cell activity
stimulation could occur via specific receptors
stimulates immune cells
allows macrophages to function properly
increases circulation in inflamed areas and may
expose tumor cells to immune attack

plex, there is growing evidence suggesting they can be
helpful in cancer treatment, as well as in treatment of
other conditions involving inflammation and immune
suppression. Preliminary evidence indicates that enzymes can produce antitumor effects in vivo after oral
administration (see Chapter 18).

Melatonin
Melatonin inhibits proliferation of breast cancer and
some other cell lines in vitro. It also inhibits a number
of cancer lines in animals, and human studies suggest it
may be beneficial in cancer treatment (see Chapter 22).
Although the exact mechanisms of action remain uncertain, a potential one is augmenting the anticancer effects
of IL-2. For example, one study reported that in 90 patients with advanced solid neoplasms, the combination
of low-dose IL-2 and melatonin (orally at 40 mg/day)
significantly increased proliferation of immune cells as
compared to IL-2 alone.62 High-dose IL-2 is associated
with significant adverse effects, and combining it with
melatonin may allow lower, less toxic doses of IL-2 to
be used without compromising its immunologic effects.
Melatonin alone has no effect on the number of immune
cells and requires the presence of IL-2 to produce an
immune effect. The targets of melatonin activity appear
to be helper T lymphocytes and macrophages, both of
which are affected by IL-2.63
The relationship between melatonin and IL-2 is complex.64 Both compounds are produced more abundantly
at night, may affect one another, and are often abnormal
in cancer patients.65,_66,_67 For example, in a study on
seven patients with advanced small-cell lung cancer, no
patients had normal light-dark rhythms of melatonin
secretion; however, administering IL-2 produced a normal melatonin rhythm in four of them.
Although the combination has not been investigated in
human trials, it may be possible to combine melatonin

EFFECT
immunosuppressive
immunosuppressive
immunosuppressive and
immunostimulatory
immunostimulatory
immunostimulatory
immunostimulatory
immunostimulatory
immunostimulatory

with Astragalus or other natural compounds that induce
IL-2 production to produce clinical benefits.

CLINICAL STUDIES WITH CHINESE
HERBAL FORMULAS
No discussion on using natural immunostimulant compounds in cancer therapy would be complete without
some consideration of the many clinical studies that
have been done in China. Studies have been conducted
on the combined use of chemotherapy and Chinese
herbal medicine, as well as on the anticancer use of Chinese herbal medicine alone. The majority of herbal
formulas used in the Chinese studies were composed
primarily of immunostimulant herbs such as those in
Table 12.1 (for example, most formulas included Astragalus or ginseng or both). In Chinese herbal medicine,
most of these herbs are considered tonics for the qi, or
vital energy.a (For contents of the herbal formulas mentioned below, see Table H.2 in Appendix H; for more
information on the theory of using Chinese herbs in cancer treatment, see reference 68).
Unfortunately, the majority of the Chinese studies suffered design or reporting problems. None discussed
here was double-blinded. In some cases, results were
compared against historic controls rather than a randomized control group. If controls were provided, they often
were not chosen to match the extent of disease, performance status of the patient, or the type of conventional
treatment given. In many cases, the information published on the study agent, protocol, or results was inadequate to allow sufficient review. Therefore, the validity
of most of these results is questionable. Although I
omitted studies with particularly gross inadequacies, the
a

Herbs that in Chinese herbal medicine terms “clear heat,”
“regulate the blood,” “supplement the blood,” “supplement the
yin,” or “supplement the yang” are represented less frequently.
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studies taken together do suggest some beneficial effect
may be occurring, warranting additional investigation.

Colon Cancer
In a study of 176 patients with cancer of the digestive
tract who were undergoing chemotherapy, one group
received injections of Astragalus and Panax ginseng
extracts. The injections lessened the reduction in white
blood cell count and macrophage activity caused by the
chemotherapy and increased the patient’s body weight,
as compared to patients in the control group.69

Nasopharyngeal Cancer
In a study of 272 patients with nasopharyngeal cancer,
half were treated with radiation therapy and half with
radiation combined with the formula Yi Qi Yang Yin
Tang. The five-year relapse rate was 68 percent lower
for patients who received the combined therapy (12 percent versus 38 percent). Three- and five-year survival
rates also significantly improved in the group that had
the combined treatment (87 percent versus 66 percent at
three years, and 67 percent versus 48 percent at five
years).70
In a study on 197 patients with stage III and IV nasopharyngeal cancer, approximately half had radiotherapy
in combination with Formula #1, and half received radiotherapy alone. After one year, survival was 91 percent in the combined treatment group and 80 percent in
the one receiving only radiotherapy. After three years,
the survival rates were 67 percent and 33 percent respectively, and after five years, they were 52 percent and 24
percent.71,_72 Although Formula #1 contains Astragalus,
most of the others in the formula are ones that, in Chinese herbal medicine terms, “reduce blood stagnation.”

Liver Cancer
In a study on 124 medium-stage liver cancer patients
treated with radiotherapy in combination with the herbal
formula Si Jun Zi Tang, the five-year observed survival
rate was 43 percent.73 For purposes of rough (and not
statistically valid) comparison, the five-year relative
survival rate for liver cancer patients in the United States
is approximately 6 percent.

Lung Cancer
In a study of 40 patients with terminal lung cancer,
administration of the formula Fei Liu Ping resulted in
mean survival of 7.5 months, as compared to 6 months
in control patients treated with cytotoxic chemotherapy.
Body weight and immunologic indices were more nor-
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mal in the group treated with the formula and gastrointestinal and other toxicity reactions were reduced.74 The
formula is comprised of immunostimulant herbs and
herbs that, in the Chinese terms, “clear heat toxins.”

Stomach Cancer
In one study, 158 patients with late-stage, postoperative stomach cancer received both chemotherapy and
Formula #2. Some patients took the formula for more
than four years. The observed 5-year survival rate was
30 percent, with seven patients living longer than 11
years. The 10-year survival rate was 12 percent. Immunological studies of the survivors revealed an enhancement of both innate and adaptive immunity,
including an increase in NK cell function.75,_76 The formula contains primarily immunostimulant herbs and
ones that “clear heat toxins.”
Some of the better-designed Chinese studies were
conducted on the formula Pishen Fang, which contains a
number of herbs that have immunostimulant effects. In
a study of 81 patients with stage III stomach cancer who
received chemotherapy, those who also took the formula
experienced increased 5-year observed survival, as compared to controls (46 percent versus 20 percent). Digestive and bone marrow functions also improved.77
Pishen Fang was also investigated in 669 patients taking chemotherapy for late-stage stomach cancer. Of
these, 365 had radical surgical operations. The patients
were randomly divided into the treatment group (414
patients) that received the formula and the controls (255
patients). Improvements in body weight and appetite, as
well as reductions in nausea and vomiting, were observed in the group that took the formula. The white
blood cell count was depressed in 7 percent of the treatment group and in 33 percent of the controls. Macrophage activity increased 21 percent in the treatment
group over that of controls. Five-year observed survival
among 303 stage III and 63 stage IV patients who received followup were 53 percent and 10 percent respectively. After 10 years, 47 percent of the stage III
patients were still alive.78
One study on postoperative stomach cancer patients
followed 216 stage III and 110 stage IV patients who
received chemotherapy treatment. Approximately half
used the formula Pishen Fang. In the control group, 75
percent were able to finish the complete course of chemotherapy, as compared to 95 percent in the treatment
group. In addition, more patients in the treatment group
gained weight (23 percent versus 8 percent), fewer lost
weight (6 percent versus 14 percent), fewer lost their
appetites (10 percent versus 32 percent), and fewer suffered from vomiting (4 percent versus 12 percent).79,_80
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TABLE 12.3 OBSERVED SURVIVAL RATES FOR PATIENTS WITH STOMACH CANCER TREATED WITH
LI WEI HUA JIE TANG
PATIENT CLASS
Radical operation (N=76)
Palliative operation (N=177)
*

3-YEAR SURVIVAL RATE
(%)
61
44

5-YEAR SURVIVAL RATE
(%)
47*
23*

10-YEAR SURVIVAL
RATE (%)
18
5

The observed five-year survival rate for patients with radical operations treated with conventional therapy in China is reported to be
11% to 22%.

In a study of 81 stage III and IV stomach cancer patients treated with chemotherapy, approximately 75 percent received the formula Shen Xue Tang. After six
weeks of treatment, none of the patients taking the formula suffered from diarrhea, as compared to 33 percent
in the control group. Only 19 percent suffered from
vomiting as compared to 33 percent in the control group,
and 14 percent reported loss of appetite as compared
with 22 percent in the control group.81
In a study of 320 patients with stomach cancer treated
with both conventional medicine and the formula Li Wei
Hua Jie Tang, the observed survival rates were as listed
in Table 12.3.82
Lastly, one study on 39 patients with postsurgical gastrointestinal cancer who used the formula Shi Quan Da
Bu Tang reported that NK cell activity was markedly
elevated as compared to pretreatment levels.83

Other Studies
A study on 62 patients undergoing chemotherapy for
various cancers investigated the effects of the formula
Ye Qi Sheng Xue Tang on white blood cell count. Each
patient received two daily doses of the formula. During
the six-week trial, the patients who received the formula
before breakfast and lunch experienced a less drastic
decrease in white blood cell count than those who took
the formula before lunch and supper (11 percent versus
26 percent). The incidence of low white blood cell
count was also less frequent in the group that received
the formula before breakfast and lunch (13 percent versus 48 percent). The authors suggested the difference in
response between the two groups was due to the natural
circadian rhythm of DNA synthesis in bone marrow.
DNA synthesis is at a maximum in the morning, and
apparently, agents that stimulate the bone marrow may
be more effective if administered early in the day.84 NK
cell activity is also highest in the morning or early afternoon.85
In a study of 242 patients with a variety of cancers and
a Chinese medicine diagnosis of “qi vacuity” (low vital
energy), treatment with the formula Shen Xue Tang significantly improved a number of immune indices.

Macrophage activity improved 16 percent, helper Tlymphocyte populations increased 50 percent, and NKcell function increased 81 percent.86
In a study of 40 patients with various types of cancers
and depressed immune systems, administration of either
Astragalus or a saponin-containing immunostimulant
herb, Gynostemma pentaphyllum, increased lymphocyte
activity by 46 percent and 26 percent respectively, as
compared to pretreatment levels.87

NATURAL COMPOUNDS THAT
SUPPRESS THE IMMUNE SYSTEM
Many natural compounds I discuss have the potential
to inhibit aspects of the immune system. Although none
of these is generally considered a primary immunosuppressive agent, each can produce immunosuppression as
a secondary effect, at least under some circumstances.
Natural compounds can induce immunosuppression in
many ways, such as by reducing signal transduction
(immune cells need signal transduction to function),
reducing NF-κB activity, histamine release, vascular
permeability, and immune cell migration, as well as by
causing anti-inflammatory effects. The most potent
anti-inflammatory compounds tend to be those that reduce production of PGE2 or other inflammatory prostaglandins or leukotrienes. Taking all of these actions
into account, we can see that most compounds included
in this book have the potential to contribute to an immunosuppressive effect; however, earlier in this chapter we
also saw that most could also contribute to a stimulatory
effect. What is the overall effect of combinations on the
immune system and are some compounds are incompatible with others? Based on the information below, it
would seem that the compounds discussed in this book
are compatible and that combinations of them will generally facilitate an immune response and are desirable to
use.
Any immunosuppressive effects these compounds may
produce do not appear to interfere with their ability to
inhibit cancer progression in vivo, as attested to by the
many successful animal antitumor studies cited in Part
III. It is likely, in fact, that most of these compounds, at
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concentrations applicable to humans, produce relatively
mild effects on the immune system in comparison to
their effects on cancer. Because cancer cells rely on
such abnormal and excessive signals to function, they
are probably more susceptible than immune or other
normal cells to compounds that inhibit signal transduction and other events that rely on signal transduction (for
example, NF-κB activity and cell migration). As an
analogy, aspirin has a marked effect on body temperature when the temperature is abnormally high (in fever),
but relatively little effect when it is normal. In the same
way, it is reasonable to suppose that these natural compounds will generally have more effect on the abnormal
cellular activities found in cancer cells than they do on
the normal activities found in immune or other healthy
cells.
Concurrent use of immune stimulants and potential
immunosuppressive compounds also seems compatible
in that some of the latter actually increase the immune
response. For example, although inflammation is part of
the immune response, it can hinder the response when it
is excessive. This immunosuppressive effect is largely
due to excessive production of PGE2, although other
factors may play a role. Since most anti-inflammatory
compounds act by reducing PGE2 production, they have
the potential to increase immune cell activity. Indeed, a
recent review on impediments to successful immunotherapy emphasized that immunotherapy is unlikely to
be effective unless methods of immune escape by cancer
cells, such as the production of PGE2 and other immunosuppressive compounds, are addressed.88 Furthermore, one mouse study reported that a combination of
IL-2 and ibuprofen, an inhibitor of prostaglandin synthesis, was more effective in inhibiting metastasis of transplanted breast cancer cells than either agent alone.89
Note that non-steroidal anti-inflammatory drugs
(NSAIDs) such as aspirin and ibuprofen, which inhibit
prostaglandin synthesis and reduce inflammation, are
not necessarily contraindicated in patients with infections, even though these patients require an effective
immune system. Indeed, some NSAIDs can assist rodents to overcome some types of bacterial infections,
especially chronic ones.90–93,_a Moreover, the beneficial
effect produced by NSAIDs against infection can be
increased by administering immune-stimulating cytokines like interferons.94
Turning again to natural inhibitors of NF-κB, these
compounds reduce inflammation and TNF production
and in so doing may cause immunosuppression, but they
also tend to inhibit PGE2 production and thus may ina

In some cases, acute bacterial infections can be made worse by
NSAIDs, since these drugs do reduce the initial immune response.
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crease immune activity. Consider too the parallels between cancer treatment and treatment of patients with
the HIV virus. Both diseases are driven by excessive
NF-κB activity (although one could argue this is more
true for HIV). Also, both diseases are associated with
excessive ROS production, inflammation, and immunosuppression.95 What is interesting is that inhibitors of
NF-κB activity show promise in HIV treatment, in spite
of the fact these patients are immunosuppressed.96,_97 (In
this case, NF-κB inhibitors serve to reduce rather than
cause immunosuppression.) It seems possible that inhibitors of NF-κB could also be used in cancer patients
without causing significant immunosuppression.
We can now identify some of the natural compounds
with potential to cause immunosuppression. Inhibitors
of signal transduction were discussed in Chapter 4; inhibitors of NF-κB activity were listed in Tables 5.1 and
5.2; those of PGE2 production, histamine release, and
increased vascular permeability in Chapter 8; and inhibitors of cell motility were listed in Table 9.3. Of these,
we discuss flavonoids and EPA in more detail, since
their use is important to this book and their immunosuppressive effects have received more study.

Flavonoids and Immune Function
The effects of flavonoids on the immune system are
complex and poorly understood. Depending on the conditions, flavonoids may inhibit, assist, or have no effect
on immune function. Their effects on immune function
are due to their ability to inhibit eicosanoid-mediated
inflammation, histamine-induced inflammation, PTK or
PKC activity, cell motility, or several of these.
Many flavonoids can impede leukocyte proliferation
and function in vitro. For example, genistein can inhibit
T-cell and NK-cell activity in vitro at IC50 concentrations similar to that of cancer cell inhibition (about 1 to
100 µM).98–102 This effect appears to be due partly to
inhibition of PTK activity. Similarly, studies have reported that apigenin and quercetin can lower the generation and function of CD8 cytotoxic T cells in vitro (at
about 5 to 20 µM).103,_104,_105
The above-cited studies tested pure flavonoids in vitro;
flavonoids are present as glucuronide conjugates in vivo,
however, and the conjugate forms appear to be much
less inhibitory than the pure forms. For example, glucuronide conjugates of genistein inhibited NK cell activity at about 50-fold higher concentrations than that of
free genistein.99 In fact, genistein conjugates enhanced
NK cell activity at concentrations that are relevant for
therapy (0.1 to 10 µM). Moreover, quercetin enhanced
natural killer cell activity in rats at oral doses relevant
for therapy (at about 1.6 grams per day, as scaled to hu-
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mans).106 Similarly, oral administration of quercetin (at
about 380 milligrams per day, as scaled to humans) increased macrophage-mediated antiviral effects in mice.
Lastly, even in-vitro studies have reported that at low
concentrations flavonoids can act as immunostimulants.107,_108,_109
Clearly, additional work remains to understand the effects of flavonoids on immune function and to determine
how these effects may influence tumor progression. It
does seem, however, that at doses relevant to humans,
immunostimulation or no effect on the immune system
is more likely to occur than an immunosuppressive effect.

EPA/DHA and Immune Function
Numerous in-vitro, animal, and human studies have
reported that omega-3 fatty acids, in particular EPA and
DHA, can suppress immune cell activity.110–122 Omega3 fatty acids are therefore potent anti-inflammatory
agents, and for this reason EPA and fish oil (which contains EPA) have been reported useful in reducing the
symptoms of autoimmune-related diseases such as lupus, rheumatoid arthritis, psoriasis, and colitis.114,_123–125
Although the exact mechanism of immune suppression
is not well understood, it appears to involve the following:115,_126–128
• Reduced production of 2-series prostanoids (e.g.,
PGE2) and 4-series leukotrienes.
• Reduced production of proinflammatory cytokines
such as IL-1, IL-6, and TNF.
• Modification of gene expression, leading to reduced
expression of T-cell stimulatory molecules.
• Increased production of transforming growth factor
(TGF-beta) and Fas membrane receptors. (Fas is a
membrane receptor in the same family as the TNF
receptor.) Fas molecules can induce apoptosis in
immune cells.
• Inhibition of PKC.
• Increased plasma membrane fluidity.
Regardless of the exact cause, the effects are predominantly a reduced ability of immune cells to present antigens to T cells and reduced T-cell activity. For
example, fish oil inhibited the expression of foreign antigens/MHC aggregates on human monocytes in vitro
and in vivo.121,_129,_130 Macrophage and natural killer cell
activity can also be affected.
In spite of these demonstrations of immunosuppressive
activity, omega-3 fatty acids do not exert immunosuppressive effects under all experimental systems and, in
some cases, have been found to improve immune func-
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tion in humans. For example, EPA can augment macrophage activity, and fish oil (at 18 grams per day) has
been reported to reduce immunosuppression in patients
with solid tumors.131,_132 Orally administered EPA (at
1.8 grams per day) improved lymphocyte proliferation
and natural killer cell activity in patients after stressful
surgery for esophageal cancer.133 EPA also improved
immune function in patients receiving chemoradiation
therapy.134 Furthermore, omega-3 fatty acids can increase the susceptibility of some leukemia cell lines to
destruction by T lymphocytes.135,_136
The reasons for these apparent discrepancies are not
entirely clear. Although many factors may determine
the exact impact of omega-3 fatty acids on immune
function, one of the more controllable ones may be antioxidant status.114 EPA and DHA are more easily oxidized than other fatty acids, and when administered to
animals and humans, they can cause lipid peroxidation
and diminish vitamin E levels. Vitamin E is one of the
most important antioxidants in preventing lipid peroxidation, and immune cells need adequate vitamin E. Free
radicals generated during lipid peroxidation may contribute to the suppressive effects of omega-3 fatty acids
on T-cell function. Therefore, it seems likely that some
of the immunosuppressive effects reported were partly
due to excessive free radical production. Vitamin E
supplementation can ameliorate some of the immunosuppressive effects of omega-3 fatty acids, apparently
without decreasing its anti-inflammatory effect. In humans, 300 I.U. of vitamin E reversed depressed T-cell
activity that was induced by 15 grams per day of fish
oil.137 In a randomized control study of 60 patients with
advanced solid tumors, 18 grams per day of fish oil with
vitamin E increased TNF production and T cell function
in a malnourished subgroup of patients. The survival of
all patients was prolonged by EPA treatment.138
Clearly, the effects of omega-3 fatty acids on immune
function are complex. While co-administration with
vitamin E is likely to minimize any adverse effects and
might even lead to immune stimulation, immunosuppression may occur in more limited instances. Even
with vitamin E administration, however, omega-3 fatty
acids may still produce an anti-inflammatory effect (due
to reduced PGE2 production, for example), and as we
have discussed, this type of anti-inflammatory effect
should be useful in cancer treatment. Regardless of the
exact mechanisms affected, the overall effect of omega3 fatty acids is generally one of cancer inhibition.

CONCLUSION
The methods by which natural compounds stimulate
the immune system vary, but often they involve produc-
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tion of cytokines or modulation of cytokine activity. In
this regard, combinations of natural compounds may be
particularly effective, since combinations tend to increase production of a broad range of cytokines, including IL-2 and interferons.
Indeed, mixtures of
immunostimulant compounds have been used for centuries in herbal medicine traditions. More recently, they
have been studied in China, where they appear to improve the survival of cancer patients receiving chemotherapy, while reducing its adverse effects. These
studies and other human and animal studies on natural
immunostimulant compounds, both alone and in combination, suggest they could play an important role in cancer treatment.
Cancer cells have developed ways to evade immune
attack, one being the production of immunosuppressive
compounds such as PGE2. Therefore, the best results
may be seen when immunostimulant, immune supportive, and immunoregulatory compounds are used in
combination with natural compounds that inhibit
production of PGE2 and other immunosuppressive compounds. At the same time, it would be counterproductive to rely on treating the immune system alone. The
underlying abnormalities in signal transduction, gene
expression, and other processes that drive cancer cell
proliferation and spread must be addressed.

REFERENCES
1

Ghoneum M, Mermel O, Williams L, et al. Susceptibility of
propolis-treated tumor cells to human natural killer cell activity
in vitro. Cancer Detect Prevent 1995; 19(1):106.
2
Guarini L, Su ZZ, Zucker S, et al. Growth inhibition and
modulation of antigenic phenotype in human melanoma and
glioblastoma multiforme cells by caffeic acid phenethyl ester
(CAPE). Cellular and Molecular Biology 1992; 38(5):513–
527.
3
Cheshier JE, Ardestani-Kaboudanian S, Liang B, et al.
Immunomodulation by pycnogenol in retrovirus-infected or
ethanol-fed mice. Life Sci 1996; 58(5):PL 87–96.
4
Nakajima N, Utsunomiya T, Kobayashi M, et al. In vitro
induction of anti-type 2 T cells by glycyrrhizin. Burns 1996
Dec; 22(8):612–7.
5
Yamashiki M, Nishimura A, Suzuki H, et al. Effects of the
Japanese herbal medicine “Sho-saiko-to” (TJ-9) on in vitro
interleukin-10 production by peripheral blood mononuclear
cells of patients with chronic hepatitis C. Hepatology 1997
Jun; 25(6):1390–7.
6
Schulz S, Reinhold D, Schmidt H, et al. Perillic acid inhibits
Ras/MAP kinase-driven IL-2 production in human T
lymphocytes. Biochem Biophys Res Commun 1997 Dec 29;
241(3):720–5.
7
Hayashi N, Tashiro T, Yamamori H, et al. Effects of
intravenous omega-3 and omega-6 fat emulsion on cytokine
production and delayed type hypersensitivity in burned rats

Natural Compounds in Cancer Therapy

receiving total parenteral nutrition. JPEN J Parenter Enteral
Nutr 1998 Nov–Dec; 22(6):363–7.
8
Chavali SR, Weeks CE, Zhong WW, Forse RA. Increased
production of TNF-alpha and decreased levels of dienoic
eicosanoids, IL-6 and IL-10 in mice fed menhaden oil and
juniper oil diets in response to an intraperitoneal lethal dose of
LPS. Prostaglandins Leukot Essent Fatty Acids 1998 Aug;
59(2):89–93.
9
Matsunaga K, Hosokawa A, Oohara M, et al. Direct action of a
protein-bound polysaccharide, PSK, on transforming growth
factor-beta. Immunopharmacology 1998 Nov; 40(3):219–30.
10
Strickland FM, Darvill A, Albersheim P, et al. Inhibition of
UV-induced immune suppression and interleukin-10
production by plant oligosaccharides and polysaccharides.
Photochem Photobiol 1999 Feb; 69(2):141–7.
11
Wang Y, Huang DS, Wood S, et al. Modulation of immune
function and cytokine production by various levels of vitamin
E supplementation during murine AIDS.
Immunopharmacology 1995 Apr; 29(3):225–33.
12
Bonig H, Korholz D, Pafferath B, et al. Interleukin 10 induced
c-fos expression in human B cells by activation of divergent
protein kinases. Immunol Invest 1996 Jan–Mar; 25(1–2):115–
28.
13
Gabrilovich DI, Ishida T, Nadaf S, et al. Antibodies to vascular
endothelial growth factor enhance the efficacy of cancer
immunotherapy by improving endogenous dendritic cell
function. Clin Cancer Res 1999 Oct; 5(10):2963–70.
14
Chu DT, Lepe-Zuniga J, Wong WL, et al. Fractionated extract
of Astragalus membranaceus, a Chinese medicinal herb,
potentiates LAK cell cytotoxicity generated by a low dose of
recombinant interleukin-2. J Clin Lab Immunol 1988 Aug;
26(4):183–7.
15
Wang SY, Hsu ML, Hsu HC, et al. The anti-tumor effect of
Ganoderma lucidum is mediated by cytokines released from
activated macrophages and T lymphocytes. Int J Cancer 1997
Mar 17; 70(6):699–705.
16
Hamuro J, Takatsuki F, Suga T, et al. Synergistic
antimetastatic effects of lentinan and interleukin 2 with preand post-operative treatments. Jpn J Cancer Res 1994 Dec;
85(12):1288–97.
17
Liang CM, Lee N, Cattell D, Liang SM. Glutathione regulates
interleukin-2 activity on cytotoxic T-cells. J Biol Chem 1989;
264(23):13519–523.
18
Margalit A, Hauser SD, Zweifel BS, et al. Regulation of
prostaglandin biosynthesis in vivo by glutathione. Am J
Physiol 1998 Feb; 274(2 Pt 2):R294–302.
19
Kiremidjian-Schumacher L, Roy M, et al. Regulation of
cellular immune responses by selenium. Biol Trace Elem Res
1992 Apr–Jun; 33:23–35.
20
Kiremidjian-Schumacher L, Roy M, Wishe HI, et al.
Supplementation with selenium and human immune cell
functions. II. Effect on cytotoxic lymphocytes and natural
killer cells. Biol Trace Elem Res 1994 Apr–May; 41(1–
2):115–27.
21
Roy M, Kiremidjian-Schumacher L, Wishe HI, et al.
Supplementation with selenium and human immune cell
functions. I. Effect on lymphocyte proliferation and interleukin
2 receptor expression. Biol Trace Elem Res 1994 Apr–May;
41(1–2):103–14.

Natural Compounds That Affect the Immune System

22

Klaschka, F. Oral enzymes in oncology. MUCOS Pharma
GmbH, 1997. http://www.mucos.de
23
Eckert K, Grabowska E, Stange R, et al. Effects of oral
bromelain administration on the impaired immunocytotoxicity
of mononuclear cells from mammary tumor patients. Oncol
Rep 1999 Nov–Dec; 6(6):1191–9.
24
Miller JM, Ginsberg M, McElfatrick GC, Zoll DR. The
administration of bromelain orally in the treatment of
inflammation and edema. Exp Med Surg 1964; 22:293–299.
25
Masson M. [Bromelain in blunt injuries of the locomotor
system. A study of observed applications in general practice.]
Fortschr Med 1995 Jul 10; 113(19):303–6.
26
Tsomides J, Goldberg RI. Controlled evaluation of oral
chymotrypsin-trypsin treatment of injuries to the head and
face. Clin Med 1969 Nov; 40–45.
27
Shaw PC. The use of trypsin-chymotrypsin formulation in
fractures of the hand. Br J Clin Pract 1969; 23(1):25–26.
28
Bogner RL, Snyder CC. High dose oral chymotrypsin as an
adjunct in plastic surgery. Plastic and Reconstructive Surgery
1962; 37(3):289–295.
29
Pirotta F, De Giuli-Morghen C. Bromelain: A deeper
pharmacological study. Drugs Exptl Clin Res 1978; 4(1):1–20.
30
Netti C, Bandi GL, Pecile A. Anti-inflammatory action of
proteolytic enzymes of animal vegetable or bacterial origin
administered orally compared with that of known antiphlogistic compounds. Farmaco [Prat] 1972 Aug; 27(8):453–
66.
31
Gupta MK, Khanna JN, Khera SS. Evaluation of trypsin &
chymotrypsin in the management of post-operative oedema. J
Indian Dent Assoc 1985 Mar; 57(3):101–5.
32
Lehmann PV. Immunomodulation by proteolytic enzymes
[editorial]. Nephrol Dial Transplant 1996 Jun; 11(6):952–5.
33
Hale LP, Haynes BF. Bromelain treatment of human T cells
removes CD44, CD45RA, E2/MIC2, CD6, CD7, CD8, and
Leu 8/LAM1 surface molecules and markedly enhances CD2mediated T cell activation. J Immunol 1992 Dec 15;
149(12):3809–16.
34
Targoni OS, Tary-Lehmann M, Lehmann PV. Prevention of
murine EAE by oral hydrolytic enzyme treatment. J
Autoimmun 1999 May; 12(3):191–8.
35
Kleef R, Delohery TM, Bovbjerg DH. Selective modulation of
cell adhesion molecules on lymphocytes by bromelain protease
5. Pathobiology 1996; 64(6):339–46.
36
Munzig E, Eckert K, Harrach T, et al. Bromelain protease F9
reduces the CD44 mediated adhesion of human peripheral
blood lymphocytes to human umbilical vein endothelial cells.
FEBS Lett 1994 Sep 5; 351(2):215–8.
37
de Wit CA, Westrom BR. Further studies of plasma protease
inhibitors in the hedgehog, Erinaceus europaeus; collagenase,
papain and plasmin inhibitors. Comp Biochem Physiol A
1987; 86(1):1–5.
38
LaMarre J, Wollenberg GK, Gonias SL, Hayes MA. Cytokine
binding and clearance properties of proteinase-activated alpha
2-macroglobulins. Lab Invest 1991 Jul; 65(1):3–14.
39
Wollenberg GK, LaMarre J, Rosendal S, et al. Binding of
tumor necrosis factor alpha to activated forms of human
plasma alpha 2 macroglobulin. Am J Pathol 1991 Feb;
138(2):265–72.

141

40

Borth W, Teodorescu M. Inactivation of human interleukin-2
(IL-2) by alpha 2-macroglobulin-trypsin complexes.
Immunology 1986 Mar; 57(3):367–71.
41
Mannhalter JW, Borth W, Eibl MM. Modulation of antigeninduced T cell proliferation by alpha 2M-trypsin complexes. J
Immunol 1986 Apr 15; 136(8):2792–9.
42
Heumann D, Vischer TL. Immunomodulation by alpha 2macroglobulin and alpha 2-macroglobulin-proteinase
complexes: The effect on the human T lymphocyte response.
Eur J Immunol 1988 May; 18(5):755–60.
43
Gravagna P, Gianazza E, Arnaud P, et al. Modulation of the
immune response by plasma protease inhibitors. II. Alpha 2macroglobulin subunits inhibit natural killer cell cytotoxicity
and antibody-dependent cell-mediated cytotoxicity. Scand J
Immunol 1982 Jan; 15(1):115–8.
Chu CT, Howard GC, Misra UK, Pizzo SV. α2-Macroglobulin:
A sensor for proteolysis. Ann New York Acad Sci 1994;
737:291–307.
45
Matsushima K, Taguchi M, Kovacs EJ, et al. Intracellular
localization of human monocyte associated interleukin 1 (IL 1)
activity and release of biologically active IL 1 from monocytes
by trypsin and plasmin. J Immunol 1986 Apr 15;
136(8):2883–91.
46
Desser L, Rehberger A. Induction of tumor necrosis factor in
human peripheral-blood monnuclear cells by proteolytic
enzymes. Oncology 1990; 47:475–77.
47
Desser L, Kokron E, Rehberger A. Tumor necrosis factor
(TNF), interleukin-1 (IL-1), and interleukin-6 (IL-6) synthesis
in human peripheral blood mononuclear cells (PBMNC)
induced by proteolytic enzymes and amylase in vitro and in
vivo. J Cancer Res Clin Oncol 1992; 118(suppl):R81.
48
Desser L, Rehberger A, Paukovits W. Proteolytic enzymes and
amylase induce cytokine production in human peripheral blood
mononuclear cells in vitro. Cancer Biother 1994 Fall;
9(3):253–63.
49
Desser L, Rehberger A, Kokron E, et al. Cytokine synthesis in
human peripheral blood mononuclear cells after oral
administration of polyenzyme preparations. Oncology 1993;
50:403–7.
50
Zavadova E, Desser L, Mohr T. Stimulation of reactive oxygen
species production and cytotoxicity in human neutrophils in
vitro and after oral administration of a polyenzyme
preparation. Cancer Biother 1995 Summer; 10(2):147–52.
51
Wrba H, Pecher O. Enzymes: A drug of the future.
Strengthening the immunological system with enzyme therapy.
MUCOS Pharma GmbH, 1996. http://www.mucos.de
52
Virgin HW 4th, Unanue ER. Immune complexes suppress
cellular immunity. Ann N Y Acad Sci 1984; 437:16–27.
53
Esparza I, Green R, Schreiber RD. Inhibition of macrophage
tumoricidal activity by immune complexes and altered
erythrocytes. J Immunol 1983 Nov; 131(5):2117–21.
54
Nakazawa M, Emancipator SN, Lamm ME. Removal of
glomerular immune complexes in passive serum sickness
nephritis by treatment in vivo with proteolytic enzymes. Lab
Invest 1986 Nov; 55(5):551–6.
55
Nakazawa M, Emancipator SN, Lamm ME. Proteolytic
enzyme treatment reduces glomerular immune deposits and
44

Natural Compounds in Cancer Therapy

142

proteinuria in passive Heymann nephritis. J Exp Med 1986
Dec 1; 164(6):1973–87.
56
Kelly GS. Bromelain: A literature review and discussion of its
therapeutic applications. Alt Med Rev 1996; 1(4):243–257.
57
Felton GE. Fibrinolytic and antithrombotic action of bromelain
may eliminate thrombosis in heart patients. Med Hypotheses
1980 Nov; 6(11):1123–33.
58
Ako H, Cheung AH, Matsuura PK. Isolation of a fibrinolysis
enzyme activator from commercial bromelain. Arch Int
Pharmacodyn Ther 1981 Nov; 254(1):157–67.
59
Taussig SJ, Batkin S. Bromelain, the enzyme complex of
pineapple (Ananas comosus) and its clinical application. An
update. J of Ethnopharmacol 1988; 22:191–203.
60
Alban S, Franz ME, Franz G. Influence of the therapeutically
used enzymes bromelain, papain and trypsin on the blood
coagulation in vitro. Pharm Pharmacol Lett 1997; 2/3:59–62.
61
Mynott TL, Ladhams A, Scarmato P, et al. Bromelain, from
pineapple stems, proteolytically blocks activation of
extracellular regulated kinase-2 in T cells. J Immunol 1999
Sep 1; 163(5):2568–75.
62
Lissoni P, Barni S, Tancini G, et al. Pineal-opioid system
interactions in the control of immunioinflammatory responses.
Ann NY Acad Sci 1994 Nov 25; 741:191–196.
63
Lissoni P, Barni S, Tancini G, Rovelli F, et al. A study of the
mechanisms involved in the immunostimulatory action of the
pineal hormone in cancer patients. Oncology. 1993;
50(6):399–402.
64
Blask DE. Neuroendocrine aspects of circadian
pharmacodynamics. In Circadian cancer therapy. Hrushesky
WJ, ed., Ann Arbor: CRC Press, 1994, pp. 43–59.
65
Maestroni GJ, Conti A. Melatonin in human breast cancer
tissue: Association with nuclear grade and estrogen receptor
status. Lab Invest 1996 Oct; 75(4):557–61.
66
Bartsch C, Bartsch H, Lippert TH. Rationales to consider the
use of melatonin as a chrono-oncotherapeutic drug. in vivo
1995; 9:305–310.
67
Lissoni P, Rovelli F, Brivio F, et al. Circadian secretions of IL2, IL-12, IL-6 and IL-10 in relation to the light/dark rhythm of
the pineal hormone melatonin in healthy humans. Nat Immun
1998; 16(1):1–5.
68
Boik J. Cancer and natural medicine: A textbook of basic
science and clinical research. Princeton, MN: Oregon Medical
Press, 1996.
69
Li NQ. Clinical and experimental study on shen-qi injection
with chemotherapy in the treatment of malignant tumor of
digestive tract. Chung Kuo Chung Hsi I Chieh Ho Tsa Chih
1992; 12(10):588–92, 579.
70
Li L, Chen X, Li J. Observations on the long-term effects of
“yi qi yang yin decoction” combined with radiotherapy in the
treatment of nasopharyngeal carcinoma. J Tradit Chin Med
1992; 12(4):263–6.
71
Li PP. Treatment of tumors and their progress by improving
blood circulation to remove stasis. Chung Kuo Chung Hsi I
Chieh Ho Tsa Chih 1992; 12(10):634–6, 623.
72
Sun Y. The role of traditional Chinese medicine in supportive
care of cancer patients. Recent Results in Cancer Research
1988; 108:327–334.

73

Zhang DZ. Prevention and cure by traditional Chinese
medicine, of the side effects caused by radio-chemotherapy of
cancer patients. Chung Hsi I Chieh Ho Tsa Chih 1988 Feb;
8(2):114–6.
74
Cheng JH, Zhang SL, Zhao DH, et al. Treatment of 20 patients
with terminal primary bronchogenic carcinoma using
feiliuping. Jiangxi Journal of Traditional Chinese Medicine
1991; 22(6):344–47.
75
Wang GT, Xu JY, Zheng A, et al. Treatment of operated late
gastric carcinoma with prescription of strengthening the
patient’s resistance and dispelling the invading evil in
combination with chemotherapy: Followup study of 158
patients and experimental study in animals. (meeting abstract)
First Shanghai international symposium on gastrointestinal
cancers. November 14–16, 1988, p. 244.
76
Wang GT. Treatment of operated late gastric carcinoma with
prescription of strengthening the patient’s resistance and
dispelling the invading evil in combination with
chemotherapy: Followup study of 158 patients and
experimental study in animals. Chung Hsi I Chieh Ho Tsa
Chih 1990; 10(12):712–6, 707.
77
Pan M. Cancer treatment with fu zheng pei ben principle.
Fuijian: Fujian Science and Technology Publishing House,
1992, p. 34.
78
Yu G, Ren D, Sun G, et al. Clinical and experimental studies
of JPYS in reducing side effects of chemotherapy in late-stage
gastric cancer. J Tradit Chin Med 1993; 13(1):31–7.
79
Zhang DZ. Effects of traditional Chinese medicine and
pharmacology on increasing sensitivity and reducing toxicity
in tumor patients undergoing radio-chemical therapy Chung
Kuo Chung Hsi I Chieh Ho Tsa Chih 1992; 12(3):135–8.
80
Ning CH, Wang GM, Zhao TY, et al. Therapeutical effects of
jian pi yi shen prescription on the toxicity reactions of
postoperative chemotherapy in patients with advanced gastric
carcinoma. J Tradit Chin Med 1988; 8(2):113–6.
81
Rao XQ. Clinical and experimental studies of shengxue tang
combined with chemotherapy in the treatment of late-stage
gastric cancer. Chung Hsi I Chieh Ho Tsa Chih 1987;
7(12):715–7, 707.
82
Pan MJ, Li YH, Chen LF. Treatment of 320 cases of gastric
cancer with liwei huajie decoction combined with surgery and
chemotherapy. Chinese Journal of Combined Traditional and
Western Medicine 1986; 6(5):268–70.
83
Okamoto T, Motohasi H, Takemiya S, et al. Clinical effects of
Juzendaiho-to on immunologic and fatty metabolic states in
postoperative patients with gastrointestinal cancer. Gan To
Kagaku Ryoho 1989; 16(4 Pt 2–2):1533–7.
84
Li Y, Yu G. A comparative clinical study on prevention and
treatment with selected chronomedication of leukopenia
induced by chemotherapy. J of Trad Chin Med 1993;
13(4):257–261.
85
Whiteside T, Herberman R. The role of natural killer cells in
human disease. Clinical Immunology and Immunotherapy
1989; 53:1–23.
86
Rao XQ, Yu RC, Zhang JH. Sheng xue tang on immunological
functions of cancer patients with spleen deficiency syndrome.
Chung Hsi I Chieh Ho Tsa Chih 1991; 11(4):218–9, 197.

Natural Compounds That Affect the Immune System

87

Hou J, Liu S, Ma Z, et al. Effects of Gynostemma
pentaphyllum makino on the immunological function of cancer
patients. J Tradit Chin Med 1991; 11(1):47–52.
88
Hersey P. Impediments to successful immunotherapy.
Pharmacol Ther 1999 Feb; 81(2):111–9.
89
Khoo NK, Chan FP, Saarloos MN, Lala PK. Immunotherapy
of mammary adenocarcinoma metastases in C3H/HeN mice
with chronic administration of cyclo-oxygenase inhibitors
alone or in combination with IL-2. Clin Exp Metastasis 1992
Jul; 10(4):239–52.
90
Hockertz S, Heckenberger R, Emmendorffer A, Muller M.
Influence of ibuprofen on the infection with Listeria
monocytogenes. Arzneimittelforschung 1995 Jan; 45(1):104–
7.
91
Hockertz S, Paulini I, Rogalla K, Schettler T. Influence of
acetylsalicylic acid on a Listeria monocytogenes infection.
Agents Actions 1993 Sep; 40(1–2):119–23.
92
Short BL, Gardiner M, Walker RI, et al. Indomethacin
improves survival in gram-negative sepsis. Adv Shock Res
1981; 6:27–36.
93
Edwards CK 3d, Hedegaard HB, Zlotnik A, et al. Chronic
infection due to Mycobacterium intracellulare in mice:
Association with macrophage release of prostaglandin E2 and
reversal by injection of indomethacin, muramyl dipeptide, or
interferon-gamma. J Immunol 1986 Mar 1; 136(5):1820–7.
94
Hockertz S, Heckenberger R. Treatment of an acute bacterial
infection with a combination of acetylsalicylic acid/ibuprofen
and interferon gamma. Arzneimittelforschung 1996 Oct;
46(10):1012–5.
95
Israel N, Gougerot-Pocidalo MA. Oxidative stress in human
immunodeficiency virus infection. Cell Mol Life Sci 1997
Dec; 53(11–12):864–70.
96
Dezube BJ. Pentoxifylline for the treatment of infection with
human immunodeficiency virus. Clin Infect Dis 1994 Mar;
18(3):285–7.
97
Dezube BJ, Lederman MM. Pentoxifylline for the treatment of
HIV infection and its complications. J Cardiovasc Pharmacol
1995; 25 Suppl 2:S139–42.
98
Dong Z, O’Brian CA, Fidler IJ. Activation of tumoricidal
properties in macrophages by lipopolysaccharide requires
protein-tyrosine kinase activity. J Leukoc Biol 1993 Jan;
53(1):53–60.
99
Zhang Y, Song TT, Cunnick JE, et al. Daidzein and genistein
glucuronides in vitro are weakly estrogenic and activate human
natural killer cells at nutritionally relevant concentrations. J
Nutr 1999 Feb; 129(2):399–405.
100
Ting CC, Hargrove ME, Wang J, Patel AD. Differential
requirement of protein tyrosine kinase and protein kinase C in
the generation of IL-2-induced LAK cell and alpha CD3induced CD3-AK cell responses. Cell Immunol 1995 Feb;
160(2):286–96.
101
Wang J, Hargrove ME, Ting CC. IL-2 and IL-4 mediate
through two distinct kinase pathways for the activation of
alphaCD3-induced activated killer cells. Cell Immunol 1996
Dec 15; 174(2):138–46.
102
Rosato A, Zambon A, Mandruzzato S, et al. Inhibition of
protein tyrosine phosphorylation prevents T-cell-mediated
cytotoxicity. Cell Immunol 1994 Dec; 159(2):294–305.

143

103

Schwartz A, Middleton E Jr. Comparison of the effects of
quercetin with those of other flavonoids on the generation and
effector function of cytotoxic T lymphocytes.
Immunopharmacology 1984 Apr; 7(2):115–26.
104
Mookerjee BK, Lee TP, Logue GP, et al. The effects of
flavonoids on human lymphocyte proliferative responses. Prog
Clin Biol Res 1986; 213:511–20.
105
Schwartz A, Sutton SL, Middleton E Jr. Quercetin inhibition
of the induction and function of cytotoxic T lymphocytes.
Immunopharmacology 1982 Apr; 4(2):125–38.
106
Exon JH, Magnuson BA, South EH, Hendrix K. Dietary
quercetin, immune functions and colonic carcinogenesis in
rats. Immunopharmacol Immunotoxicol 1998 Feb; 20(1):173–
90.
107
Welton AF, Hurley J, Will P. Flavonoids and arachidonic
Acid Metabolism. In Plant flavonoids in biology and medicine
II. New York: Alan R. Liss, Inc., 1988, pp. 301–02.
108
Del Rio M, Ruedas G, Medina S, et al. Improvement by
several antioxidants of macrophage function in vitro. Life Sci
1998; 63(10):871–81.
109
Berg P, Daniel PT. Effects of flavonoid compounds on the
immune response. In Plant flavonoids in biology and medicine
II. New York: Alan R. Liss, Inc., 1988, pp. 157–171.
110
Linder MC, ed. Nutritional biochemistry and metabolism. 2nd
ed. New York: Elsevier Science, 1991, p. 77.
111
Barone J, Hebert JR. Dietary fat and natural killer cell
activity. Med Hypotheses 1988; 25:223–26.
112
Lu CY, Dustin LB, Vazquez MA. Macrophage tumoricidal
activity is inhibited by docosahexaenoic acid (DHA), an
omega-3 fatty acid. In Exercise, calories, fat, and cancer.
Jacobs MM, ed. New York: Plenum Press, 1992.
113
Dyerberg J. Conference summary and future directions. In
Health effects of w-3 polyunsaturated fatty acids in seafoods.
World Rev Nutr Diet Simopoulos AP, et al., eds. Basel:
Karger, 1991, pp. 66:16–9.
114
Meydani SN. Effect of (n-3) polyunsaturated fatty acids on
cytokine production and their biologic function. Nutrition
1996 Jan; 12(1 Suppl):S8–14.
115
Erickson KL, Hubbard NE. Dietary fish oil modulation of
macrophage tumoricidal activity. Nutrition 1996 Jan; 12(1
Suppl):S34–8.
116
Purasiri P, Murray A, Richardson S, et al. Modulation of
cytokine production in vivo by dietary essential fatty acids in
patients with colorectal cancer. Clinical Science 1994;
87:711–717.
117
Wu D, Meydani SN, Meydani M, et al. Immunologic effects
of marine- and plant-derived n-3 polyunsaturated fatty acids in
nonhuman primates. Am J Clin Nutr 1996 Feb; 63(2):273–80.
118
Endres S, von Schacky C. n-3 polyunsaturated fatty acids and
human cytokine synthesis. Curr Opin Lipidol 1996 Feb;
7(1):48–52.
119
Endres S. n-3 polyunsaturated fatty acids and human cytokine
synthesis. Lipids 1996 Mar; 31 Suppl:S239–42.
120
Hughes DA, Southon S, Pinder AC. (n-3) Polyunsaturated
fatty acids modulate the expression of functionality associated
molecules on human monocytes in vitro. J Nutr 1996 Mar;
126(3):603–10.

Natural Compounds in Cancer Therapy

144

121

Hughes DA, Pinder AC, Piper Z, et al. Fish oil
supplementation inhibits the expression of major
histocompatibility complex class II molecules and adhesion
molecules on human monocytes. Am J Clin Nutr 1996 Feb;
63(2):267–72.
122
Jolly CA, Jiang YH, Chapkin RS, McMurray DN. Dietary (n3) polyunsaturated fatty acids suppress murine
lymphoproliferation, interleukin-2 secretion, and the formation
of diacylglycerol and ceramide. J Nutr 1997 Jan; 127(1):37–
43.
123
Blok WL, Katan MB, van der Meer JW. Modulation of
inflammation and cytokine production by dietary (n-3) fatty
acids. J Nutr 1996 Jun; 126(6):1515–33.
124
Fortin PR, Lew RA, Liang MH, et al. Validation of a metaanalysis: The effects of fish oil in rheumatoid arthritis. J Clin
Epidemiol 1995 Nov; 48(11):1379–90.
125
Kremer JM. Effects of modulation of inflammatory and
immune parameters in patients with rheumatic and
inflammatory disease receiving dietary supplementation of n-3
and n-6 fatty acids. Lipids 1996 (Suppl.); 31:S-243-S-247.
126
Fernandes G, Troyer DA, Jolly CA. The effects of dietary
lipids on gene expression and apoptosis. Proc Nutr Soc 1998
Nov; 57(4):543–50.
127
Robinson DR, Urakaze M, Huang R, et al. Dietary marine
lipids suppress continuous expression of interleukin-1 beta
gene transcription. Lipids 1996 Mar; 31 Suppl:S23–31.
128
Karmali RA. Historical perspective and potential use of n-3
fatty acids in therapy of cancer cachexia. Nutrition 1996 Jan;
12(1 Suppl):S2–4.
129
Hughes DA, Pinder AC. N-3 polyunsaturated fatty acids
inhibit the antigen-presenting function of human monocytes.
Am J Clin Nutr 2000 Jan; 71(1 Suppl):357S–60S.
130
Hughes DA, Pinder AC. N-3 polyunsaturated fatty acids
modulate the expression of functionally associated molecules
on human monocytes and inhibit antigen-presentation in vitro.
Clin Exp Immunol 1997 Dec; 110(3):516–23.
131
Das UN. Gamma-linolenic acid, aracidonic acid, and
eicosapentaenoic acid as potential anticancer drugs. Nutrition
1990; 6(6):429–34.
132
Gogos CA, Ginopoulos P, Zoumbos NC, et al. The effect of
dietary w-3 polyunsaturated fatty acids on T-lymphocyte
subsets of patients with solid tumors. Cancer Det and Prev
1995; 19(5):415–417.
133
Furukawa K, Tashiro T, Yamamori H, et al. Effects of
soybean oil emulsion and eicosapentaenoic acid on stress
response and immune function after a severely stressful
operation. Ann Surg 1999 Feb; 229(2):255–61.
134
Tashiro T, Yamamori H, Takagi K, et al. n-3 versus n-6
polyunsaturated fatty acids in critical illness. Nutrition. 1998;
14(6):551–3.
135
Jenski LJ, Sturdevant LK, Ehringer WD, Stillwell W. Omega3 fatty acid modification of membrane structure and function.
I: Dietary manipulation of tumor cell susceptibility to cell- and
complement-mediated lysis. Nutr Cancer 1993; (19):135–146.
136
Pascale AW, Ehringer WD, Stillwell W, et al. Omega-3 fatty
acid modification of membrane structure and function. II.
Alteration by docosahexaenoic acid of tumor cell sensitivity to
immune cytolysis. Nutr Cancer 1993; 19:147–157.

137

Kremer JR, Schoene N, Douglass LW, et al. Increased vitamin
E intake restores fish oil-induced suppressed blastogenesis of
mitogenic-stimulated T-lymphocytes. Am J Clin Nutr 1991;
54:896.
138
Gogos CA, Ginopoulos P, Salsa B, et al. Dietary omega-3
polyunsaturated fatty acids plus vitamin E restore
immunodeficiency and prolong survival for severely ill
patients with generalized malignancy: A randomized control
trial. Cancer 1998; 82(2):395–402.

PART III
CLINICAL CONSIDERATIONS
In Parts I and II we explored how natural compounds
may inhibit cancer. We looked at the many events that
occur in cancer progression, both at the cellular level
and at the level of the organism, and we also looked at
natural compounds that could impede these events and
thereby inhibit cancer. In Part III we shift our focus to
the clinical aspects of using natural compounds.
Although actual clinical experience is lacking for most
natural compounds, we can still explore clinical issues
based on preclinical work that has been done. We do
this in four primary ways for each compound. First, we
examine work done on inhibiting cancer cell proliferation in-vitro and inhibiting cancer progression in animals and humans. Second, we examine ways the
compound has been used, and at what doses, in the
treatment of other, noncancerous diseases. Third, we
review the material in Parts I and II to determine the
procancer events the compound may inhibit. This review is primarily in table form. (For a full explanation

of the tables, see Chapter 14.) Fourth, we estimate an
effective dose and a maximum safe dose based on invitro and in-vivo data and results of computer modeling.
Through these examinations, we begin to see how and
when these compounds might be best used clinically.
For convenience, the discussions for each compound in
Chapters 14 to 22 begin with a brief summary of the
results of the anticancer studies conducted, along with
the conclusions that can be drawn from them.
Chapter 13 covers some important issues regarding
synergism, the methods used to estimate doses, and
strategies for designing combinations; the chapters that
follow (14 to 22) focus on the natural compounds themselves. Each chapter discusses a group of compounds,
with the groups loosely based on chemical family. For
example, Chapter 14 covers the trace metals selenium,
iron, and copper. The final chapter, Chapter 23, explores the use of natural compounds with chemotherapy
or radiotherapy.

13

g

BACKGROUND FOR PART III
We discuss here what synergism is and why it is essential, as well as reasons to believe it may be practical,
then summarize the methods for calculating doses and
estimating toxicity of the individual compounds. Lastly,
we outline strategies for designing effective combinations. Other issues discussed include the preferred
forms of natural compounds for clinical use.

an apoptosis inducer and IL-2 resulted in remissions of
established colorectal cancers, whereas treatment with
either therapy alone produced no remissions.1 For the
present, however, the possibility of synergism, and the
associated reductions in dose that it allows, will be considered only for direct-acting compounds.

The Meaning of Synergism

SYNERGISM
Thus far we have implied that synergism will occur in
combinations that contain compounds from all three
primary categories—direct acting, indirect acting, and
immune stimulants. While this is likely the case and is
still our clinical intention, when it comes to calculating
doses we will act as if synergism occurs only between
direct-acting compounds. This shift is needed because
most studies on synergism have used only direct-acting
compounds, few data are available on the others. Research has focused on direct-acting compounds because
their anticancer effects are easier to study in vitro than
those of other types of compounds, and when testing
new therapies, in-vitro studies are usually done first.
The in-vitro anticancer effects of indirect-acting compounds and immune stimulants are more difficult to
study because these studies require multiple cell types
and necessarily involve more complex interactions.
To provide hard evidence that compounds from all
three categories interact synergistically to inhibit cancer,
large combinations will need to be tested in vivo. My
colleagues and I hope to start such studies soon.a Already, a recent study on rats has reported that apoptotic
therapies work synergistically with therapies that stimulate the immune system.b In this study, a combination of
a

The reader is encouraged to regularly check the Oregon Medical Press web site at www.ompress.com for progress updates on
antitumor and toxicity studies conducted by our group, which
consists of Robert Newman, Ph.D., from M. D. Anderson Cancer
Center, David Bailey, Ph.D., from Hauser Inc., and myself. All
opinions, calculations, and conclusions presented in this book,
however, are solely my own.
b

The synergism produced in this study was apparently due to the
following chain of events: The cytotoxic agent induced apoptosis,
and the affected cells were ingested by macrophages. The macrophages then presented the cancer’s antigens to T-lymphocytes,
and in this way, the T cells became primed for attacking the cancer. The addition of an immune stimulant (IL-2) assisted the
priming process. The overall effect then was one of increased
immune response.

Webster’s defines synergism as the “interaction of
discrete agencies or agents such that the total effect is
greater than the sum of the individual effects.” Although this concept is simple enough, measurement of
synergism is complex, and researchers have yet to define
a universally accepted formula for its determination. A
number of formulas have been employed, but since each
formula is somewhat different, the results depend on the
particular formula used. Unless otherwise specified, we
use the word synergism here in its general sense to refer
to interactions that are either additive or synergistic.c
One reason is that no universally accepted definition
exists and a synergistic interaction to one researcher
may be an additive one to another. Another reason is
the awkwardness of repeating the phrase “additive or
synergistic” throughout the text. There is some justification for using the term loosely, since either additive or
synergistic interactions are sufficient to increase the potency of most natural compounds to the point their use
becomes practical.

How Synergism Works
Synergism is still a rather mysterious process. Perhaps
a dozen or more mechanisms come into play when two
compounds interact synergistically, and one or several
of these could be active in any given situation. Thus it
is difficult to predict the exact mechanisms by which
two compounds will interact, and even more difficult to
predict those by which three or more compounds will
interact. Nonetheless, synergistic interactions do occur
between natural compounds, and it is likely the beneficial effects of combinations will be adequately demonstrated long before we understand completely how they
occur. At this point, our knowledge of interactions is
more theoretical than practical, and so we do not need to
discuss potential interactions in detail. To show some
c

Interactions between compounds can be inhibitive (where
1+1<2), additive (where 1+1=2), or supra-additive (where
1+1>2).
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Figure 13.1

Three Examples of Potential Synergistic
Interactions

Sequential inhibition:
Compound 2

Compound 1
event A

event B

event C is prevented

Concurrent inhibition:
Compound 1
event A
event B

event C is prevented
Compound 2

Concerted inhibition:
Compound 1
event C is prevented
event D is prevented

event A
event B
Compound 2

possibilities, however, Figure 13.1 illustrates three
common types (based on reference 2).
The first example shown is sequential inhibition.
Here, two compounds inhibit a linear sequence of
events, the result being the inhibition of a third event
(event C) that is necessary for cancer cell proliferation.
The second example is of concurrent inhibition; two
compounds inhibit two parallel events, which inhibits a
third event necessary for cancer cell proliferation. The
third example is concerted inhibition, where two compounds inhibit two parallel events, resulting in inhibition
of a third and fourth event, that are both necessary for
cancer cell proliferation.

The concepts proposed here for using
synergistic combinations are somewhat
different from those historically used in
cancer chemotherapy. For one thing,
combinations discussed in this book
have more targets, and thus their actions
are broader in scope. As discussed in
Chapter 1, the proposed strategy is to
redundantly target all seven clusters of
procancer events using combinations
that include direct- and indirect-acting
compounds and immune stimulants. In
contrast, most combinations of chemotherapy drugs in current use focus primarily on one specific anticancer target:
the disruption of DNA within cancer
cells (see Chapter 2). Furthermore, the
combinations proposed here are larger
than those used with chemotherapy
drugs. I suggest that optimal combinations might contain 15 to 18 natural
compounds, whereas combinations of
chemotherapy drugs tend to be smaller
(usually 5 compounds or fewer). Lastly,
my intention is for combinations to be
used at doses that do not cause severe
adverse effects. With chemotherapy,
such effects are often accepted as part of
the treatment.

Need for Synergism
According to the dose estimates made in Part III, about
65 percent of the direct-acting natural compounds will
require synergism if they are to be effective against cancer. Their mild nature requires large doses relative to
those of chemotherapy drugs. Although large doses of
relatively nontoxic natural compounds would not seem
to be a problem, in fact the required doses are so large in
many cases that either they exceed doses likely to be
safe or ones likely to be physically absorbed. Therefore,
if these compounds are to demonstrate a high degree of
safety, they must be used at lower doses. Synergistic
combinations allow lower, safer doses to be utilized
without sacrificing efficacy.

How Synergism Is Used
The concept of using combinations of drugs in cancer
therapy is not new; chemotherapy regimes consisting of
multiple drugs have been used since the 1960s. The idea
of using combinations in cancer treatment was generated
by the success of combination therapy with antibiotic
drugs.2

Safety of Synergistic Combinations
If synergistic combinations are potent in damaging
cancer cells, it might seem they could also damage normal cells. The potential for such cannot be fully known
until toxicity studies are done; however, there is reason
to think that combinations like those proposed here
would be safe. For one thing, a sizable percentage of the
compounds discussed show some selectivity to cancer
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cells in vitro, harming cancer cells more than normal
ones. One can reasonably suppose this same selectivity
would occur using combinations.
There is also a precedent for safely using large combinations of natural compounds, including combinations
that contain some of the compounds in this book. Both
Chinese herbal medicine and Ayurvedic medicine, the
ancient healing system of India, have been using large
combinations of natural compounds for centuries, if not
thousands of years. For example, in Chinese herbal
medicine, single herbs are rarely prescribed, but combinations of 4 to 12 herbs are commonly employed. Considering that each herb may contain multiple active
compounds, this is a large mix of compounds. The efficacy and safety of many of these formulas have been
borne out by modern Chinese investigations.
There is one other precedent for the use of large combinations of natural compounds, and that is one set by
cancer patients themselves. As mentioned in the preface, anywhere from 10 to 80 percent of cancer patients
use some form of complementary medicine, and perhaps
40 to 60 percent of these use herbs, vitamins, antioxidants, or all three. It is probably safe to assume that a
good number of these patients are ingesting large quantities of natural compounds in the mixtures they use.
Moreover, patients with other diseases are probably doing the same. During the last decade, the sale of vitamins, herbs, and related food supplements in the United
States has grown into a multimillion dollar business.
Nevertheless, reports of adverse effects from combinations of supplements are rare.
Lastly, all the compounds I discuss have some history
of use in herbal or other forms of medicine or in food.
In some cases, they have been ingested in concentrated
form, and in others as one among many components of a
whole herb or food. For all compounds, their toxicity is
negligible at commonly prescribed doses. Tentative
dose recommendations for further research are made in
Part III, and in all cases, the maximum recommended
dose is at or below the maximum dose expected to be
safe.
Of course, the above arguments do not prove the combinations discussed here are safe; nonetheless, they do
support the likelihood that they are. This is not to say
that mild adverse effects are unlikely. Gastrointestinal
irritation or other forms of mild adverse effects can occur with any compound, especially in sensitive individuals, even at relatively low doses. It is also not possible
to say that severe adverse effects cannot happen.
Clearly, additional study on the toxicity of combinations
of natural compounds is necessary.
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Evidence for Synergism Against Cancer
Cells
Research already provides evidence that synergistic interactions can occur within combinations of directacting natural compounds. Such interactions have been
clearly documented by in-vitro studies. In addition, a
small number of animal studies have also reported synergistic effects. For example, in three studies in mice,
combinations of ATRA and 1,25-D3 synergistically inhibited proliferation of transplanted human breast cancer
cells or inhibited angiogenesis induced by cancer
cells.3,_4,_5 These three studies, in combination with
many in-vitro and in-vivo studies showing synergistic
interactions between groups of chemotherapy drugs,
make the potential for inducing synergism seem high.

Evidence from Small Combinations
We first consider evidence from studies on small combinations in vitro; many such studies have been published, most of which used two or three compounds in
combination. The studies presented here are not exhaustive but do provide a sampling of those available.
Combinations That Include Vitamin D3 and/or
ATRA
Numerous studies were conducted using 1,25-D3
and/or ATRA in combination with other compounds.
One study on 1,25-D3 reported that when it was combined with curcumin, vitamin E, other antioxidants, or a
variety of non-steroidal anti-inflammatory compounds,
the differentiation of human leukemia cells was enhanced.6 Another reported that curcumin (at 10 µM)
enhanced the differentiation of human leukemia cells
induced by 1,25-D3 (at 5 nM).7
Curcumin has also been reported to act synergistically
with ATRA. In one study, 10 nM of ATRA induced
differentiation in only 10 percent of human leukemia
cells, and 10 µM of curcumin induced differentiation in
only 16 percent of cells, whereas a combination of the
two induced differentiation in 65 percent of cells.8 In
this study, the effects on growth inhibition tended to be
additive. Other investigators have reported similar results with these compounds.9
Other studies involving vitamin D3 or ATRA or both
are summarized below:
• 1,25-D3 (at 24 nM) and ATRA (at 4 nM) markedly
enhanced differentiation of human leukemia cells induced by genistein (at 19 µM).10
• Genistein (at 37 µM) enhanced differentiation of
human leukemia cells induced by 1,25-D3 (at 50
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Figure 13.2 Observed Versus Additive Inhibition of Human
Breast Cancer Cells by a Combination of 12 Compounds
100
Percent Cell Proliferation
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expected inhibition, if additive

80
18 µg/ml

60
40

4 µg/ml

20
0

0.1

1.0

10.0

Concentration (µg/ml)

nM). Differentiation was increased threefold as
compared to 1,25-D3 alone.11
• Differentiation of human leukemia cells induced by
both ATRA (at 0.1 µM) and 1,25-D3 (150 nM) was
enhanced by the addition of daidzein (40 µM).12
Differentiation increased by about 55 percent when
daidzein was added.
• The omega-3 fatty acid DHA (at 10 µM) markedly
increased differentiation of human leukemic cells induced by ATRA (at 1 µM).13
Other Combinations
Additional studies tested compounds other than vitamin D3 or ATRA, as summarized below:
• Curcumin and genistein synergistically inhibited proliferation of human breast cancer cells stimulated by
estrogen and/or estrogenic pesticides. (Various pesticides, such as DDT and endosulfane, act as weak
estrogens and stimulate proliferation of breast cancer
cells in vitro.14) In these studies, combinations of
genistein (at 25 µM) and curcumin (10 µM) almost
completely inhibited the ability of these estrogenic
compounds to stimulate proliferation.15,_16,_17
• Combinations of EGCG and curcumin were synergistic against human oral cancer cells. The combination allowed an eightfold reduction in EGCG
concentration (from 18 to 2.1 µM) and a twofold reduction in curcumin concentration (from 5.2 to 2.1
µM), without loss of efficacy.18
• When used singularly, daidzein (at about 40 µM) and
boswellic acid (about 11 µM) slightly induced dif-

ferentiation in human leukemia cells.
When the two were used in combination, 80 percent of cells were induced
to differentiate, and cell proliferation
was markedly reduced.19
In summary, these studies provide
good reason to be optimistic that additive or synergistic effects could occur
between a variety of natural compounds.

Evidence from Large
Combinations
The synergism studies mentioned
above were conducted with no more
than two or three natural compounds in
combination. Our research group is at100.0
tempting to demonstrate that synergism
occurs in combinations containing many
more compounds, and our preliminary
data indicate that additive or synergistic
effects do indeed occur in large combinations.20 Although much more work is needed to verify synergism
both in vitro and in vivo, these data indicate it is possible to create highly effective combinations with a large
number of compounds.
Briefly, we have tested 12 natural compounds, both
individually and in a variety of combinations, for their
ability to inhibit proliferation of human breast and prostate cancer cells in vitro. These compounds were CAPE,
arctigenin, curcumin, apigenin, genistein, luteolin,
EGCG, emodin, resveratrol, boswellic acid, parthenolide, and ATRA. Some of these were tested as pure substances and some as concentrated plant extracts. In all
cases, the combinations were designed to have equal
amounts of each compound in them; the concentration
used for each was adjusted to take into account the compound’s purity.
Our preliminary findings can be summarized in two
graphs. The first, Figure 13.2, shows data for a combination containing all 12 compounds that was tested
against human breast cancer cells. The thick line represents the mathematically expected inhibition of cell proliferation if all compounds interacted additively (the
curve is based on their individual abilities to inhibit cell
proliferation and their percentage in the combination).
The thin line is the observed inhibition.
Simply put, the graph shows it would have taken 18
µg/ml of the combined compounds to inhibit cancer cell
proliferation by 50 percent if they had interacted additively, but in fact the observed result was that it took
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IC50 Ratio Betweeen Additive and Observed

only 4 µg/ml.a The remarkable 4.5-fold
difference between the expected IC50
value based on additive interactions and
the observed value suggests that supraadditive, or true synergistic effects were
occurring.
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Figure 13.3 Synergism Versus Number of
Compounds In Combination

4

The data in Figure 13.2 are for one
3
combination tested against one cell line.
Other combinations were also tested,
and two cell lines were used (breast can2
cer and prostate cancer). Results from
these tests also implied that supraadditive effects were occurring. Based
1
on Figure 13.2, the ratio of the IC50 for
the additive curve and the observed
curve is 4.5. Similar ratios can be calcu0
lated for all the different combinations
0
tested. Figure 13.3 shows a graph of
such IC50 ratios (additive versus observed) plotted for different combinations for both cell lines. As can be seen,
in all cases there was evidence of supra-additive effects.
If purely additive effects had occurred, the curves for
both cell lines would be horizontal lines at an IC50 ratio
of 1.0. This is not the case, and in the breast cancer cell
line, the greater the number of compounds used in the
combination, the greater the supra-additive effect.
One other combination of natural compounds deserves
mention here. PC-SPES, a mixture of extracts from
eight herbs, has been tested in several animal and human
trials. It was designed to treat prostate cancer and appears to act partly through an estrogenic action. Results
suggest that it reduces plasma concentrations of PSA
(prostate specific antigen), a tumor marker for prostate
cancer, and in some cases reduces tumor burden.21–24
Side effects are minimal, other than estrogenic reactions,
which can be significant. Although promising, PCSPES is not discussed in detail because its specific
makeup is a trade secret and thus it does not meet the
criteria for inclusion in this book (see Chapter 1). Note,
however, that a recent paper explained that the effectiveness of PC SPES is due to its “complex composition
which may target many signal transduction and metabolic pathways simultaneously, thereby eliminating the
back-up or redundant mechanisms that otherwise promote cell survival when single-target agents are used.” 21

Concentrations are reported in units of µg/ml, since many of
the tested compounds were not pure compounds but concentrated
extracts. Purities ranged from 22 to 100 percent. These IC50
values are higher than would be expected with pure compounds.
Since the average molecular weight of these compounds is about
310 grams/mole, 1 µg/ml is roughly equal to 3.2 µM.
a
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This explanation supports the hypotheses proposed in
this book.

Estimating Allowable Dose Reductions
Due to Synergism
A primary reason we are so interested in synergistic
interactions is that they will allow lower doses of each
compound to be used. As stated, the calculations in Part
III suggest that dose reductions due to synergistic interactions are required for most direct-acting compounds, if
they are to be useful. A method for estimating allowable
dose reductions follows; but keep in mind that it is based
on results from our research, which was conducted in
vitro. Translation of in-vitro data to in-vivo conditions
is always full of uncertainties. Nonetheless, the method
provides some logical basis for making an initial estimate of allowable dose reductions.
In spite of the promising preliminary results presented
in Figure 13.3, our group still cannot statistically show
that supra-additive effects were occurring. The data
were obtained from three replicate samples for each individual test. Because of variations in the replicate
samples, additional replicates are still needed to provide
solid support for supra-additive effects. Although true
synergism appears to be occurring, at this point it is safe
to assume that, at the very least, additive effects were
produced. Still, even additive effects are noteworthy
and are sufficient to make the use of natural compounds
seem practical.
Assuming additive interactions, allowable dose reductions can now be estimated. The estimating process is
straightforward. For example, if 10 compounds were
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TABLE 13.1 MINIMUM DEGREE OF SYNERGISM NEEDED AND
MAXIMUM DOSE INCREASE OVER COMMON DOSE
COMPOUND

MINIMUM DEGREE OF
SYNERGISM NEEDED
(fold increase in potency)

Arctigenin

1.0*
2.3

Boswellic acid
Centella
Emodin
EPA/DHA
Garlic
Genistein
Geraniol

1.0
1.0
3.0
1.1
6.1
1.4
1.0

Limonene
Luteolin
Melatonin
Parthenolide
Perillyl alcohol
Quercetin
Selenium
Vitamin E
Average

7.9
1.4
1.0
4.3
2.1
2.1
3.4
1.0
2.5 (all values)
3.0 (values greater than 1)

Apigenin

*

A value of 1.0 means no increase or decrease is required.

†

Uncertain means that no common dose is available.

‡

Geometric average.

RATIO OF MAXIMUM
RECOMMENDED DOSE
TO COMMON DOSE
180

used in combination at equal concentrations, then due to
additive effects, the concentration of each compound
within the combination could be reduced by a factor of
10. If 15 compounds were used, the concentration of
each could be reduced by a factor of 15, and so on. To
translate this to in-vivo conditions, we will simply assume that dose reductions will parallel the reductions in
concentration seen in-vitro. Thus, if 15 compounds are
used, the dose of each can be reduced by a factor of 15.
As an example, suppose that to produce an anticancer
effect, the target dose for a compound is 5 grams per
day. If we use 10 compounds in combination, the target
dose could theoretically be reduced 10-fold, and a 0.5gram dose would be effective.
This does not necessarily mean, however, that a 0.5gram dose should be used; the highest safe dose would
generally be most appropriate because it would minimize the need for synergism and maximize the effect.
Let’s say that adverse reactions for this compound begin
to appear at a dose of 1 gram per day. Then a 1-gram,
rather than 0.5-gram, dose could be taken. Although
synergism would still be needed, less would be needed
than with a 0.5-gram dose. Because the 1-gram dose is

1.0*
2.8
19
41
1.1
1.0
22
uncertain†
uncertain
uncertain
6.7
2.9
uncertain
1.8
5.5
1.0
5.2‡

5-fold lower than the target dose of
5 grams (the target when the compound is used alone), synergistic
interactions generated from using
the compound in combination
would need to compensate for the
5-fold dose reduction to maintain
the same effectiveness.
This
should be possible, since according to our estimates, the use of 10
compounds in combination would
allow a 10-fold maximum reduction.

This method assumes each compound appears in the plasma at an
equal concentration. Although this
is not exactly the case based on the
dose estimates contained in Part
III, it is often not far off. Similar
plasma concentrations should be
produced for most direct-acting
compounds, since the dose estimates for most compounds used
the same target plasma concentration (15 µM, as discussed later).
For many direct-acting compounds, the calculated target dose
is too high to be taken and the 15µM plasma concentration will not
be achieved, but plasma concentrations for most compounds still
should not be much below 15 µM. (As we see below,
the average dose reduction needed is about 3-fold; therefore, most compounds should occur in the plasma at
concentrations between about 5 and 15 µM.)
For simplicity in analyzing dose requirements, we will
assume that a maximum of 15 direct-acting compounds
will be used in combination. Therefore, the maximum
allowable dose reduction for each is 15-fold. As indicated in Table 13.1, a 15-fold dose reduction is more
than enough to make essentially all direct-acting compounds seem practical. The first column of numbers in
the table indicates how much the target dose would need
to be reduced to make each direct-acting compound safe
and practical (values taken from discussions in Part III).
As shown at the bottom of the column, only a 2.5- to 3fold dose reduction is required on the average. Some
direct-acting compounds are not listed in the table because the target dose for these compounds was too uncertain to use as a base for calculations. Also, melatonin
is listed, even though it is not categorized as a directacting compound, because it can still produce direct effects.
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The 2.5- to 3-fold reduction in dose required by most
compounds is well below the allowable 15-fold dose
reduction estimated above, making it possible that all
these compounds could be effective at safe and practical
doses when used in combinations. The two compounds
with the highest dose reduction requirements, garlic and
limonene, are not as likely to be included in combinations, since other compounds may be more potent.a
Removing these two compounds would lower the average required dose reduction even further (to 1.8).
Because the average required dose reduction due to
synergism is 3-fold or lower does not mean that only
three compounds should be used in combination. The
values discussed here are only rough approximations
that represent the minimum degree of synergism required, which means that for some compounds, a greater
degree of synergism may be needed. This can be produced by using a larger number of compounds in combination. Equally important, larger combinations are
necessary to target all seven primary clusters of procancer events (see Chapter 1).
The second column of numbers in Table 13.1 lists ratios of the maximum recommended dose and the commonly prescribed dose for noncancerous conditions; as
shown, the maximum recommended doses are generally
well above those normally prescribed. The average ratio
is 5.2 (geometric average), but the range is rather large.
(The high dose requirements are one reason concentrated extracts will be required for most compounds.)
This average ratio would be a bit lower if we included
indirect-acting and immune stimulant compounds in the
calculation, since these compounds are used near their
commonly prescribed dose. Although the tentative recommended doses are relatively large, in all cases they
are at or below the dose estimated to be safe when used
as single compounds.

ESTIMATING EFFECTIVE AND SAFE
DOSES
Before a compound can be clinically used in cancer
treatment, two crucial doses must be known: the effective dose and the safe dose. Unfortunately, for many of
the natural compounds discussed, these values are still
uncertain. Although some human data are available,
very few of these compounds have been thoroughly
a

Although limonene and garlic are listed as the weakest directacting compounds, vitamins A and D3 are potentially weaker than
both, based on worst-case scenarios. The strength of these vitamins is difficult to assess, however, since their target doses and/or
safe doses are uncertain or variable and can be estimated only
within a range of values.

153

studied in humans; in-vitro and animal data are more
prevalent. The best we can do at this point is to gather
available data and make reasonable estimates. This effort is no small task, which may be why this book is
among the first to attempt it for a broad range of compounds. Some readers will want a complete explanation
of how doses were estimated, and Appendices B, I, and J
provide this information. They discuss the general approach and models used and explain how specific estimates for each compound were reached.
The
discussions of each compound in Part III end with a
summary of the results of these calculations. To clarify
the dose summaries for each compound, as well as the
tentative nature of the dose recommendations, an overview of the methods used is given below.

Estimating Effective Doses
There are three available data types on which to base
estimates for an effective dose: human anticancer data;
animal antitumor data; and a combination of pharmacokinetic and in-vitro data. Each type has advantages
and disadvantages, but all can provide helpful information. In Part III, we estimate a target dose by using as
many of these types as available data allow, then we
compare the doses estimated with each to corroborate
their values. For most compounds, human data are not
available and doses can be estimated using only the last
two data types.
If the dose estimate made from each available data
type is in general agreement with the others (considered
here as within a factor of two), we assume the target
dose is relatively well known. In these cases, our target
dose is generally chosen as an average of the available
estimates. In actuality, a range of target doses may be
more fitting, but for simplicity of calculations, we generally choose only one value. Note that the dose estimates we make are for the most part crude approximations based on numerous assumptions. They are
useful as a starting point to conceptualize target doses
but are still only an initial attempt based on limited data.
They provide only ballpark approximations, and much
more study is needed.
Use of the third data type, a combination of pharmacokinetic and in-vitro data, requires additional explanation. Briefly, we assume that a concentration effective
in vitro will also be effective when produced in the
plasma in vivo. This is not necessarily the case, as is
discussed in Appendix B, but this assumption will work
for our approximations. After identifying the effective
plasma concentration from in-vitro data, we use pharmacokinetic data to determine how large a dose is
needed to produce that concentration. (Pharmacokinetic
data tell us how a given dose affects the plasma
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concentration.) The crucial pharmacokinetic parameter
in these calculations is called the oral clearance. Simply
put, the oral clearance value represents the amount of
drug removed from the body per unit of time after oral
administration.
Details of the method used to estimate a required dose
based on pharmacokinetic and in-vitro data are provided
in Appendix J, but a few points are highlighted here.
First, oral clearance values can come from three sources:
human studies, animal studies, and mathematical models. Values obtained from human studies are the most
accurate, but again, few human studies are available.
Values from animal data are next in accuracy and to be
useful must be scaled to their human equivalent (see
Appendix B). For some compounds, even animal values
are unavailable. For this reason and as a way to corroborate animal and human values where they exist, the
oral clearance can be predicted based on the chemical
structure of the compound. I have developed a model to
make these predictions; its details and limitations are
presented in Appendix I.
The second point about this method is that the effective in-vitro concentration must be known. Although invitro data are available for most compounds, the effective concentrations generally vary over a wide range in
different studies. Thus it is difficult to choose the most
appropriate target concentration. Most of the compounds discussed in this book are effective within the
same general range (1 to 50 µM, commonly 5 to 30
µM). To simplify the task of estimating doses, I chose a
target concentration of 15 µM for most compounds, a
value roughly the average for all the in-vitro studies.
For the phenolic compounds discussed in Chapters 19
and 20, the 15-µM target concentration is modified because these compounds tend to occur in the plasma in
the form of conjugates, which are generally less potent
than the free, unchanged compound. Conjugates are
produced during phase II metabolism (a form of detoxification). Conjugation takes place in the liver as well as
in other tissues like the intestinal lining. It is the body’s
attempt to make a foreign compound more water-soluble
and thus more easily excreted in the urine. The conjugates produced during detoxification are comprised of
the parent molecule or its metabolites linked to a second,
more water-soluble molecule. This second molecule is
either glucuronic acid (which is related to glucose), glutathione, or sulfate. For the phenolic compounds discussed, glucuronide conjugates predominate in the
plasma. We assume here that these conjugates are essentially half as potent as the free parent compound (see
Appendix J). Since most phenolic compounds appear in
the plasma primarily in their conjugate form, we assume
the target concentration of most phenolic compounds is
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30 µM, or twice as high as the target of 15 µM used for
most other compounds.
A final point is that the magnitude of the dose can affect both the absorption (since absorption is apt to be
limited at high doses) and the type and concentration of
active metabolites. Thus in addition to limits from
safety issues, a human dose can also be limited by its
ability to be absorbed or beneficially metabolized.
Dose-dependent issues are likely to occur mostly for the
phenolic compounds, which generally require the largest
doses. In this book we conservatively assume that doses
in excess of 1.8 grams per day (600 milligrams three
times per day) of any single compound will produce
limited gains in plasma concentration and/or will produce a different and less effective mix of metabolites in
the plasma. We refer to this 1.8-gram limit as the general linear bioavailability limit (the reasoning behind this
is presented in Appendix J). Some exceptions are noted
in the text. To illustrate how this limit is used, imagine
that the target dose of a compound is 18 grams and the
safe dose is 20 grams. For this compound, the maximum recommended dose would be 1.8 grams; it would
then need a 10-fold increase in potency due to synergism
to make it as effective as an 18-gram dose.

Estimating Safe Doses
The best results will likely be obtained when the largest safe dose of each compound is used, as long as it is
not above the 1.8-gram linear bioavailability limit. We
view the largest safe dose as the one at which adverse
effects just begin to be produced. This is referred to as
the lowest-observable-adverse-effects level (LOAEL)
dose and is generally determined from short-term toxicity studies. In these studies, animals are given a compound daily for several weeks (as opposed to a single
administration given in acute toxicity studies).
The actual value of the human oral LOAEL dose is
unknown for the majority of natural compounds, let
alone for combinations of compounds, and must be estimated. LOAEL doses determined from animal studies
are available for many compounds, and such doses can
be scaled to their human equivalents. For some compounds, only lethal dose (LD50) data are available. (The
LD50 is the dose causing death in 50 percent of the test
animals after a single administration.) As discussed in
Appendix I, an approximate LOAEL dose can be estimated from the LD50. For still other compounds, neither
LOAEL dose nor LD50 animal data are available. Fortunately, LOAEL doses for almost all compounds can be
estimated from the chemical structure, much as oral
clearance values can be. These estimates, made by the
TOPKAT model, along with data from animal and human studies, are used in Part III to estimate the human
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TABLE 13.2 CATEGORIES OF DIRECT-ACTING NATURAL COMPOUNDS BASED ON A COMPARISON OF
THE TARGET DOSE AND MAXIMUM RECOMMENDED DOSE (MRD)
CATEGORY
The target dose is relatively certain (a single target dose is used),
and it is within 15-fold of the MRD. Synergism should allow the
MRD to be effective
The target dose is relatively uncertain (a range of target doses is
used), and the maximum target dose is within 15-fold of the MRD.
Synergism should allow the MRD to be effective.
The target dose is relatively uncertain (a range of target doses is
used), and the maximum target dose is not within 15-fold of the
MRD. Synergism may be insufficient to allow the MRD to be
effective. These compounds require more study than others before
their potential for clinical use can be assessed.

LOAEL dose.a Of course, the human data are the most
accurate; animal studies and TOPKAT predictions provide only rough estimates.
For some compounds, the maximum tolerated dose
(MTD), rather than the LOAEL dose, is available; the
MTD is generally larger than the LOAEL dose and is
likely to cause at least mild adverse effects. Such a dose
may need to be lowered slightly for clinical use.

Integrating Dose Estimates and Dose
Limits
From the above, we have the necessary information—
target doses, LOAEL doses, and the 1.8-gram bioavailability limit—to estimate maximum recommended doses
for further research. (Minimum recommended doses are
based on a slightly different set of values.) With these
three values and the 15-fold dose reduction allowable
through synergism, we can evaluate, at least in theory,
whether the natural compounds discussed will be potent
enough to produce an anticancer effect.
Target doses are estimated based on human and animal
studies and a combination of pharmacokinetic and invitro data. If values from these studies agree with one
another, the target dose is a single (average) value. If
they do not agree, the target dose is more uncertain and
a range of values is used. If the target dose is below
both the 1.8-gram linear bioavailability limit and the
LOAEL dose, we will set the maximum recommended
dose (MRD) equal to the (maximum) target dose. If the
target dose is higher than the 1.8-gram and LOAEL
doses, we will set the maximum recommended dose
a

Oxford Molecular Group, creator of the TOPKAT toxicity assessment software program, which uses this method, has contributed estimates for rat oral LOAEL dose and LD50 for many of the
compounds discussed in this book. Information on the TOPKAT
model and a listing of its predictions are presented in Appendix I.

COMPOUNDS
apigenin, arctigenin, boswellic acid, Centella, emodin,
garlic, genistein, geraniol, EPA/DHA, limonene, luteolin,
melatonin, parthenolide, perillyl alcohol, quercetin,
selenium, vitamin E
CAPE (propolis), curcumin, ginseng, resveratrol, vitamin
A, vitamin D3
EGCG, flaxseed, hypericin

equal to the 1.8-gram limit or the LOAEL dose, whichever is lower.
In comparing the target dose to the MRD, we can
group direct-acting natural compounds into the three
categories listed in Table 13.2. Although not categorized here as direct-acting compounds, ginseng and
melatonin are included in the table because they can
have a direct inhibitory effect on cancer cells.
In the first category, the dose estimates agree, a single
(average) target dose is used, and the difference between
the target and MRD is less than 15-fold. For these compounds, synergism, if it is needed, should allow each to
be effective at the MRD. Most of the direct-acting compounds fall into this category.
In the second category, the dose estimates do not
agree, and a range of target doses is used. Even looking
at a worst-case scenario, the difference between the
maximum target dose and the MRD is still less than 15fold. Again for these compounds, synergism, if needed,
should allow each to be effective at the MRD. Although
their target doses are somewhat uncertain and can be
estimated only within a range, these compounds should
still be useful.
In the third category, the dose estimates do not agree,
and again a range of target doses is used. Looking at a
worst-case scenario, the difference between the maximum target dose and the maximum recommended dose
is greater than 15-fold. Synergism may not be sufficient
to allow these compounds to be effective at the maximum recommended dose. Although all natural compounds require additional study, compounds in this last
category require more study than others. Still, the three
compounds in this category are discussed in Part III.
Each provides an example of why a compound requires
much additional study, and other reasons for their inclusion are provided in later chapters.
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AVAILABLE FORMULATIONS
Natural compounds can be obtained in a variety of
formulations, and for cancer treatment, some may be
more preferable. Formulations include:
• Decoctions. Decoctions are teas made by boiling
botanicals for an extended period in water, usually an
hour or two. These are normally unavailable commercially and are made at home; they are commonly
prescribed in Chinese herbal medicine. Infusions are
similar to decoctions, but the botanicals are steeped
in hot water or boiled for only a short time.
• Powdered botanicals. Powdered botanicals are
available commercially in pill or capsule form. They
are made from ground whole botanicals.
• Extracts. Extracts come in many forms. Solid extracts are made by extracting a botanical with a solvent (commonly water and/or alcohol), then
removing the solvent under reduced pressure. Fluid
extracts are prepared by soaking whole botanicals or
highly concentrated solid extracts in a solvent (usually a water-alcohol mixture). Another type of extract, a tincture, is similar to a fluid extract only more
dilute.
The strengths of these formulations vary. Powdered
botanicals contain herbs in their natural dried state, and
no attempt is made to concentrate the plant’s active
compounds. Decoctions are extractions representing
about 1 part botanical to 30 parts water, depending on
the amount of water used in the cooking process; their
relative weakness is compensated for by the large doses
given (about one to two cups per day). The strength of a
fluid extracts is 1 part botanical in 1 part solvent, and
that of a tincture is generally 1 part botanical in 4 to 10
parts solvent.
The strength of some solid and liquid extracts is expressed in terms of a known concentration of active ingredients. These are referred to as standardized extracts.
For example, some Eleutherococcus pills on the market
are standardized to contain 0.8 percent eleutheroside E
and B, which are thought to be its primary active saponins. Another example is a standardized curcumin product that contains 97 percent curcumin.
As mentioned previously, relatively high doses of most
compounds may be required to produce an anticancer
effect. For this reason, concentrated extracts will usually be required to provide an adequate dose of active
compound in a reasonable volume and at a reasonable
cost. Since it is highly desirable to know exactly how
much of a given active ingredient is being ingested, the
preferred formulation in most cases is a standardized
concentrated extract. Standardized extracts are becoming increasingly popular, and many of the natural com-
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pounds we discuss are now or soon will be available in
this form.
Formulations other than concentrated extracts can be
useful in limited circumstances. In the case of polysaccharide-rich herbs like Astragalus, decoctions are practical. Polysaccharides are easily extracted in hot water,
and they occur at relatively high concentrations in the
crude plant material. The same may be true of lignans,
such as arctigenin. In contrast to concentrated extracts
and decoctions, powdered whole botanicals and tinctures
will likely play a lessor role in cancer treatment, due to
their relatively low strength. One exception may be ginseng root, which has a relatively high concentration of
active ingredients; it is sweet and can be sucked on in its
whole form like candy.
In general, I subscribe to the theory that the best extracts for treating disease are those concentrated no more
than necessary. Although there are exceptions, for cancer treatment this often means extracts containing at
least 20 to 50 percent of the active compound. This approach is, of course, in opposition to the prevailing
medical view that only pure substances should be investigated and developed into drugs. Although the benefits
of using minimally concentrated extracts rather than
pure compounds remain to be proven in cancer treatment, the philosophy is compelling. Minimally concentrated extracts provide the patient with a host of other
compounds that could increase the effectiveness of
treatment. For example, crude green tea extract contains
not only the active compound EGCG but also other
catechins that may be active. These catechins add to the
inhibitory effect of EGCG against cancer cells in vitro
(see Chapter 19). A similar argument could be made for
crude propolis extract, which contains other active caffeic acid derivatives besides CAPE, the propolis compound we focus on.
Note that for a given herb, extracts made by different
manufacturers might contain differing ratios and
amounts of active ingredients, and thus their medicinal
potency might vary. For example, one Boswellia extract
could be weaker than another or even produce a slightly
different effect. Therefore, we must use caution in generalizing results from studies on any particular extract.
Nonetheless, this book tends to generalize, when such
generalizations are likely to be reasonable; this tendency
is in the spirit of making rough, not refined, dose estimates.
Let us briefly digress to talk about formulations used
in animal studies. Animals may be given whole dried
herb material, crude extracts of dried herbs, or more
concentrated extracts. Unfortunately, some animal studies do not report the dose in terms of whole plant material equivalents. For example, a study may state that a
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crude extract of Astragalus was given at
300 mg/kg. This information is of limited
value because we do not know how concentrated the extract was. This frustrating
oversight is common, and I strongly encourage researchers to report dose information thoroughly. We can salvage some data
by using common yield values. Although
yields can vary depending on the plant,
crude extracts generally yield about 30 percent of material, weight for weight.25,_26
For example, if a study reported that a rat
received an oral dose of 300 mg/kg of
crude Astragalus root extract per day, we
can assume that at a 30 percent yield this is
roughly equivalent to about 1,000 mg/kg of
whole root per day. Similar calculations
were required in a few instances in Part III,
mostly for polysaccharides.

COMBINATION DESIGN
As discussed in Chapter 1, the most practical method of designing combinations
may be through a process of elimination.
To do this, we can use the following five
constraints, already listed there:
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TABLE 13.3 PRELIMINARY ARRANGEMENT FOR
DESIGNING COMBINATIONS
NUMBER TO
CHOOSE
2 of 4
1
1 of 2
1
1
1
1
0 or 1
1 of 3
1
1
1
1
1
1 of 2

COMPOUNDS
Direct-Acting Compounds
apigenin, luteolin, genistein, and quercetin
arctigenin
boswellic acid and Centella
CAPE
curcumin
emodin
EPA/DHA
garlic*
limonene,* perillyl alcohol, and geraniol
parthenolide
resveratrol
selenium
vitamin A
vitamin D3
vitamin E* and vitamin E succinate

subtotal = 15 or 16
1 of 2
1 of 2
0 or 1
subtotal = 2 or 3

Indirect-Acting Compounds
anthocyanidins and proanthocyanidins
butcher’s broom and horse chestnut
vitamin C*

• Using a large number of compounds to
Immune Stimulants
assure redundancy, facilitate synergism,
1
Astragalus
and target all seven clusters of procan1
bromelain or polyenzyme mixture
cer events. An ideal number of com1 of 2
Eleutherococcus and ginseng
pounds might be 15 to 18, which means
1 of 3
Ganoderma, PSP/PSK, shiitake
only about half the compounds we dis1
melatonin
cuss in the book would be used.
0 or 1
glutamine*
• Choosing compounds so that all three
subtotal = 5 or 6
categories of compounds (direct acting,
Compounds for Which the Required Dose is Relatively Uncertain†
indirect acting, and immune stimulants)
0
EGCG, flaxseed, hypericin
are represented. Since each compound
Total:
22
to
25
tends to inhibit multiple procancer
*
events, by using a large combination
Compounds that may not produce as strong effects as others or may best be
and compounds from all three categoused in specific circumstances. For example, the best use of glutamine may
be to help prevent gastrointestinal injury during chemotherapy.
ries, it is likely that all seven clusters of
†
procancer events will be inhibited.
Obtained from the third category of Table 13.2.
• To assure diversity, if a pair or group of
compounds appear to act very similarly,
compounds. These include compounds in the third
using only one of the pair or a few of the group.
category of Table 13.2 and possibly those (limonene
and garlic) in Table 13.1 that seem to have the high• Eliminating compounds that are not practical for
est need for synergism. It could also include antiwhatever reason. For example, some compounds
oxidant vitamins like vitamins C and E, which would
discussed may not be commercially available at prenot be expected to produce a strong effect.
sent.
• Eliminating compounds that do not appear to have
strong anticancer effects relative to the other natural
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Figure 13.4

Example Interactions Between
Multiple Compounds
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OD
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synthesis
EPA

Apigenin

variable

Stimulate or
support the
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only as affecting signal transduction.
The terms used in the second column of
Table 13.4 are similar to those used in
Part III in tables that summarize the potential anticancer actions of each compound.
From Table 13.3, we have a general
idea of how to create a combination.
Although the process of elimination is
relatively simple, refining the combination to optimize beneficial effects and
meet the specific needs of a patient is
more difficult. To spur the research
needed to determine exactly which natural compounds would be most effective
for a given patient and at what schedule
and dose, I offer these preliminary suggestions:
Base choices on the characteristics of
the cancer. To some degree, compounds
can be chosen based on their appropriateness to the cancer’s characteristics.
Two examples follow:

• Brain cancer cells tend to have abnormally high levels of PKC, and focusing on PKC inhibition may be
useful in their treatment. In comparison to healthy brain cells, PKC activity in cancer cells is at least one if not three orders of
magnitude higher.27 Furthermore, the level of PKC
activity in brain cancer cells correlates with their
proliferation rate, and PKC inhibitors can reduce
proliferation rates up to 90 percent in vitro. PKC inhibitors also reduce the invasion of brain cancer cells
in vitro.28

Inhibit invasion
enzymes

Although this scheme is only one possible way to conceptualize the design process, it appears to be a useful
one. To see how it works, the choices for compounds
are laid out in Table 13.3.
As indicated in the table, a total of 22 to 25 compounds could be chosen. Some of these, however, are
not yet on the market, may not be available in a standardized form, or for some other practical or personal
reason may not be suitable. Excluding some then, the
final total would likely be about 15 to 18 compounds. A
combination this size seems reasonable based on the
discussions in this book; it would contain enough compounds acting by enough means so that all seven clusters of procancer events would be targeted, each through
diverse mechanisms. As an example, Figure 13.4 illustrates the procancer events that could be jointly affected
with a group of only five compounds.
The generic actions of natural compounds and their effects on the seven clusters of procancer events are listed
in Table 13.4. Note that some actions could affect more
than one cluster of events. For example, antioxidants
could affect almost every cluster of events but are listed
only as affecting genetic instability. Likewise, PTK
inhibitors could affect almost every cluster, but are listed

• Many oncogenes are overexpressed in breast cancer,
including H-ras, c-myc, erb13, and HER-2/neu.
Compounds that specifically inhibit expression or activity of these oncogenes could be useful. For example, emodin appears to be particularly effective
against breast cancer cells that overexpress the HER2/neu gene. HER-2/neu can also be overexpressed in
other types of human cancers, including ovarian,
lung, stomach, and oral cancers.29
Base choices on the results of appropriate assays. An
individual patient’s need for some compounds and response to treatment could be determined by appropriate
assays. For example, assays are available to determine
tissue levels of selenium and EPA. As another example,
assays that measure capillary resistance could be useful
to determine if compounds like proanthocyanidins are
having their intended effect on vascular permeability.

Background for Part III

Similarly, assays that measure immune function could be useful in
determining whether immune
stimulants are needed or whether
they are working. Lastly, new assays are becoming available to
measure intermediate aspects of
tumor progression, and these may
be useful in guiding treatment.
Under investigation are assays for
measuring bFGF, VEGF, and other
growth factors, as well as hyaluronidase, soluble CD44, adhesion
molecules, motility factors, and
immune-response-related
molecules. Assays are also being developed
for
tumor-associated
proteases and tumor vascularization. Established assays are already available for prostatespecific antigen (PSA) and other
diagnostic markers that may have
some use in guiding treatment.
Currently though, the clinical relevance of the assays mentioned is
still a matter of debate. As their
clinical relevance becomes better
defined, these assays could play an
important role in determining
which compounds may be needed
and how they are working.
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TABLE 13.4 ACTIONS THAT INHIBIT THE SEVEN CLUSTERS OF
PROCANCER EVENTS
CLUSTERS OF
PROCANCER EVENTS
1. Reduce genetic
instability

• Act as an antioxidant.
• Assist in glutathione synthesis.

2. Inhibit abnormal
transcription factor activity

• Inhibit NF-κB and/or AP-1 activity.
• Support the function of p53 protein.

3. Inhibit abnormal signal
transduction

• Inhibit PTK or PKC activity.
• Normalize TGF-beta signaling.
• Inhibit isoprene synthesis or otherwise inhibit the
ras cascade

4. Encourage normal cellto-cell communication

• Normalize CAM activity.
• Improve gap junction communication.

5. Inhibit abnormal
angiogenesis

• Degrade fibrin.
• Normalize vascular permeability.
• Inhibit the abnormal production or activity of bFGF,
eicosanoids, histamine, TNF, VEGF, lactic acid, or
insulin.

6. Inhibit invasion and
metastasis

• Inhibit the abnormal production or activity of
invasion enzymes.
• Inhibit GAG synthesis.
• Inhibit cell migration.
• Inhibit platelet aggregation.

7. Increase or support the
immune response

• Stimulate IL-2 production or otherwise stimulate,
support, or regulate the immune system.
• Inhibit the abnormal production or activity of
eicosanoids, normalize TGF-beta signaling, or
otherwise inhibit tumor-induced
immunosuppression.

Focus on the most applicable
procancer events. Not all procancer events discussed are active in all cancers, and compounds can be designed to focus on those events most
applicable to a given situation. For example, brain cancers rarely metastasize, so an emphasis on antimetastatic
compounds for these cancers is likely to be inappropriate. As another example, immune stimulants might play
a larger role in treating immunogenic cancers like melanoma than they would in less immunogenic cancers.
(Immunogenic cancers are those that are most able to
evoke an immune reaction.)
Use rest periods. A resting period is advocated in
many forms of therapy because it gives the body time to
normalize its functions. For example, some immune
stimulants may be more effective when administration
includes a resting period. As discussed in Chapter 18
(for bromelain), 15 days of treatment followed by a 5day rest period may be appropriate for some compounds.
Administer compounds at the most appropriate time of
the day. A number of animal and human studies have
demonstrated that side effects of chemotherapy or im-

INHIBITED BY NATURAL COMPOUNDS
THAT:

munotherapy can be reduced and their efficacy increased
by administration at the most appropriate times of the
day.30–33 These findings are related to the fact that many
bodily functions follow a 24-hour cycle. For example,
hormonal production and the absorption, transport, metabolism, and elimination of drugs follow 24-hour
(chronobiologic) rhythms in animals and humans. Even
in-vitro cell cultures show some 24-hour rhythms.
These rhythms can likely be used to increase the efficacy and safety of natural compounds. For example, the
effects of some herbal immunostimulants and melatonin
may be optimized by administration at the appropriate
time of day. Studies have indicated immunostimulants
are best given in the morning and melatonin in the evening (see Chapters 12 and 22).

CONCLUSION
The information contained in this chapter is intended
to place the discussions in remaining chapters in context
and to illustrate how and why individual compounds
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should be used in combination. This chapter provides
several reasons why synergism is both possible and essential and explains why only additive interactions and
not true synergistic ones are likely needed to make direct-acting compounds effective at safe doses. The required additive interactions should be easily achieved in
large combinations, opening the door to the potential use
of combinations in cancer treatment.
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TRACE METALS
Trace metals can play a number of roles in cancer initiation and progression, as well as in prevention and
treatment. Although many trace metals can affect cancer, in this chapter we focus on three—selenium, iron,
and copper—whose potential to affect disease outcome
seems particularly high. The biochemistry of these trace
metals is complex, and some of this complexity is related to their participation in redox reactions, which are
themselves complex and poorly understood in vivo.
Nonetheless, the information currently available
strongly suggests that each could be manipulated in the
clinical setting to prolong the survival of cancer patients.
All three metals participate easily in redox reactions
and are components of enzymes and other proteins necessary for life, but their effects on cancer differ.
Whereas selenium appears to protect against cancer and
inhibit cancer progression, iron and copper have the opposite effect, and excessive concentrations of these are
associated with increased cancer risk and progression.
Therefore, we will discuss the potential benefits of administering selenium and lowering iron and copper concentrations.

SELENIUM
Summary of Research and Conclusionsa
At least 35 in-vitro studies have reported that selenium
produces cytotoxic effects on a variety of cancer cell
lines.1–5,_b At least 20 studies have reported that selenium produced antitumor effects in animals.6–11,_c Hu-

a

As in all sections of Part III with this heading, the information
summarized was obtained primarily from the MEDLINE database; papers not indexed in MEDLINE are generally not included. The summaries are only for studies conducted with
cancer cells; mechanistic studies not involving cancer cells (such
as those on PTK inhibition, for example) are not summarized.
Lastly, these summaries focus on studies pertinent to cancer
treatment, not prevention.
b

In all of Part III, if more than about seven studies demonstrated
a particular effect, usually only about five will be listed as references; to list more would be too cumbersome. Those listed serve
as examples that support the point.

man anticancer trials have not yet been conducted, other
than one in which selenium was used in the symptomatic treatment of brain tumor patients.12 In that trial,
selenium, in combination with several other therapeutic
agents, produced general improvements such as reductions in nausea and headaches. Still other studies have
reported that selenium reduced the side effects of chemotherapy drugs; these are discussed in Chapter 23.
Apart from cancer treatment studies, a number of human trials have reported that selenium supplementation
could reduce the risk of developing cancer.13–17 Other
large human cancer prevention trials are now in progress. Many animal studies also have reported that selenium may reduce cancer risk.18–22 In addition to the
above studies on supplementation, some epidemiological studies have reported that low dietary intake of selenium is associated with increased risk of several cancers,
although the results of the epidemiologic studies as a
whole are inconsistent.23,_24
In total, the studies on selenium suggest that supplementation may be useful in both cancer prevention and
treatment. Although most human studies thus far have
looked at its preventive effects, numerous animal studies
have suggested selenium may be useful in treating established cancers. The results from in-vitro studies support
its potential as an anticancer compound.

Introduction
Selenium is a trace metal well known for its incorporation into the antioxidant enzyme glutathione peroxidase
(see Figure 5.2). As part of this important enzyme, selenium assists in converting hydrogen peroxide to water.
One might initially guess that the cytotoxic and antitumor effects of selenium are due to this antioxidant role,
but the situation is actually more complex. In fact, only
small amounts of selenium are needed to produce
maximal concentrations of glutathione peroxidase. Cancer prevention effects only begin at doses about 10-fold
higher.25 Thus other aspects of selenium biochemistry
must be responsible for the cytotoxic and cancer preventive effects. Selenium compounds easily participate in
redox reactions, and current research suggests that their
effects on cancer may be due largely to redox activity.26

c

Technically, the term antitumor refers to a reduction in tumor
volume in animals, whereas anticancer refers to the same in humans. To avoid awkward sentences, I use the two phrases interchangeably, and use both phrases in their broadest sense to refer
not only to tumor regression but also to antiangiogenesis, anti-

metastasis, anti-invasion, and other forms of cancer inhibition,
prolongation of life span, or both.
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Figure 14.1
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To start, consider the basic question of what form of
selenium is preferable in treatment. Fundamentally,
there are only two types of selenium molecules: inorganic, which do not contain carbon, and organic, which
do. Organic forms are preferable in treatment, since
they are more easily metabolized to the active form in
vivo.
Inorganic selenium occurs naturally in the earth’s
crust. A common example of it is selenite, a combination of selenium and sodium. In contrast, organic forms
occur within living beings, including various plants and
yeast; a common example is selenocysteine, a combination of selenium and the amino acid cysteine. Selenium
supplements can contain inorganic forms (usually selenite) or organic ones (usually selenocysteine, selenomethionine, or methylselenocysteine). The structures
for these four forms are illustrated in Figures A.11 to
A.16 of Appendix A, along with the amino acids cysteine and methionine for comparison.a
a

Selenium can substitute for sulfur atoms, and as seen in the
figures in Appendix A, it combines with cysteine and methionine
molecules through this substitution.

selenoproteins
such as
glutathione
peroxidase

Once in the body, most selenium, regardless of its starting form, is eventually metabolized to methylselenol, then
to methylselenol derivatives. Methylselenol is of prime importance to us, since
this form seems to be responsible for
selenium’s
anticancer
effects
in
vivo.27,_28 The metabolism (or detoxification) of inorganic and organic forms to
methylselenol and its derivatives is illustrated in Figure 14.1 (dietary compounds
are in bold; figure adapted from references 29 and 30).
As shown on the right side, inorganic
forms require the greatest metabolism on
their way to becoming methylselenol.
First they must be reduced (via glutathione) and then methylated (i.e., a
methyl group, CH3, must be added to the
molecule). In contrast, as shown on the
left, organic forms do not require reduction by glutathione in becoming methylselenol and often do not require
methylation. Subsequent metabolism of
methylselenol to its derivatives does
entail additional methyl groups, but in
total, organic forms require less than
inorganic ones.

The principal methyl donor in the body
is SAM, and selenium, especially the
inorganic form, is toxic to the body at
elevated doses because it depletes SAM reserves. Low
SAM levels are associated with increased risk of a variety of diseases, including cancer (see Chapter 2). Accordingly, of the two forms, inorganic selenium causes
the most adverse effects at high doses; it requires both
extra methyl donors and extra antioxidants during its
metabolism. Of the organic forms, methylselenocysteine, and to a lesser extent selenomethionine, are
among those causing the least adverse effects at high
doses, since they can be converted directly to methylselenol without methyl donors.
Methylselenocysteine occurs in selenium-enriched garlic and in some Astragalus species.31,_32 Nevertheless, it
is not widely used as a supplement because it occurs in
very small concentrations in plants, and other selenium
compounds such as selenomethionine are more abundant
and economical.30 For these reasons, selenomethionine
is the most practical form of selenium for therapy. Another advantage of using selenomethionine is that it is
readily stored in numerous body proteins. Consequently, animals previously supplemented with selenomethionine have shown higher activities of
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selenium-dependent enzymes for a
longer period during selenium depletion than seen after previous
administration of selenite.30

In-vitro Studies
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TABLE 14.1 POTENTIAL ANTICANCER ACTIONS OF SELENIUM
ACTIVITY

KNOWN
AS A PKC INHIBITOR,
EFFECTS
MAY:
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PKC
x
—
Chapter 5: Transcription Factors and Redox Signaling
x
x
Inhibit NF-κB/AP-1 activity
Chapter 6: Cell-to-Cell Communication
Improve gap junction
x
x
communication
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit histamine effects
x
Inhibit TNF effects
x
Inhibit VEGF effects
x
x
Inhibit insulin resistance
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit collagenase effects
x
Inhibit cell migration
x
Inhibit metastasis
x
Chapters 11 and 12: Immune System
Support the immune system
x

Both inorganic and organic
forms of selenium are cytotoxic to
cancer cells in vitro. We do not,
however, rely on the many in-vitro
studies of inorganic selenium to
explain why selenium should be
useful, because these studies are
based on conditions that do not
occur in vivo. Inorganic selenium
does not generally reach cancer
tissues—it is metabolized first to
organic selenium, as discussed,
with most metabolism occurring in
the liver. In vitro, cells exposed to
inorganic selenium attempt to detoxify it to its organic forms, just
as liver cells do in vivo. Since invitro concentrations usually overwhelm the ability of cells to detoxify selenium, cells are killed in
large part because of depletion of
SAM and antioxidant reserves.
Understandably, selenite (inorganic selenium) has been
reported to cause DNA strand breaks in cancer cells in
vitro, probably via free radicals and/or SAM deficiency,
and to induce p53-dependent apoptosis.33 In contrast,
methylselenocysteine and related organic forms act
through a different means: they appear to induce apoptosis independent of DNA damage and p53 activity.3

The exact way that organic forms induce apoptosis in
cancer cells is still uncertain, but it appears that organic
selenium acts in a redox-mediated manner to switch protein activity on and off. There are a number of ways this
can occur, and all are similar to the formation and destruction of disulfide bonds discussed in Chapter 5. For
example, selenium compounds may react with cysteine
residues in proteins to form sulfur-selenium-sulfur
bonds. Selenium compounds may also catalyze the
creation or dissolution of disulfide bonds between cysteine residues (see Figure 5.3). Whatever the exact reaction, oxidized selenium tends to turn proteins off, and
reduced selenium tends to turn them on.
One protein selenium compounds are especially adept
at turning off is PKC. Interestingly, selenium can inhibit PKC through a redox-sensitive mechanism despite
the presence of adequate intracellular glutathione concentrations. Apparently, this is due to a shielding of the

cysteine-rich regions of PKC caused by their close proximity to the plasma membrane.34 In addition, selenium
compounds may interact directly with transcription factors to switch them on or off.25
A summary of the potential anticancer actions of selenium is provided in Table 14.1. Similar tables are used
throughout Part III for most compounds discussed.
They summarize the material presented in Parts I and II
and include inferred as well as known effects. The inferred effects have not yet been proven but are suggested
by the general characteristics of the compound. For example, antioxidants in general tend to inhibit NF-κB
activity, but not all antioxidants are the same in this respect. Therefore, the inferred effects may or may not
occur, but they are included to provide suggestions for
future research. Through these known (and inferred)
effects, natural compounds have the potential to affect
cancer progression in a multitude of ways. For convenience, activities for each compound are listed according
to the chapter in which the activity was discussed. The
dashes in the tables signify identical actions. For example, selenium inhibits PKC, so a dash appears in the line
“Inhibit PKC” under the column heading “As a PKC
inhibitor, may.” In other words, any known PKC inhibitor obviously inhibits PKC.
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Selenium compounds inhibit PKC and AP-1 activity at
roughly 2 to 50 µM in vitro, with inorganic forms being
slightly more potent than organic forms.34,_35,_36 Within
this same concentration range, selenium has been reported to inhibit neoplastic transformation and/or proliferation in a number of cell lines.37–41 The low end of the
active concentration range is similar to normal plasma
concentrations; accordingly, such concentrations may be
adequate to inhibit some cancer cell lines. Normal
plasma concentrations of selenium range from about 1.3
to 5.2 µM, with the LOAEL (lowest-observableadverse-effects level) concentration being about 13
µM.35,_42,_57 Administration of selenium supplements (at
200 micrograms per day) can produce plasma concentrations at the high end of the normal range (roughly 5
µM). Normal plasma concentrations may be adequate to
inhibit other aspects of cancer progression besides cancer cell proliferation. For example, at least one in-vitro
study has reported that concentrations of 2 µM or less
can partially inhibit proliferation of vascular cells during
angiogenesis.43

In-vivo Studies
Many studies have reported that selenium produces
anticancer effects in animals. Twelve of these are summarized below. Both inorganic and organic forms were
reported to be effective, as expected, since the inorganic
forms are metabolized to the organic forms in vivo.
(The advantage of using organic selenium, as discussed
above, has more to do with a reduced risk of adverse
effects at high doses than an improved anticancer effect.) The typical oral doses used in the following studies were 2.3 to 5.8 milligrams per day, as scaled to
humans. The geometric average of all oral doses used is
3.7 milligrams, as scaled to humans. Since this is an
excessive dose even for organic forms, selenium will
probably require synergism to be effective.
• Administration of about 480 µg/kg of selenium as
selenite in the diet inhibited metastasis of melanoma
cells and growth of metastatic lung tumors in mice.7
• Administration of 300 and 600 µg/kg of selenium as
selenite in the diet inhibited the growth of Ehrlich
ascites cells in mice. Intraperitoneal injection was
more effective than oral.44
• Administration of 38 and 150 µg/kg of selenium as
selenite in the diet increased the survival of rats injected with brain cancer cells.11
• Administration of 4 mg/kg of selenium as selenite in
the diet had no effect on the growth of human breast
cancer cells transplanted into nude mice. This high
dose was also toxic to the mice.45
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• Intraperitoneal injection of about 1.6 mg/kg of selenium as selenite inhibited some but not all types of
leukemic cells injected into mice.9
• Intraperitoneal administration of 250 µg/kg of selenium as selenite inhibited the growth of Ehrlich ascites cells in mice.46
• Subcutaneous administration of 0.8 mg/kg of selenium as selenite inhibited the growth of transplanted
breast cancer cells in mice.47
• Administration of about 600 µg/kg of selenium as
selenomethionine in the diet inhibited metastasis of
melanoma cells and growth of metastatic lung tumors in mice.7
• Administration of 240 µg/kg of selenium as selenium
yeast in the diet inhibited metastasis of lung cancer
cells in mice.8
• Administration of 150 µg/kg of selenium as selenium
yeast in the diet inhibited the growth of breast cancer
cells in rats.48
• Oral administration of about 230 µg/kg of various
forms of selenium for seven weeks inhibited angiogenesis in rats with chemically induced breast cancer.43
• Intraperitoneal injection of 2 mg/kg of various forms
of selenium inhibited Ehrlich ascites tumor growth in
mice.10

Estimated Therapeutic and LOAEL Doses
of Selenium
As stated above, the geometric average dose as scaled
from animal studies is roughly 3.7 milligrams per day.
We will use this as a target human dose, although it is
much larger than the commonly prescribed selenium
dose of 200 micrograms for noncancerous conditions. A
200-microgram dose was also used in most human risk
reduction studies, as discussed below.
Doses higher than 200 micrograms per day could be
safely used by most patients, especially for short to
moderate periods. The LOAEL dose for selenium in
humans is estimated to be about 2 milligrams (28 µg/kg)
per day, and the NOAEL (no-observable-adverse-effects
level) dose is estimated to be 1.1 milligrams (15
µg/kg).49 Higher doses might be possible if methylselenocysteine or other methylated forms of selenium are
used, but this remains to be confirmed. At high doses,
signs of toxicity include depression, nervousness, nausea, vomiting, and a garlic odor of the breath and sweat.
Ingestion of very high doses can cause hair and fingernail loss and fatigue, as seen in one woman who inadvertently ingested about 26 milligrams per day for three
months.50
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The therapeutic dose estimates
are summarized in Table 14.2.
The tentative dose recommendation is listed as 250 to 1,100 micrograms per day.
The 250microgram value is based on the
assumption of a full 15-fold increase in potency by synergistic
interactions, while the 1,100microgram (or 1.1 milligram)
value is based on the NOAEL
dose.
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TABLE 14.2 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR SELENIUM
DESCRIPTION
Required dose as scaled from animal
antitumor studies
Target dose based on animal antitumor
studies
Minimum required antitumor dose assuming
15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Estimated NOAEL dose
Tentative dose recommendation for
further research
Minimum degree of synergism required

It appears that synergistic interactions will be required for selenium to produce an anticancer
effect in humans. In comparing
the 3.7-milligram target dose to
the 1.1-milligram maximum recommended dose, synergistic interactions will be needed
to produce a minimum 3.4-fold increase in potency.
This should be possible, since a 3.4-fold increase is well
below the allowable 15-fold increase discussed in Chapter 13.
For chronic doses above 200 micrograms (11 µg/kg)
per day, it would be especially important to use an organic form of selenium because, as noted, inorganic
forms are more apt to produce adverse effects at high
doses.30 Doses as high as 4,000 micrograms of organic
selenium (as kappa-selenocarrageenan) have been given
safely to cancer patients over the short term (for eight
days).51 Nonetheless, it may be prudent to monitor patients receiving selenium at doses approaching the
LOAEL for toxic effects, even if treatment is short or
organic forms are used.

Cancer Prevention Studies
Some readers may be interested in the potential of selenium in cancer prevention as well as treatment. A
number of studies have reported that low selenium levels are associated with increased cancer risk in humans.52,_53,_54 Low levels have also been associated with
increased risk of heart disease and reduced immune
function.55 Associations with cancer risk appear to be
particularly strong for breast, colon, and prostate cancers. Some examples follow, along with studies that
suggest selenium supplementation can reduce cancer
risk:
• In a study on 321 subjects, 111 of whom later developed cancer, those with the lowest selenium levels
were twice as likely to develop cancer as those with
the highest levels. The association was strongest for
cancers of the gastrointestinal tract and prostate.23

SELENIUM DOSE (µ
µg/day)
2,300 to 5,800
(geometric average of 3,700)
3,700
250
200
2,000
1,100
250 to 1,100
3.4-fold potency increase

• A cohort study of 33,700 men reported that prostate
cancer risk was reduced in men who had higher dietary selenium intake.24
• In a study on women over 50, high blood levels of
selenium were associated with a reduced risk of
breast cancer.56
• In a seven-year study on 1,312 human subjects, 200
micrograms of selenium supplement per day (from
yeast) reduced the incidence of prostate cancer by 63
percent, colon cancer by 58 percent, overall cancer
incidence by 35 percent, and cancer mortality, 49
percent.57 The incidence of skin cancer was not significantly affected.
• In a study on 974 men with a history of basal cell or
squamous cell carcinoma, oral administration of 200
micrograms of selenium (from yeast) for 4.5 years
reduced the risk of secondary prostate cancer by 63
percent. In addition, selenium supplementation reduced the risk of total cancer mortality, as well as the
incidence of lung cancer, colorectal cancer, and total
cancers.16
• Plasma selenium levels were lower in patients with
malignant oral cavity lesions as compared to healthy
controls and to patients with premalignant lesions.
Twenty-two patients with premalignant lesions were
treated with 300 micrograms per day of selenium
supplements (selenite or organic selenium). After 12
weeks, lesions improved in 39 percent of the subjects.58
• Selenium supplementation of 200 micrograms (as
selenite) significantly reduced the incidence of liver
cancer in an area of China where selenium levels are
low.59
In contrast to these studies, a few studies have reported
no association between selenium deficiency and cancer
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Figure 14.2
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been associated with increased risk of
fungal or other infections.69,_70,_71 The
potential mechanisms for these detrimental effects include increased generation of ROS (reactive oxygen species),
increased iron for DNA synthesis, and
immune suppression induced by high
iron levels.66,_72 Therefore, anti-iron
therapies may be useful in reducing cell
transformation, cancer progression, and
secondary effects of cancer like infection. However, since human life also
requires iron, there is a limit to how far
iron concentrations can be reduced.
Thus there may be an optimal low level
of tissue iron to strive for in cancer patients.

Iron and Redox Reactionsb
As stated, excess iron can assist cancer
through increased generation of ROS.
We know that mild ROS concentrations
electron loss
electron source
can increase cell proliferation, angiogenesis, and invasion, as well as assist in
other malignant behavior. In addition,
or have reported that selenium increases cancer risk.60,_61 ROS generation can be detrimental because it can damBased on the majority of studies, however, it appears age healthy cells. Here we look more closely at the role
that selenium is generally protective against cancer.
iron plays in redox reactions and the kinds of ROS that
can be produced.

IRON
Iron is required for life by humans and many other organisms, including cancer cells and most bacteria. By
virtue of its incorporation into hemoglobin, it plays a
central role in oxygen and carbon dioxide transport by
red blood cells. Iron is also a part of several key enzymes, including the antioxidant enzyme catalase and
enzymes active in energy production, metabolism, and
DNA synthesis. Furthermore, iron plays an important
role in many redox reactions. Through these means,
iron, essential as it is in human health, when present in
excess can also play a role in cancer initiation and progression.
A large number of animal and human studies have reported that elevated iron levels are associated with increased risk of developing cancer.62,_63,_64 Furthermore,
increased iron loading may assist cancer progression and
is associated with poor prognosis in some cancers.65–68,_a
Lastly, increased iron loading in cancer patients has

Iron, like copper, is a reactive metal, which is why, for
example, it is hard to keep it from rusting (oxidizing).
We know iron gains or loses electrons during redox reactions, and in doing so, it cycles from reduced to oxidized forms and back, much like the antioxidants
discussed in Chapter 5. In fact, the cycling of antioxidants and the cycling of iron are intertwined, since antioxidants can provide the electron source for cycling iron
from oxidized to reduced states. The redox cycling of
iron is illustrated in Figure 14.2.
As shown in the figure, the reduced form of iron is
iron+2 (also called ferrous iron). Upon oxidation, it loses
a negatively charged electron to become iron+3 (also
called ferric iron). Many different antioxidants, including vitamin C and flavonoids, can participate in iron
reduction. The iron redox cycle is important because the
cycling of iron can lead to the formation of both hydrogen peroxide and the damaging hydroxyl radical, via the
following reactions:
b

a

Increased iron loading can be judged by serum ferritin and
transferrin levels and transferrin saturation.

A summary of research and conclusions is not included for iron
or copper because they are not intended to be used as therapeutic
agents; instead, lowering their concentrations may be useful.
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antioxidant + iron+3 →
oxidized antioxidant + iron+2
iron+2 + O2 → iron+3 + H2O2
iron+2 + H2O2 → iron+3 + OH • + OH –
The first reaction is illustrated in Figure 14.2. In the
second reaction, reduced iron reacts with molecular
oxygen to produce oxidized iron and hydrogen peroxide
(H2O2). In the third reaction, iron reacts with hydrogen
peroxide to produce oxidized iron and the hydroxyl
radical (OH •). This third reaction, which can also occur
with copper and some other metal ions, is called the
Fenton reaction. In addition to its role in producing the
hydroxyl radical through the Fenton reaction, iron can
also participate in the production of the hydroxyl radical
by catalyzing the steps in the Haber-Weiss reaction:
O2• – + H2O2 → O2 +OH • + OH –
In this reaction, iron catalyzes the production of the
hydroxyl radical from the superoxide radical and hydrogen peroxide. Although we are certain that the Fenton
and Haber-Weiss reactions occur in vitro, it is likely that
some variations on these themes occur in vivo.73
To limit the chance of unwanted redox reactions, most
iron in the body is stored in the oxidized (ferric) form,
sequestered to metal-binding proteins. For nonhemoglobin iron, the storage proteins are primarily ferritin
inside the cell and transferrin in the blood. Inside the
cell, iron can be picked up by other binding proteins,
which vary in their ability to allow reactions. Most important to us is that in some situations, such as inflammation and tissue damage, a small amount of iron may
be freed from its binding proteins. Iron may also be
released during tumor invasion, where enzymes damage
local tissues. Once free, iron is able to participate in
redox reactions. This situation can also occur after cell
damage caused by chemotherapy drugs and radiotherapy.74 Thus free iron released after treatment with
doxorubicin is believed to contribute to the adverse effects of this drug (for example, free iron can cause oxidative damage in heart tissue).
In addition,
chemotherapy drugs like doxorubicin can directly bind
iron in a way that produces ROS, which is one way this
drug kills cancer cells and also causes adverse reactions.75

Iron, Cell Proliferation, and Iron
Withholding
In addition to its ability to increase oxidative damage,
excess iron is detrimental because iron is needed for
proliferation of bacteria and many other organisms, including most if not all cancer cells. In particular, iron is

needed for the enzyme ribonucleotide reductase, which
plays an essential role in DNA synthesis. In fact, iron
availability is commonly growth-limiting for many organisms. Since bacteria need iron, the body has developed ways to withhold iron when faced with infection.
A large body of evidence demonstrates that one of the
first responses to infection in animals is iron withholding.76 The iron-withholding system can thus be considered part of the natural immune system. Many studies
have reported that iron withholding reduces the severity
of infection and that high iron levels favor more severe
and more frequent infections.
Not surprisingly, the body responds to cancer in the
same way it responds to infection—by withholding iron.
Because of this response and the relationship between
cancer, the immune system, and iron, it is useful to explore how iron withholding works, how excess iron affects the immune system, and how cancer cells strive to
obtain iron.
There are at least three ways the body withholds iron.
First, iron is sequestered in macrophages. In response to
infection, immune cells secrete nitric oxide (NO) and
other compounds that cause pathogens to export iron;
the iron they release, along with that released from damaged cells, is picked up by iron-binding proteins secreted
from neutrophils. One such protein is the multipurpose
protein lactoferrin.a The iron-loaded lactoferrin is eventually ingested by macrophages. If iron levels are not
too high, macrophages safely store the excess iron they
ingest. In fact, in moderate amounts this iron can assist
macrophages to produce ROS.77 Ingestion of excessive
amounts of iron, however, reduces their effectiveness
and their ability to sequester additional iron. Thus very
high iron levels can overwhelm storage capacity and
have detrimental consequences for the immune system.
Second, the body controls iron availability during infection by reducing iron absorption in the intestines and
by synthesizing immunoglobulins that attack the receptors for iron-binding proteins located on the surface of
microbe cells.78
Lastly, the body regulates iron availability through
synthesis of the iron-binding protein transferrin. Although transferrin also serves as an iron-supplying protein, it does play a role in removing iron from use.
Assays that measure the iron saturation level of transferrin are useful in determining the amount of available
iron. The normal iron saturation level is about 30 percent, and levels at or below this point are helpful in
fighting infection. In response to infection, irona

Mother’s milk has a high concentration of lactoferrin, which
may help reduce the risk of infection in a child.
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withholding systems can lower transferrin saturation
levels to about 15 percent, and serum iron can drop from
a normal of about 18 µM down to about 5.3 µM.76 In
chronic infection, however, this self-induced drop in
iron is prolonged and is responsible for the well-known
anemic condition called the “anemia of chronic disease.”
Iron withholding limits the ability of microbes to obtain needed iron; it also limits the same ability in cancer
cells. Some cancer cells, however, have adapted to this
limitation by producing iron-binding peptides that deliver iron to the cancer cell.79,_a Still, in many cancer
cell lines, proliferation is inhibited by iron withholding.
It is tempting to speculate that the spontaneous regressions seen in some cancer patients after severe infection
and/or fever could be related at least in part to reductions in iron availability.80–83 Not only does infection
increase iron withholding, as discussed above, but fever,
among its many effects, reduces the ability of pathogens
and cancer cells to synthesize iron-binding proteins and
their receptors.84 Increased iron withholding, possibly
in association with fever, may also be partly responsible
for the antitumor effects of some bacterial injections.76

Iron-Withholding Strategies in Therapy
Because iron withholding assists in the treatment of
cancer and infection, several strategies have been investigated that facilitate it:
• The simplest method to lower iron stores is bloodletting.85,_86 It is interesting to note that bloodletting
has been used since antiquity by a variety of cultures
to treat infections and other diseases.87 Modern research also indicates that bloodletting can have beneficial effects. For example, therapeutic bloodletting
has been reported to reduce oxidation of serum cholesterol in smokers.88 (Iron-withholding therapies
can be expected to produce antioxidant effects.89)
One common form of bloodletting is donating blood;
this is associated with reduced cancer risk and reduced risk of heart attacks.90,_91
• Iron availability can be reduced by eating an irondeficient diet. In one mouse study, an iron-deficient
diet reduced the growth rate of spontaneous tumors
by about 45 percent compared to mice on a normal
diet.92 Tumors in mice on low-iron diets also were
smaller and grew more slowly than those in mice fed
high-iron diets.65 Although results of some studies
a

Some tumor cells secrete an altered form of the iron-binding
protein ferritin that is effective at picking up and bringing iron to
them. The high serum ferritin levels seen in some cancer patients
may originate from the tumor itself.
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do conflict, other investigators have also reported
that iron-deficient diets inhibit tumor growth in rodents without otherwise causing harm.93 Note that
vitamin C is able to increase iron uptake, since vitamin C reduces iron, and reduced iron is more easily
assimilated. In Chapter 15, we discuss how vitamin
C increased tumor growth in some animal studies. It
is conceivable that some of the effects of vitamin C
on tumor growth may have been related to increased
iron absorption from the diet.
• Iron-chelating compounds (those that bind to iron
and keep it from participating in reactions) have been
tested for anticancer effects. Iron chelators can inhibit proliferation of many types of cancer cells in vitro.94–98 The same is true for copper chelators.99
Animal and human studies have also demonstrated
that iron chelators can produce anticancer effects.100,_101,_102 Some studies, however, reported that
chelators were not effective, probably due to the ability of some tumors to synthesize iron-binding proteins and/or transferrin receptors and successfully
compete for body iron stores.79,_103 Iron chelators
may also be beneficial in reducing adverse effects of
chemotherapy drugs that generate ROS.104 Since
natural compounds that chelate copper also tend to
chelate iron, the copper-chelating compounds discussed in Chapter 8 might be useful for iron chelation.
• It may be possible to reduce iron availability by administering the milk protein lactoferrin. In addition
to its iron-binding effects discussed above, lactoferrin also acts as an immunostimulant; this has been
reported after oral administration in rodents, cats,
and humans.105,_106 Immune effects have also been
seen in vitro. For example, one study reported that
lactoferrin increased the ability of natural killer cells
to kill cancer cells.107 Lactoferrin may also deter
cancer in other ways, including inhibition of cyclindependent kinases.108,_109 Regardless of the mechanism, lactoferrin can inhibit tumor growth and metastasis in vivo. For example, human and/or bovine
lactoferrin impeded the growth or metastasis or both
of ras-transformed fibroblasts, melanoma cells, colon cancer cells, and lymphoma cells in
Nonetheless, bovine lactoferrin,
mice.110,_111,_112
which is commercially available, may not be effective against human cancer cells in some cases.113 In
spite of these positive results, administering bovine
or human lactoferrin could also be harmful, since
some tumor cells appear to produce lactoferrin
and/or use it to supply themselves with iron.87,_114–116
Therefore, although lactoferrin is potentially a useful
compound in cancer therapy, it may be prudent to
await further study before using it.
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In summary, because excessive iron can facilitate cancer progression in several ways, we would like to lower
high iron concentrations, if present. The degree that iron
levels can be lowered, however, is limited by the need
for iron by red blood cells and immune cells, as well as
other normal cells. Moreover, excessively low iron levels can stimulate production of VEGF, as reported after
high doses of iron chelators in vitro.117 Since VEGF is
an angiogenic factor, excessive iron withholding (including chelation) should be used with caution. The
connection between low iron levels and VEGF is not
surprising. Low iron conditions are associated with low
oxygen conditions, which stimulate angiogeneses during
wound healing. For these reasons, it is desirable to
maintain an optimal low level of iron but not to drop
below it.
A reasonable approach would be to monitor the level
of iron in the system and, if it is excessive, lower its
concentration through one or both of the first two strategies listed above, as appropriate to the situation. If a
combination of natural compounds is already being used
in treatment, it is likely that iron chelation (step three
above) is already occurring to some degree.

COPPER
In many ways, copper is similar to iron; for one thing,
both are needed for synthesis of important enzymes.
Copper is necessary in the antioxidant enzyme copper/zinc superoxide dismutate, for example (see Figure
5.2). For another, both iron and copper are transition
metals that can participate in redox reactions. Copper
can participate in all the reactions discussed above for
iron, including the Fenton and Haber-Weiss reactions.
(In these, the reduced and oxidized forms of copper are
copper+1 and copper+2, respectively.) Like iron, copper
is sequestered by proteins, thus preventing unwanted
redox reactions. The storage protein for copper in the
blood is ceruloplasmin, although albumin may also play
a role. The storage proteins inside the cell are still uncertain, but metallothionein is thought to be one of them.
As with iron, cell necrosis and tissue damage can release
free copper, while oxidative stress alone can release free
copper from metallothionein.118
Anticopper therapies may be useful in cancer treatment because cancer cells require copper for survival.
For example, copper-deficient diets inhibited the growth
of brain cancer cells in rats.119,_120 Copper is also needed
for angiogenesis, and copper-deficient diets, copperchelating agents, or other forms of anticopper therapy
can inhibit angiogenesis in rats, rabbits, and humans (see
Chapter 8). As with iron, however, a certain level of
copper is necessary to sustain life. Thus an optimum

171

low level may exist that inhibits cancer but allows normal processes to continue.
Anticopper therapies could have the added benefit of
increasing iron withholding, although the degree and
conditions of this are still uncertain. It is clear that copper and iron metabolism are intertwined. Animals fed
copper-deficient diets exhibit iron deficiency anemia
and increased iron storage in organs such as the liver
and brain.121 In one study on mice, transferrin saturation
was reduced by 50 percent after four weeks on a copperdeficient diet.122 Conversely, iron deficiency can lead to
increased copper levels in tissues.123 The relationship
between iron and copper is still not completely understood, but it appears copper may play a role in both iron
influx into cells and iron efflux out of cells. Its effects
on iron efflux are the most clearly documented.124
Anticopper therapies are likely to alter the iron status
of tumor cells, but the form this alteration will take is
not known exactly. Most tissues, except the brain and
liver, show lowered iron content during copper deficiency. Tumor cells will possibly also show lowered
iron content, which would be a beneficial effect. Conceivably, however, the reverse could occur. At this
point, it seems that anticopper therapy might best be
used in conjunction with anti-iron therapy; this may prevent unwanted increases in tissue levels of either metal.
For example, if iron levels are high and anticopper therapy is used, excessive iron deposition may occur in
some tissues.125,_126 The same is true for copper deposition after anti-iron therapies.127 Indeed, iron depletion
has increased oxidative damage in rats, an effect thought
to be due partly to increased copper deposition in the
liver.128

Anticopper Strategies
Although copper-chelating compounds could be useful
in lowering copper availability, the safest and most effective natural compounds known to do so are molybdenum and its relatives. Diets deficient in copper may
also be of some use.
In the human study mentioned in Chapter 8, administration of the molybdenum compound tetrathiomolybdate appeared to stop the growth of advanced cancers
in five of six patients, apparently by inhibiting angiogenesis. Tumor growth inhibition occurred when
plasma ceruloplasmin concentrations were reduced to
about 20 percent of baseline for 90 days or more. Side
effects of the treatment were minimal as long as anemia
was prevented by maintaining the hematocrit above 80
percent of baseline.129 The dose of tetrathiomolybdate
used was 120 milligrams per day in six divided doses.
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(The findings in this phase I study must be verified by
controlled studies.)
Tetrathiomolybdate, (NH4)2MoS4, is an experimental
drug used to treat Wilson’s disease, which is marked by
high concentrations of unbound copper and low plasma
copper-binding proteins (ceruloplasmin).130 The use of
tetrathiomolybdate was pioneered by Dr. George
Brewer. The idea for its use came from reports that
copper deficiency symptoms appeared in livestock grazing on molybdenum-rich soils. Of the molybdenum
compounds, tetrathiomolybdate is probably the most
effective at lowering copper concentrations; because it is
experimental, however, it is not yet available commercially.
Conceivably, it may be possible to use molybdenum
compounds already available. The anticopper effect of
molybdenum is greatly increased if sulfur is coadministered (sulfur occurs in tetrathiomolybdate).
Thus sodium molybdate, Na2MoO4, could be combined
with calcium sulfide, CaS, as an anticopper therapy.
The dose of tetrathiomolybdate used in the human trials
contained 44 milligrams of molybdenum per day. In
animal experiments, the combination of sodium molybdate and calcium sulfide was roughly 10-fold less potent than tetrathiomolybdate in reducing copper levels.131 Accordingly, doses as high as 440 milligrams of
molybdenum in sodium molybdenum may be required
when used in conjunction with calcium sulfide. This is
an excessive molybdenum dose, however. Still, based
on the ability of various molybdenum compounds to
produce toxic effects in animals (via copper depletion),
it may be possible that doses closer to 44 milligrams
could still be effective. Clearly, many uncertainties remain about the required dose and effectiveness of sodium molybdate and calcium sulfide combinations. The
use of such combinations is only mentioned here as an
interesting possibility that requires further study.
The toxic molybdenum dose in humans is uncertain,
but it appears that the LOAEL dose is about 1.6 mg/kg
and the NOAEL dose about 0.9 mg/kg in rats. The human equivalent of these is about 26 and 15 milligrams
per day, respectively. A dose of 26 milligrams per day
is much higher than the 0.2 to 0.5 milligram per day
dose commonly prescribed in noncancerous conditions.
At high doses, side effects of molybdenum can include
aching joints resembling gout, headache, anemia, and
adverse effects on fetal development. Anemia and fetal
impacts, which were seen in rodents, may be largely
caused by low plasma copper concentrations: low copper concentrations can produce iron deficiency and inhibit the angiogenesis needed for fetal development.
The risks of adverse effects of long-term copper depletion remain to be fully characterized. Based on the hu-
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man anticancer study mentioned above, copper depletion
therapies do, however, promise few adverse effects.
Copper does play crucial roles in the body, and a minimal amount is required to maintain normal functions.
For example, since copper is a component of the antioxidant enzyme copper/zinc superoxide dismutase, copper deficiency can reduce antioxidant capability.
Therefore, caution must be used in anticopper therapies,
especially if they part of long-term treatment. It may be
prudent to monitor iron, hematocrit, and ceruloplasmin
in patients receiving high-dose molybdenum treatment.
We end by noting that although zinc is commonly used
as an anticopper agent in the treatment of Wilson’s disease, it may not be the best choice for lowering copper
levels in cancer patients. Zinc, like copper, plays a role
in many enzymes required for cell function, including
immune cell function. The effects of zinc are thus complex, and studies on the metal have produced mixed results. On one hand, cancer patients are commonly
deficient in zinc, zinc supplementation may improve
immune response, zinc deficiency is associated with
increased tumor load and stage of some cancers, and
zinc supplementation may improve the efficacy of some
chemotherapy drugs.132–137 On the other, zinc chelators
reduce cancer invasion in vitro, zinc enhances telomerase activity in vitro, zinc administration can promote
metastasis and tumor growth in animals, high zinc levels
are associated with increased metastasis of some cancers
in humans, zinc deficiency inhibits tumor growth in
animals, and animal tumors sequester zinc under zincdeficient conditions.138–148 Therefore, until the effects of
zinc administration in human cancer patients become
clear, anticopper therapies other than zinc administration
may be preferable.

CONCLUSION
The trace metals selenium, iron, and copper can affect
cancer initiation and progression in diverse ways.
Whereas selenium appears to reduce cancer risk and
may be useful in cancer treatment, iron and copper are
associated with increased cancer risk, and high levels
may negatively affect the survival of cancer patients.
Therefore, selenium supplementation may be beneficial,
as may iron and copper depletion.
Because of their interrelated biochemistries, it is prudent to consider both iron and copper if a depletion therapy is used. This may allow the greatest benefit with the
least harm. Since both iron and copper are needed at
low levels for health, any depletion therapy must be
guided by adequate patient monitoring.
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VITAMIN C AND ANTIOXIDANTS
We now look at compounds that derive from saccharides, or sugars. Saccharides are the closest relatives to
glucose, the starting material for all botanical compounds; in fact, glucose itself is a saccharide. The term
saccharide refers to any carbohydrate, but is especially
applied to the simple sugars—monosaccharides, disaccharides, oligosaccharides, and polysaccharides.a
This chapter discusses vitamin C, which is a monosaccharide derivative structurally similar to glucose (compare Figures A.17 and A.18 in Appendix A). It is the
only monosaccharide derivative discussed in this book.
Chapter 16 covers high-molecular-weight polysaccharides, which are large sugar molecules found in many
immunostimulant herbs. The discussions on saccharides
are split between chapters for two reasons. First, because their mechanisms of action are different, vitamin
C and high-molecular-weight polysaccharides are likely
to play greatly different roles in cancer treatment. Second, since vitamin C is one of the body’s primary antioxidant compounds, our discussions on it serve as a
springboard for an examination of antioxidants in general.
This book does not regard vitamin C or other antioxidants as essential elements in cancer therapy (this assessment does not apply to antioxidant compounds like
flavonoids that inhibit cancer through nonantioxidant
means). Nevertheless, vitamin C and antioxidants are
explored in depth for several reasons. For one thing,
antioxidants may be useful as supportive compounds,
either within a large combination of natural compounds
or in conjunction with chemotherapy or radiotherapy.
For another, they are so popular that many people think
of them first when they consider using natural compounds in cancer therapy. Popularity aside, a heated
debate is currently under way in the research community
on how and when antioxidants could be useful, or
whether in fact they may be detrimental in some circumstances. This controversy is the third and most important reason why the discussions here are so extensive.
Since the conclusions I present are by no means universally accepted, thorough explanations for their basis are
provided.

a

Carbohydrates are those compounds that fit the general formula Cx(H2O)n ; they include these saccharides, their derivatives,
and other smaller groups of compounds like the inositols. The
prefixes mono, di, oligo, and poly refer to one, two, a few, and
many linked saccharide units, respectively.

As we examine ways antioxidants may affect cancer,
we primarily look at studies that used antioxidants
alone. In Chapter 23 we review studies conducted in
combination with chemotherapy or radiotherapy. Here
we see that the controversy surrounding antioxidants is
not surprising, since antioxidants can produce contradictory results under different in-vitro and in-vivo conditions. For example, oral vitamin C has been reported to
both increase and decrease tumor growth in animals.
With such contradictions, additional studies are needed
before we fully understand what takes place.
Still, based on the limited information available, we
can draw some preliminary conclusions about the oral
use of primary antioxidants in cancer treatment. The
term primary antioxidant is used here to refer to vitamin
C, vitamin E, alpha-lipoic acid, N-acetylcysteine, and
any other related compound whose primary therapeutic
effect is to increase intracellular antioxidant stores. Of
course, other natural compounds discussed can also
function as antioxidants, but the greatest effect of these
compounds on cancer is not likely to be mediated
through an antioxidant mechanism. For example,
quercetin functions as an antioxidant, but its most powerful effects on cancer are probably mediated through
kinase inhibition or other nonantioxidant actions. For
convenience, we refer to these compounds as secondary
antioxidants.
Our first conclusion is that primary antioxidants are
not suitable as single treatment agents, and their use as
such is best avoided. The same holds true for combinations of primary antioxidants. Results from such antioxidant therapies would be unpredictable and possibly
detrimental under some conditions.
Second, to help assure a marked inhibitory effect on
cancer, the best use of primary antioxidants is likely to
be in combination both with one another and with other
anticancer compounds, such as those discussed elsewhere in this book. My central hypothesis is that the
most effective treatments will be those that strongly and
redundantly address all seven clusters of procancer
events. Using a combination of primary antioxidants
alone would obviously not follow this strategy.
Our third conclusion is that even in the context of large
and diverse combinations, primary antioxidants should
probably not be viewed as the key players; their role is
more of a supportive one. If constraints dictate that only
a limited number of compounds can be used in therapy,
compounds other than primary antioxidants could be
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chosen that are more potent against cancer. This conclusion does not ignore the antioxidant needs of the cancer patient: any needs not met through diet could be
filled by secondary antioxidant compounds. For example, most of the phenolic compounds in Chapters 19 and
20 are secondary antioxidant compounds; the example
of quercetin was given above. As another example,
while vitamin E itself may have only a moderate effect
on most cancers, secondary antioxidants like vitamin E
succinate may have a more profound effect. (Most of
the inhibitory effects of vitamin E succinate are unrelated to its antioxidant action.) Many more examples of
secondary antioxidants could be cited, including melatonin.

VITAMIN C
Summary of Research and Conclusions
The results of in-vitro cancer studies on vitamin C
have been conflicting. Over 37 in-vitro cytotoxicity
studies have been conducted on the vitamin as a single
agent. The majority of these have reported that vitamin
C, especially at high concentrations (1 to 10 mM), can
inhibit cancer cell proliferation by a free-radicalmediated mechanism while causing little harm to normal
cells.1–5 At least six studies have reported, however, that
lower concentrations (10 to 300 µM) of vitamin C can
stimulate proliferation of some cancer lines in vitro.6–11
Animal studies have likewise been contradictory. At
least eight animal studies reported that vitamin C used
alone or with copper can produce an antitumor effect
(copper increases free radical generation).12–19 On the
other hand, at least four animal studies reported that vitamin C used alone did not produce such an effect.20–23
Moreover, at least five animal studies reported an increase in growth or metastasis of some tumors when
vitamin C was used alone.22,_24–27
Human studies have also been conflicting. Two series
of case studies have been published suggesting that vitamin C may prolong the survival of terminally ill patients.28,_29
Three retrospective trials and one
prospective trial (all nonrandomized) were also published; the retrospective trials suggested an anticancer
effect in a majority of terminal cancer patients, but the
prospective trial reported no increase in life span for
early-stage breast cancer patients.30–33 In fact, the latter
study inferred harm in a subset of patients, but this was
not statistically analyzed and may have been due to
chance.34 In addition to these studies, two randomized,
double-blind, placebo-controlled trials reported no benefit for terminal colon cancer patients.35,_36 In one of
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these, survival time was slightly lower in patients receiving vitamin C in comparison to placebo, although this
negative effect was not statistically analyzed and may
again have been due to chance.
Lastly, vitamin C has been tested in combination with
other antioxidants, again with conflicting results.37–41
For example, one animal study reported that a combination of antioxidants increase metastasis without affecting
the growth of the primary tumor. On the other hand, one
human study reported that a combination of antioxidants
reduced the risk of recurrence after treatment for bladder
cancer.40,_42
These inconsistencies are certainly perplexing, and to
some degree, they probably reflect the complex biochemistries of antioxidants/oxidants found in vivo. In
addition, some inconsistencies found in in-vitro, animal,
and human studies may be attributed to differences in
the experimental procedures used.
Overall, the studies suggest vitamin C can inhibit cancer proliferation in vitro and in vivo through a freeradical-mediated process, if the free radical concentration is sufficiency high. But if the free radical concentration is mild, vitamin C can have variable effects,
stimulating proliferation in some cases. The exact
mechanisms behind these actions are still poorly understood. Based on available information, if vitamin C is
found useful as a single agent, it will probably be when
it is administered intravenously at high doses, in which
case it would inhibit cancer through a prooxidant effect.
Since I do not advocate the use of prooxidant therapies,
and since a prooxidant effect cannot be assured after oral
administration even if we wanted one, the use of oral
vitamin C as a single agent is not recommend.

Introduction to Vitamin C
Vitamin C can affect cancer in a multitude of ways,
but the mechanisms are still poorly understood in spite
of the relatively large number of studies conducted. As
we have seen, various studies have reported that vitamin
C inhibits cancer, has no effect on cancer, or it facilitates
cancer progression.
A primary reason for the slow progress and conflicting
results in vitamin C research is that its effects on cancer
are largely mediated through redox reactions, and the
study of these in biological systems is a complex undertaking. Like all antioxidants, vitamin C can act as both
an antioxidant and prooxidant. Its prooxidant effects are
mediated through the vitamin C free radical, which in
high concentrations inhibits tumor growth but in low
concentrations may stimulate it. Unfortunately, much of
our understanding of the effects of free radicals in health
and disease has come only recently, and the role the vi-
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Mechanisms of Action
As an antioxidant, vitamin C
may inhibit cancer progression
through a variety of actions, listed
in Table 15.1. Its ability to stimulate apoptosis is mediated by its
prooxidant effect.

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
Chapter 5: Transcription Factors and Redox Signaling
weak
x
Inhibit NF-κB activity
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
Inhibit bFGF effects
Inhibit histamine effects
x
Inhibit TNF effects
x
Inhibit VEGF effects
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
Inhibit hyaluronidase and betax
glucuronidase
Inhibit collagenase effects
stimulates collagen
x
synthesis
Inhibit cell migration
Inhibit metastasis
Chapters 11 and 12: Immune System
Support the immune system
x

Any of the actions listed may
contribute to tumor inhibition in
vivo, but some actions will likely
be more active than others. Nearly
all mechanistic studies conducted
so far have focused on vitamin C’s
ability to directly inhibit cancer
cells by acting as a prooxidant,
thereby inducing apoptosis. Much
less is known about its ability to
inhibit cancer through the indirect
means listed, such as inhibition of invasion. Additional
study is required to determine the role each of these indirect mechanisms may play, but we now use the available evidence to make preliminary conclusions about
both direct and indirect effects, with the latter discussion
necessarily more brief.

Indirect Effects of Vitamin C
Most of the activities listed in Table 15.1 are those that
would indirectly inhibit cancer, including actions that
inhibit angiogenesis, invasion, and metastasis and those
that support the immune system. Although data are
scarce, it appears that indirect means will likely play a
lesser role in tumor inhibition in vivo than direct means.
Furthermore, we can estimate that the inferred actions
listed are less likely to be involved than the known actions. Indeed, inhibition of metastasis is listed as an
inferred activity, yet vitamin C increased metastasis in

AS A
HYALURONIDASE
INHIBITOR, MAY:

ACTIVITY

AS AN
ANTIOXIDANT,
MAY:

TABLE 15.1 POTENTIAL ANTICANCER ACTIONS OF VITAMIN C
KNOWN EFFECTS

tamin C free radical plays in the
vitamin’s anticancer effects was
not fully appreciated in early studies. Consequently, early studies
were not always careful to account
for its production and involvement, making the results of different investigations difficult to
interpret. The study of vitamin C
also is difficult and results are conflicting because in addition to redox-mediated effects, vitamin C
may affect cancer through a number of indirect means, such as
through immune enhancement.

x
x

x
—

x
x

some animal studies when used alone or in combinations
with other vitamins.22,_43
The known indirect activities listed in Table 15.1 are
inhibition of histamine, support of the immune system,
and support of ECM integrity (via inhibition of hyaluronidase and beta-glucuronidase and stimulation of collagen synthesis).a Although the ability of vitamin C to
inhibit histamine and improve immune response has
been demonstrated in healthy humans, it is unlikely
these effects alone would be sufficient to produce the
antitumor effects observed in some animal studies. Histamine is one of many secondary mediators of angiogenesis, and its reduction alone would not be expected
to influence angiogenesis dramatically.

a

The effects of vitamin C on the ECM and immune system are
apparent in scurvy, or vitamin C deficiency. Symptoms of scurvy
are bleeding gums, poor wound healing, extensive bruising, and
susceptibility to infection.
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Likewise, Vitamin C can support the immune system
through a number of mechanisms, but it is not an immune stimulant per se; its role is supportive in nature, so
effects on the immune system are not likely responsible
by themselves for the observed antitumor effects. Indeed, the antitumor effects in some animal studies were
seen within a short enough time period to exclude major
immune involvement.13 Interestingly, one way vitamin
C supports the immune system is by inhibiting histamine
production.44 Excess histamine can have a suppressive
effect on the immune system.

(hydrogen atom) to neutralize a free radical, and in the
process it becomes a free radical itself, called the ascorbate free radical or AFR. AFR can then donate another
electron, and in doing so, it becomes oxidized vitamin C
or dehydroascorbate (DHAsc).b Vitamin C cycles in
vivo between its reduced form (ascorbate), its free radical form (AFR), and its oxidized form (DHAsc). These
forms, along with ascorbic acid itself, are illustrated in
Figures A.18 through A.21 in Appendix A. In this chapter, we use the terms ascorbate and vitamin C (ascorbic
acid) interchangeably.

Lastly, the effects of vitamin C on the ECM are also
unlikely to account for observed antitumor effects. The
effects of vitamin C on the ECM have been studied in
cancer-bearing animals and humans, but results have
varied. One study on tumor-bearing mice reported that
orally administered vitamin C affected the architecture
of implanted ascites tumors; in a human study, however,
the authors reported as a minor observation that no correlations were evident between plasma vitamin C concentrations and the architectural changes of skin
cancers.45,_46 Furthermore, two in-vitro studies reported
that vitamin C does not reduce collagenase production
by tumor cells or make the ECM more resistant to tumor
degradation.47,_48

The vitamin C cycle is intimately involved with the
cycle of at least two other major intracellular antioxidants, glutathione and vitamin E. Their relationships are
illustrated (in simplified form) in Figure 15.1 (adapted
from reference 49).

In summary, while the above-mentioned indirect effects may add to an anticancer action, their contribution
is likely to be relatively minor, except possibly in cases
of overt vitamin C deficiency.

Direct Effects of Vitamin C
In contrast to indirect effects, it seems probable that vitamin C can produce antitumor effects solely through
direct effects on cancer cells. A large body of evidence
suggests that the direct effects of vitamin C are mediated
by its free radical. As stated earlier, however, prooxidant therapies have their drawbacks and are not advocated in this book. Nonetheless, the prooxidant effects
of vitamin C are discussed below, to explain how vitamin C can kill cancer cells and to provide background
for later discussions on other antioxidants. Moreover, at
lower concentrations, the vitamin C free radical can
stimulate proliferation of some tumors, and for that reason needs to be discussed.

Ascorbate Free Radical
Vitamin C occurs in four forms. Dry vitamin C is
called ascorbic acid. When placed in solution, it ionizes
to form ascorbate.a Ascorbate can donate an electron

Three important ideas are illustrated in the figure.
First, each of these antioxidants cycles between a reduced (antioxidant) form and an oxidized form. Thus
the figure shows three cycles, one for glutathione, one
for vitamin C, and one for vitamin E.
Second, the reduced forms of each antioxidant can recycle other antioxidants. For example, reduced glutathione can cycle oxidized vitamin C to its reduced
form, producing oxidized glutathione in the process.
Likewise, ascorbate can cycle oxidized vitamin E to its
reduced form, producing oxidized vitamin C. These
interactions are important in vivo, as they allow antioxidants to keep each other in their reduced forms.50,_51,_52
Third, the figure illustrates that the ascorbate free radical is produced as an intermediary between the reduced
and oxidized forms of the vitamin. Like DHAsc, oxidized glutathione is also produced through a two-step
electron loss process, with the glutathione free radical
(GFR) produced in the first step.
Also of interest in the figure is that the source of electrons for reducing glutathione (and through glutathione,
other antioxidants) is NADH, which is obtained from
the burning of glucose (see Chapter 5). Thus in addition
to providing energy for other cellular functions, glucose
provides the fundamental energy to maintain antioxidants in their reduced states.
As shown, some of the AFR produced can be cycled
directly back to ascorbate (reduced vitamin C). A larger
portion, however, is converted to DHAsc. Since DHAsc
ions. When vitamin C is mixed with water, a hydrogen ion dissociates from the rest of the molecule to produce ascorbate and H +.
b

a

Ionization is a common event. For example, salt (NaCl) ionizes
(splits apart) in water to form sodium (Na +) and chloride (Cl –)

Ascorbate free radical is also referred to as semidehydroascorbate, signifying its midpoint existence between ascorbate and
dehydroascorbate.
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is quite unstable and quickly degrades in
vitro and in vivo to other inactive compounds, this represents a significant
form of vitamin C loss.53 (Only minor
amounts of DHAsc can be cycled back
to ascorbate.) Thus antioxidant recycling is not complete, and regular dietary
replenishment of vitamin C, as well as
vitamin E, is needed, along with synthesis of additional glutathione.
Almost all of the body’s extracellular
and intracellular vitamin C is in its reduced form. DHAsc accounts for only
about 8 percent of the total vitamin C
plasma concentration.54
Although
DHAsc is produced in significant quantities during conditions of oxidative
stress, its low plasma concentration is
due to its rapid degradation and to the
uptake of DHAsc into cells, where it is
converted to the reduced form. Cells
maintain very high concentrations of
ascorbate relative to plasma levels, and
immune cells have especially high intracellular ascorbate concentrations. Intracellular concentrations of immune cells
can be as high as 6 mM, whereas plasma
concentrations are usually below 70
µM.55

Figure 15.1

Glutathione, Vitamin C, and Vitamin E
Cycling
electron source
(NADH)

reduced
1
glutathione

electron loss
+
(NAD )

oxidized
glutathione

glutathione
GFR

reduced
2
vitamin C

oxidized
vitamin C
2,3
(DHAsc)

vitamin C
AFR

reduced
2
vitamin E

vitamin E

vitamin E
3
radical

AFR is a relatively long-lived and
electron loss
electron gain
mild-acting free radical. Because it is
Legend: 1: additional gain by synthesis
long-lived, it can readily be measured in
2: additional gain by extracellular uptake
the blood and other fluids. In compari3: additional loss by degradation
son to highly reactive oxygen free radiDHAsc: dehydroascorbate
AFR: ascorbate free radical
cals, like the hydroxyl radical, it is not as
GFR: glutathione free radical
likely to directly produce DNA or protein damage. Because of this and because of antioxidant recycling, the
overall effect of vitamin C in vivo at
enge free radicals, but in the process AFR is produced;
normal dietary intake is as an antioxidant.56 Nonethe- vitamin C can react with oxygen to produce hydrogen
less, AFR or AFR-generated free radicals can stimulate peroxide; and copper and iron ions can react with hyor inhibit cancer and other cells in vitro and in vivo. drogen peroxide to produce harmful hydroxyl radicals,
Whether proliferation is stimulated, inhibited, or unaf- DNA damage, and cell death. These concepts were infected depends on a number of factors, including the troduced earlier and are discussed here in more detail to
concentration of ascorbate and free radicals present, the provide a more complete understanding of how vitamin
characteristics of the cell, and the availability of metal C works against cancer.
ions, as discussed below.
Production and Effects of AFR

Inhibition of Cell Proliferation
In order to better understand the direct effects of vitamin C on cancer in vivo, we review the way AFR is
produced and how it may lead to cell death. The three
main points are relatively simple: vitamin C can scav-

Ascorbate free radical (AFR) is produced when ascorbate reduces (donates an electron or hydrogen atom), to
another compound. For example, vitamin C can reduce
the vitamin E radical to produce AFR and reduced vitamin E:
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ascorbate + vitamin E radical →
AFR + reduced vitamin E
This reaction is illustrated in Figure 15.1. Thus ascorbate can keep vitamin E in its antioxidant (reduced)
state, ready to protect the cell.
Another important reaction in which vitamin C and
some other antioxidants participate is the reduction of
iron and copper. This reaction is important for two reasons: it produces more AFR, and it produces reduced
iron and copper, which can then react in other ways. In
the following discussions, we use copper as the example, but similar reactions occur with iron.
When copper+2 (oxidized copper) and ascorbate are
available in solution, copper gains an electron (i.e., gains
a negative charge) and ascorbate loses an electron by the
following reaction, which produces AFR and reduced
copper:57
ascorbate + copper+2 → AFR + copper+1
In some animal antitumor experiments, solutions of
ascorbate and copper were administered. Thus we can
assume AFR was produced in these solutions. Although
not particularly harmful by itself, AFR (and ascorbate)
can participate in producing other, more dangerous free
radicals. This process begins with the production of
hydrogen peroxide, usually in two steps. Ascorbate, in
the presence of a catalyst such as copper, can react with
molecular oxygen (O2) to produce the superoxide radical
(O2• –):58
ascorbate + O2 → AFR + O2• –
Next, ascorbate and superoxide radical can react to
form hydrogen peroxide (H2O2) and more AFR:59,_a
ascorbate + O2• – → AFR + H2O2
In a similar way, AFR can also react with superoxide
to produce ascorbate and hydrogen peroxide. In either
case, the result is hydrogen peroxide.
The ability of vitamin C to make hydrogen peroxide in
vitro is well documented.60 Furthermore, its production
after intravenous administration of vitamin C analogs
has been demonstrated in cancer-bearing rats.61 In this
study, hydrogen peroxide generation was particularly
strong at cancer sties. This was most likely caused by
an availability of copper ions at the sites due to inflammation and tissue destruction and also low catalase production by tumors; the latter is an enzyme that degrades
hydrogen peroxide to form water and oxygen (see Figa

Hydrogen peroxide can also form from the action of the antioxidant enzyme superoxide dismutase (SOD), which converts
superoxide to hydrogen peroxide.

ure 5.2). In-vitro studies confirm that the cytotoxicity of
ascorbate is greatly increased in the presence of copper,
is associated with hydrogen peroxide generation, and is
prevented by catalase.3,_62,_63
We now explore ways that hydrogen peroxide can lead
to cell death. Hydrogen peroxide is not a free radical
but is considered a reactive oxygen species (ROS) because it is easily converted to free radicals. Furthermore, hydrogen peroxide can easily pass through
membranes to reach any intracellular compartment.64 It
can oxidize copper+1 (return it to copper+2) and thereby
form the damaging hydroxyl radical (OH •); this is the
Fenton reaction first discussed in Chapter 14:65
copper+1 + H2O2 → copper+2 + OH • + OH –
In addition to the Fenton reaction, superoxide can also
react with copper+2 to produce the hydroxyl radical.
Thus, in the presence of oxygen and copper or iron, vitamin C can produce hydrogen peroxide and hydroxyl
radicals. Indeed, mixtures of iron and vitamin C have
been used for decades as a source of hydroxyl radicals
for laboratory experiments.
Since vitamin C can assist in producing hydroxyl radicals, why is it not dangerous in living systems? First,
the body limits vitamin C plasma concentrations,
thereby limiting the potential for damage. Second, copper and iron are not freely available in most situations to
act as catalysts. Third, other antioxidant enzymes work
in conjunction with vitamin C to reduce any reactive
oxygen species produced. As noted above, catalase is
able to degrade hydrogen peroxide, producing water and
oxygen. When these safety checks are overridden, for
instance, when vitamin C is administered intravenously
at high doses or with copper or iron, it can be dangerous,
especially to cancer cells, which tend to produce low
amounts of catalase.
Although hydroxyl radicals are probably involved in
vitamin C’s antitumor effect, they are not the whole
story. The exact mechanisms of cytotoxicity in vivo are
still under investigation.66,_67 For example, scavengers
of hydroxyl radicals do not reduce the cytotoxicity of
vitamin C in in-vitro studies.68 One theory is that
through a series of steps involving the formation of
complexes between copper ions and DNA, the hydroxyl
radical is eventually produced directly at the DNA site
in the presence of vitamin C.69 In this way, the hydroxyl
radical can act swiftly, leaving insufficient time for hydroxyl scavengers to stop the process.
Note that vitamin C is not the only reducing agent that
can cause the above reactions to occur. A number of
other antioxidants, including glutathione, N-acetylcysteine, and NADH, are capable of doing so.69,_70 Of

Vitamin C and Antioxidants

these, ascorbic acid is the most effective; it causes the
greatest DNA damage and is active at physiologic concentrations of 10 to 100 µM in vitro.
Like copper, iron can also induce DNA damage in the
presence of antioxidants, but it is less effective than
copper and appears to act through a slightly different
pathway, one more dominated by hydroxyl radical formation. Iron-mediated DNA damage can be inhibited
by hydroxyl radical scavengers.71
Results of Studies Dependent on Experimental
Procedures Used
Understanding how vitamin C directly inhibits cancer,
we can consider how differences in experimental procedure could account for some of the inconsistencies reported in the animal and human studies. Several of the
human studies that tested vitamin C and found it ineffective did so in a way that failed to produce a prooxidant
effect, thereby eliminating its direct-acting properties
and causing it to be ineffective.
Several forms of vitamin C were given in different
animal and human studies, and the choice of form may
have greatly affected the results. These forms include
dry oral, oral in solution, oral in solution with copper,
and intravenous solution. From the above discussions, it
is clear these forms of administration are not equivalent,
either in their redox activity or their ability to increase
plasma concentrations. Therefore, they would be expected to produce different results. Of all the forms, dry
vitamin C given orally could be expected to produce the
least AFR and the smallest anticancer effect. Indeed,
two animal studies reported that vitamin C was ineffective when given in food as the dry form (at 1.9 to 9.6
grams per day, as scaled to humans) but was effective at
this dose when given in drinking water, especially if
copper was added.72,_73 (AFR is produced in solution,
especially if copper is added.)
It may not be a coincidence then that all the human
case studies and clinical trials reporting anticancer effects used intravenous or oral solutions of vitamin C.28–32
We could expect AFR or other radicals to be present in
such solutions, and expect intravenous administration to
produce the relatively high plasma concentrations necessary for a prooxidant effect. In contrast, the two randomized, double-blind clinical trials that reported no
anticancer effect used oral administration of dry vitamin
C, as did the nonrandomized prospective trial that reported no effect.34,_35,_36 We would expect AFR or other
radicals to be missing in these forms and oral administration to produce a relatively low plasma concentration. We can say, therefore, that the studies reporting no
anticancer effect used a form of vitamin C (dry oral)
least likely to be effective.
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Stimulation of Cell Proliferation
We have reviewed ways that vitamin C can cause a direct inhibitory effect on cancer cells; however, it can
have a direct stimulatory effect too. A major reason for
using caution with vitamin C is that in some studies it
has stimulated cancer cell proliferation, not only in vitro
but also in animals. Although the human studies have
reported no clear signs that vitamin C is detrimental,
several do raise the possibility it could be harmful in a
small subset of patients.
Before considering its effects in humans, let us examine how vitamin C could stimulate cancer. The fact that
free radicals can stimulate cell proliferation is not a new
concept to us; the stimulating properties of radicals on
growth factor receptors, PKC activity, and NF-κB activity were discussed in Chapter 5.74,_75 In addition, AFR
and other radicals may stimulate proliferation through a
process called transmembrane electron transport, where
cells reduce extracellular AFR to ascorbate by sending
electrons through their plasma membrane. The reasons
why transmembrane electron transport stimulates cell
proliferation are still uncertain, but may be due partly to
a subsequent increase in the intracellular pH, which favors cell proliferation.76,_77 Considering the above, it is
not surprising that cancer cell proliferation can be stimulated by AFR under the right conditions, as well as by
other radicals such as hydrogen peroxide and nitric oxide.77,_78,_79
In addition, there are a number of indirect ways vitamin C may facilitate cancer progression. For example, it
could facilitate the synthesis of collagen, which is
needed during angiogenesis, or its antioxidant properties
could protect cancer cells from oxidative damage.80 The
latter is consistent with the ability of tumors to sequester
high amounts of vitamin C.81,_82 (The ability of antioxidants to protect cancer cells is discussed below.)
The method cancer and immune cells use to increase
vitamin C concentrations is quite interesting. These
cells efficiently take up extracellular dehydroascorbate
(DHAsc) through their glucose transporters.83,_84,_85 (Recall that vitamin C is a glucose derivative.) Indeed, glucose transporters are overexpressed on both cancer cells
and activated immune cells. Primarily through DHAsc
uptake, cancer cells can amass more than twofold higher
vitamin C concentrations than can surrounding tissues.86
In both immune and cancer cells, the uptake of the reduced form of vitamin C from extracellular fluids is
much less efficient than the uptake of DHAsc. Thus, the
kind of oxidizing conditions seen in inflammation and at
cancer sites causes or allows immune and cancer cells to
take up additional vitamin C.
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Whether vitamin C stimulates cancer cell proliferation
in humans by one or more of these means is still unknown. If detrimental effects occur in humans, they
likely do so only in a subset of patients, as suggested by
an in-vitro study where vitamin C stimulated proliferation of fresh leukemic stem cells obtained from 35 percent of 151 patients and suppressed proliferation of stem
cells from 15 percent.8 This selectivity probably involves the relative ability of cancers from different patients to produce catalase (which neutralizes hydrogen
peroxide), the relative abundance of free metal ions present, and the relative sensitivity of growth factor receptors and PKC to free radical modification. Clinical
studies too have implied that detrimental effects could
have occurred in some patients, but these studies were
not looking for harm and did not statistically analyze the
results based on harm.34,_87 In the second study cited,
which was double-blind and placebo-controlled, the
mean survival of terminal colorectal cancer was 4.1
months for controls and 2.9 months for patients taking
10 grams of vitamin C orally per day. It is reasonable to
suppose that any detrimental effects vitamin C might
have on cancer patients could be reduced or eliminated
if it is used in combination with nonantioxidant anticancer compounds (i.e., it is used as a supportive compound
for other therapies). When moderate doses are used in
conjunction with other anticancer compounds, vitamin C
could be safe and even useful.

In-vitro and In-vivo Studies
With some understanding of the basic mechanisms, we
can review some highlights of the in-vitro and in-vivo
studies. First we briefly discuss the pharmacokinetics of
the vitamin to help understand the effects of different
routes of administration.
Normal plasma levels of vitamin C are about 40 to 70
µM.88,_89,_90 Humans eating a diet deficient in vitamin C
(less than 5 milligrams of vitamin C per day) may have
plasma levels of 10 µM or less.91 A recent analysis of
previously published data suggests that gastrointestinal
absorption occurs in a saturable process, and renal excretion rises sharply with increasing plasma concentrations.92
Both events serve to limit plasma
concentrations. The authors of the analysis suggest that
single doses of 250 to 500 milligrams will produce
plasma concentrations of 70 to 100 µM, but that doses
higher than this produce minor increases. They speculate that absorption could be improved by frequent small
doses, especially taken with food, but even with these
efforts, plasma concentrations would still be limited by
concentration-dependent renal excretion.92
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In-vitro studies suggest that high concentrations of vitamin C are needed to inhibit cancer cell proliferation.
Although some cells are more sensitive than others,
common IC50 concentrations are about 1 to 7 mM.93,_94,_95
This is far above the normal plasma levels and those
attainable with oral administration. For cells that are
stimulated by vitamin C in vitro, stimulation occurs at
lower concentrations, usually between 10 and 100
µM.96,_97 These levels are within the normal range.
In spite of the fact that high concentrations normally
are needed to inhibit cancer cell proliferation, some
animal studies reported that oral vitamin C can inhibit
tumor growth. That relatively low concentrations from
oral administration can produce antitumor effects in vivo
suggests the situation is complex. As mentioned, one
factor may be the availability of copper ions, which
would facilitate free radical production and DNA damage. Indeed, copper ions can reduce the IC50 of vitamin
C by nearly two orders of magnitude in vitro.63 Another
factor discussed previously may be the concentration of
AFR or other radicals in the vitamin C dose given, solutions containing more AFR than dry forms. A third factor may be the ability of the particular tumor cells to
produce catalase. Cells with low catalase concentrations
are more likely to be inhibited by low concentrations of
vitamin C. Lastly, tumor grade may play a role. Welldifferentiated cancer cells may be more easily inhibited,
and undifferentiated cancer cells may be more easily
stimulated.98
Many of the early studies on vitamin C in cancer patients were conducted by Linus Pauling, Ewan Cameron,
and associates. In the successful human studies, vitamin
C was administered in solution either orally or intravenously.28,_31 In these and later studies by Cameron and
Pauling, vitamin C was typically administered intravenously for the first 10 days at doses of 5 to 40 grams per
day and orally afterward at doses of 10 to 30 grams per
day; the doses most often were 10 grams per day, either
by intravenous or oral administration. Based on the
pharmacokinetics of vitamin C, we can assume that the
high oral doses did not produce high plasma concentrations. Still, the fact they were in solution and may have
contained AFR or other radicals suggests they could
have contributed to an anticancer effect, if such an effect
was indeed produced. Although the retrospective studies by Cameron and Pauling suggested it was, they were
not randomized and blinded studies.31,_33,_99 The evidence from these studies is not as strong as it would
have been in randomized, blinded ones.
To give an idea of the benefits reported by Cameron
and Pauling, survival data are presented in Figure 15.2
from a study of 100 terminal patients with various cancers (data from reference 31). Vitamin C was adminis-
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Figure 15.2. Survival of 100 Patients Administered
Ascorbic Acid Compared to Matched Controls
10

Percent of Patients

tered as discussed above. Survival was
compared to the average of 10 matched
historical pairs treated in the same hospital without vitamin C. The dotted vertical line at a 1-fold change signifies no
effect. Although about 20 percent of the
patients actually had lower survival than
matched pairs, the negative effect does
not appear to be statistically significant.
The axis of the figure is broken at a
value of 11—the highest increase for a
patient was about a 43-fold increase.
Overall, the geometric average survival
was about 2.2-fold greater than matched
pairs (96 versus 45 days). A Japanese
retrospective trial on 130 cancer patients
using similar methods reported similar
gains in survival.100

8

6

4

2

0
0

In contrast to these positive studies,
note that in a prospective nonblinded
trial with 25 early-stage breast cancer
patients, oral administration of dry vitamin C (at 3
grams per day) to 13 patients did not affect five-year
survival in comparison to controls.34 Moreover, the
study implied that a subset of patients who took vitamin
C might actually have died faster than controls but that
those in the vitamin C group who lived suffered fewer
recurrences. This negative effect was not statistically
analyzed and may have been an artifact of the small
study population.

Estimated Therapeutic and LOAEL Doses
of Vitamin C
As stated earlier, I do not view orally administered vitamin C as an essential element in cancer therapy but
rather as a supportive compound to be used only with
other anticancer compounds. In this regard, it may have
some benefit.
If used alone, its efficacy could be improved by combining it with copper or giving it in solution (especially
intravenously at high doses); these would induce a
prooxidant effect. While a prooxidant therapy may have
benefits in the short term, it may have adverse effects in
the long term. For one thing, prooxidant therapies are
unlikely to destroy every cancer cell in the body, and
those that survive the oxidative conditions could be
primed for an increased rate of gene mutations, leading
to a more aggressive cancer. Although this possibility is
still a matter of debate, it may have been suggested by
some human studies on vitamin C. According to Cameron, advanced cancer patients treated with vitamin C
solutions (often intravenously) typically experienced an
initial plateau of comparative well-being lasting for
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months or even years, then entered an abrupt downhill
phase with explosive metastasis.101 It is reasonable to
suppose that the oxidative conditions produced by the
vitamin C solutions could have led to an increased mutation rate, eventually creating a more aggressive and better-adapted cancer.
In addition, a prooxidant therapy could induce cancers
in healthy tissue. Many anticancer drugs, such as
doxorubicin, mitomycin, and bleomycin, as well as radiotherapy, induce apoptosis or necrosis through a
prooxidant mechanism.102,_103 The risk of secondary
cancers induced by chemotherapy or radiotherapy is
substantial.104
In light of the above, this book does not advocate the
use of vitamin C as a prooxidant, and again considers
vitamin C as a supportive compound to be used within a
larger combination of natural compounds.
Human studies have employed oral doses between
about 3 and 30 grams per day, while animal studies have
used a somewhat larger range of doses, as scaled to humans. Based on the pharmacokinetics of vitamin C and
considering our purposes, a dose of about 1 to 2 grams
per day divided into three administrations may be sufficient. The estimated therapeutic doses are summarized
in Table 15.2.
To be complete, we also look at the use of higher
doses. In human studies, the primary side effect of high
doses was diarrhea, which occurred at oral doses near or
above 10 grams per day. Other than such gastrointestinal effects, oral vitamin C is generally considered free of
adverse reactions, but the potential for these is greatly
increased by intravenous administration. According to
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being approximately 1:100. This
combination may be 4- to 61-fold
more potent than vitamin C alone,
DESCRIPTION
DOSE (g/day)
depending on the cell line and
Required dose as scaled from animal antitumor
0.2 to 60
exposure times.109,_110 Vitamin K3
*
studies
(average about 20)
by itself also displays cytotoxic
Doses used in human anticancer studies
3 to 30†
activity in a variety of cell lines.
(commonly 10)
In addition, it augments the antiRequired dose as determined from
doses above 1 to 2 grams are
tumor effect of the anticoagulant
pharmacokinetic calculations
not necessary
drug warfarin and the antitumor
LOAEL dose
about 10
activity of a number of cytotoxic
Tentative dose recommendation for further
1 to 2
drugs when used with vitamin
research
C.111–117 Possible mechanisms of
*
Based on nine animal studies that used oral administration. Note that results of these
vitamin K3 antitumor activity instudies were mixed, with some suggesting harm.
clude induction of free radical
†
Some studies, especially those using higher range doses, administered vitamin C
damage, inhibition of DNA synintravenously.
thesis, induction of apoptosis,
modulation of coagulation, and
inhibition of growth factor bindCameron, side effects of administering sodium ascoring.
The
antitumor
effects
of a combination of vitamins
bate, the form used in intravenous solutions, commonly
C
and
K
are
completely
prevented
by the addition of
3
include transient fluid retention due to sodium overload,
catalase,
suggesting
that
free
radical
production
is a necwhich may be dangerous in patients with cardiac im118
pairment.
Side effects may rarely include life- essary component.
threatening septicemic shock caused by sudden necrosis
High-molecular-weight substances such as the mushof the tumor load.105 Because sensitivities are possible, room extract PSK and lignans from pine cones increase
Cameron advised low initial test doses. Contraindica- vitamin C oxidation and synergistically enhance the cytions include renal insufficiency, hemodialysis patients, totoxicity of vitamin C against human leukemia and
and unusual iron overload.106 The danger of oxalate brain cancer cells in vitro.119,_120,_121 Again, a prooxidant
stone formation suggested by some early investigators mechanism is at work. Optimal results in vitro are obdoes not appear to be well founded.107,_108 Before intra- tained when a sodium solution is used to dissolve vitavenous dosing, screening for red blood cell dehydro- min C, the mixture is freshly made before testing, the
genase deficiency is recommended. An intravenous vitamin C concentration is 300 µM or greater, and the
dose as high as 150 grams over a 24-hour period appears lignin to vitamin C ratio is roughly 20 to 1 (weight to
to be safe.106 Slow drip (eight-hour) intravenous infu- weight).
sion of 60 to 115 grams is capable of maintaining a
Combining vitamin K3 or high-molecular-weight subplasma concentration of 5,700 µM without causing
stances
with vitamin C is not practical for our purposes.
short-term adverse effects.
To provide optimal results, high concentrations of vitamin C are still required, which would require intraveSynergism and Vitamin C
nous administration. To achieve sufficient plasma
A number of natural compounds appear to act syner- concentrations, vitamin K3 would also need to be admingistically with vitamin C to produce cytotoxic effects via istered intravenously. Lastly, the required dose of PSK
stimulation of free radicals. These include vitamin K3 or other lignans would be excessive. Both vitamin K3
and high-molecular-weight compounds such as PSK and and PSK can, of course, be used in combination with
lignans. Each is described briefly below. Since their vitamin C, but it is unlikely that using these compounds
clinical use would involve prooxidant mechanisms, as alone at oral doses applicable to humans would produce
well as intravenous administration, such synergistic significant synergistic effects or high cell kill.
combinations are not advocated; they are mentioned
only because some readers may find references to them
ANTIOXIDANTS
in the literature.
In the following sections, we explore the effects of anVitamin K is used medicinally as a procoagulant agent
in hemorrhagic (bleeding) diseases and as an antidote to tioxidants in general. Many issues that applied to vitaanticoagulant overdose. Vitamin K3 potentiates the cy- min C apply to other antioxidants as well, and our
totoxic effects of vitamin C in vitro, the optimum ratio preliminary conclusions regarding their use are the same
TABLE 15.2 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR VITAMIN C
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as those for vitamin C. In short,
most antioxidants have the capacity to increase, decrease, or not
effect cancer cell proliferation. To
help assure an anticancer effect,
they are best used as supportive
agents within a larger combination
of natural compounds and/or
drugs.

In-vitro Redox Effects of
Antioxidants
We begin by looking at the potential of antioxidants to act as
prooxidants. Since we are not
seeking a prooxidant effect, it is
important to know when such an
effect may be produced; it becomes more likely when single
antioxidants are used and doses
are large. Conversely, an antioxidant effect is more likely with
combinations of antioxidants used
at moderate oral doses.

TABLE 15.3 PROOXIDANT EFFECTS OF ANTIOXIDANTS IN VITRO
COMPOUND
Apigenin and
luteolin

COMMENT
• In tests on a series of flavonoids, apigenin produced the
greatest prooxidant effect independent of metal ions.
Apparently, apigenin oxidized intracellular glutathione, and the
oxidized glutathione then participated in the generation of
additional free radicals.124,_125
• Apigenin and luteolin acted as antioxidants at low iron
concentrations but as prooxidants at high iron
concentrations.126

Beta-carotene

• Induced DNA damage in cancer cells via a prooxidant
mechanism.127

Curcumin

• Induced DNA damage in the presence of copper.128,_129
• Induced apoptosis in cancer cells through a prooxidant
mechanism, and antioxidants prevented curcumin-induced
apoptosis.130,_131

EGCG

• Induced apoptosis in human lung cancer cells through a
prooxidant mechanism.132

Glutathione

• Glutathione (and NADH) induced DNA damage in the
presence of copper through a prooxidant mechanism.69,_133,_134

N-acetylcysteine
(NAC)

• Induced DNA damage in the presence of copper via a
prooxidant mechanism.70

Quercetin

• Mutagenic in vitro due to its ability to induce DNA damage
through a prooxidant mechanism.
• Induced DNA damage in the presence of copper via a
prooxidant mechanism.135
• Produced dose-dependent cytotoxic effects due to a prooxidant
mechanism.136

As with vitamin C, most antioxidants exhibit both antioxidant and
prooxidant effects in vitro, depending on conditions that include
Vitamin A
• Retinol induced DNA damage in whole cells and in isolated
the concentration of the antioxiDNA in the presence of copper via a prooxidant mechanism.137
dant, the presence of other antiVitamin E
• Induced DNA damage in the presence of copper via a
oxidants, and the presence of iron
prooxidant mechanism.138
and copper ions. Table 15.3 summarizes some studies on the
prooxidant capabilities of comsummarized in the table, curcumin induced apoptosis in
pounds normally considered antioxidants. Note that cancer cells in vitro through a prooxidant mechanism.
other compounds discussed in this book can also pro- Under normal in-vivo conditions, however, curcumin is
duce prooxidant effects. For example, omega-3 fatty more likely to produce an antioxidant effect. Conseacids, at high doses, can inhibit tumor growth in vivo quently, the relevance of the curcumin studies listed, as
through a prooxidant mechanism.122,_123 These doses are well as those for other compounds, to in-vivo conditions
larger than those recommended in this book, however is uncertain. In other words, these in-vitro studies can(see Chapter 17).
not be construed as suggesting these compounds will be
In contrast to the studies listed in the table, a large useful in cancer therapy. Fortunately, however, other innumber have also documented the antioxidant capabili- vitro studies reviewed in this book do suggest their useties for each of these compounds in vitro. Thus, the data fulness, only not as prooxidants. Indeed, their ability to
in Table 15.3 show only half the story; nonetheless, they act as antioxidants in most situations may support their
clearly reveal that antioxidant compounds can produce other anticancer actions, such as inhibition of signal
prooxidant effects under the right circumstances. In transduction, for example.
light of the discussion on vitamin C, this is not surprising.
In-vivo Redox Effects of Antioxidants
The fact that antioxidants can produce prooxidant effects in vitro complicates interpretation of some in-vitro
studies on cancer cells. For example, in the studies

As with in-vitro studies, the effects an antioxidant produces in vivo are likely to be dependent on its concentration, the presence of metal ions, and the
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amount of other antioxidants and ROS present. In addition, the metabolism of the compound can greatly affect
its redox reactivity. For example, quercetin, which
shows both antioxidant and prooxidant effects in vitro,
occurs in the plasma mainly in its conjugate forms (i.e.,
quercetin combined with glucuronic acid, a derivative of
glucose). The conjugate form is less reactive than free
quercetin in vitro and generally acts as a mild antioxidant in vivo.139–143
Similar to vitamin C, normal dietary doses of most antioxidants will probably have antioxidant effects in most
in-vivo conditions, and one is more assured if combinations of antioxidants are used.144 For example, oral administration of a diverse group and high quantity of
antioxidants produced greater protection from oxidative
damage in rodents than fewer antioxidants and lower
quantities.145,_146,_147 In another study, combinations of
antioxidants were more effective in reducing cancer initiation in hamsters than single antioxidants.148 Like vitamin C, however, all antioxidants are capable of acting
as prooxidants under limited circumstances. As the dose
increases beyond a crucial point, the chances of producing a prooxidant effect also increase, especially when
used alone or given intravenously.
One antioxidant that has received quite a bit of attention is beta-carotene. In a large trial on smokers (the
Beta-Carotene and Retinol Efficiency Trial), researchers
found that 30 milligrams of beta-carotene per day actually increased lung cancer rates.149–154 Reasons for this
unexpected effect are still uncertain but are probably due
to oxidation of beta-carotene in the free-radical-rich environment of a smoker’s lungs and/or the altered metabolism of beta carotene caused by changed
detoxification enzymes in the smoker’s lungs.155 One
other factor may have been the high plasma concentration of beta-carotene produced, relative to that provided
by normal dietary intake. For example, one in-vitro
study reported that at concentrations created by normal
dietary intake (1 to 3 µM), beta-carotene provided protection from oxidative DNA damage. However, at concentrations just above this level (4 to 10 µM, as can be
produced during supplementation), the protection was
lost and beta-carotene (and lycopene) facilitated DNA
damage.156
Other human studies on in-vivo effects of betacarotene are mixed. Some reported that supplementation of beta-carotene had no effect on oxidative DNA
damage in lymphocytes, while others found that betacarotene supplementation (at 25 milligrams per day) was
protective.157–160 Still others reported that beta-carotene
(at 60 milligrams per day) increased oxidative damage
in the lymphocytes of smokers but was protective in
nonsmokers.161
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The effect of vitamin E on DNA damage has also been
studied in vivo. Again, studies suggest vitamin E can
produce antioxidant or prooxidant effects, depending on
conditions. Vitamin E supplementation (at 280 milligrams per day) produced both DNA protection in human
lymphocytes and, under the right conditions, carcinogenic effects in animals.138,_158,_162 One study reported
that susceptibility of red blood cells to oxidative damage
was increased by high and prolonged doses of vitamin E
(1600 I.U. per day for 20 weeks) in nonsmokers, but not
at lower doses, for shorter time periods, or in smokers.163 Supplementation with normal therapeutic doses
of vitamin E (400 to 800 I.U. per day) probably produces antioxidant effects under most in-vivo conditions.164
The effect of other antioxidants on oxidative DNA
damage has been studied in vivo as well. From earlier
discussions, we know that high doses of vitamin C (especially given intravenously) can produce prooxidant
effects in vivo. In other studies, oral supplementation
with small doses of vitamin C (100 to 250 milligrams
per day) protected DNA from oxidative damage in humans, while in still others, oral vitamin C showed no
protective effect.158,_160,_161,_162 Neutral results were seen
in one of these studies even though plasma concentration of vitamin C increased during supplementation.
Even studies on multivitamin supplements have produced surprising results. One reported that multivitamin
supplements increased mortality from cancer in male
smokers but decreased it in nonsmokers or quitters.165
Some subjects took additional vitamin A, C, or E with
their multivitamins, and the results were the same.
The inconsistencies in these experiments again point to
the dynamic nature of redox reactions in vivo and the
likelihood that various factors, such as antioxidant dose,
the presence of other antioxidants, the presence of metal
ions, and the degree of oxidative stress, may determine
the effect seen. It is hoped that future studies on antioxidants will consider these factors in their design. For
example, we may one day find that doses of antioxidants
are best determined based on the results of patient monitoring. Along these lines, one recent study on the use of
N-acetylcysteine (NAC) to treat cancer cachexia (tissue
wasting) based the dose on the plasma cystine to thiol
ratio (this ratio is an indicator of oxidative stress).166 In
this type of design, an excess amount of antioxidants
would not be given, and any prooxidant effects produced
would be quickly discovered.

Implications for Cancer Therapy
From the above discussions, we see that high doses of
antioxidant compounds can produce prooxidant effects
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in vivo, especially when single antioxidants are given.
This, of course, is a drawback to using high doses in
cancer therapy. An antioxidant effect is likely, however,
if moderate to low doses of antioxidants are used, and
they are used in combination.

data and goes beyond the simplistic argument of
whether antioxidants are good or bad. Instead, we focus
attention on how different conditions within various patients might alter the effects of antioxidants on cancer
cell proliferation.

If antioxidants are used to produce an antioxidant
rather than prooxidant effect, the antioxidant effect produced will generally be beneficial to the body. For example, immune cells may function better when they
contain adequate antioxidants. Cancer cells may also
benefit, however. Using antioxidants in cancer treatment is currently a matter of much debate, and it is especially heated regarding use of antioxidants in
combination with chemotherapy. In theory, because
many chemotherapy drugs act by generating ROS, antioxidants could reduce ROS-induced apoptosis in cancer
cells. Indeed, several in-vitro studies have reported that
antioxidants can protect cancer cells from ROS-induced
apoptosis.167–173 Moreover, in-vitro and in-vivo studies
have reported that low levels of glutathione within cancer cells can increase apoptosis induced by both immune
cells and chemotherapy.174–177 Lastly, antioxidants are
known to protect tumors under some therapeutic circumstances; for example, vitamin E can markedly reduce the
anticancer effects of large doses of fish oil in animals.122

The conclusions from this theory were summarized in
Chapter 2, where we stated that depending on the circumstances, antioxidants used alone could produce
beneficial, detrimental, or insignificant effects in cancer
patients. When used in combination with other anticancer compounds (i.e., natural compounds or chemotherapy drugs), however, their effects are more likely to be
beneficial, or at least not harmful. Lastly, we concluded
that even when beneficial, the effects will probably be
mild for many patients. For these reasons, we see antioxidants as supportive agents, best used in larger combinations of cancer-inhibiting compounds.

In spite of the above, many of the animal studies have
reported that antioxidants do not increase tumor growth
and do not reduce the effectiveness of chemotherapy.
Some have actually found that the effectiveness of chemotherapy increases with antioxidant use (see Chapter
23). Still, the antioxidant issue is complex, and some
animal studies have reported that antioxidants (vitamin
C) can increase tumor growth. Fortunately, a number of
animal and human studies are in the planning stages or
will soon be completed. Their results should help clarify the conditions in which antioxidants may be beneficial or detrimental.

Figure 15.3 illustrates the approximate relationship between oxidative stress at the tumor site and cancer cell
proliferation. We see that at levels of oxidative stress
normal for healthy tissue (point A on the curve), cancer
cell proliferation is low; at stress levels that are mildly
elevated for healthy tissue (point D), cancer cell proliferation is high; and at levels high for healthy tissue
(point H), cancer cells are killed.

Even if antioxidants like vitamins C or E are found to
be detrimental on their own or to decrease the efficacy
of chemotherapy, these findings will not necessarily
negate possible benefits from using natural compounds.
We consider antioxidants as supportive compounds,
rather than as primary anticancer agents. Therefore, if it
became necessary, primary antioxidants like vitamin C
could be omitted from therapy. To test the theories of
this book, large combinations of natural compounds,
rather than groups of antioxidant vitamins, will need to
be studied in vivo.

A Theory on Antioxidant Effects
If we bring together what is known, it is possible to
construct a theory that makes sense of the conflicting

The graphs presented here pull together our knowledge
about the relationship between changes in oxidative
stress and changes in cancer cell proliferation. They
illustrate a plausible answer to the question, why do antioxidants have different effects in different situations?
The graphs are not meant to represent exact numerical
values but simply to put the general results of research
in graphic form.

We know from previous chapters that mild oxidative
stress can assist cancer cell proliferation in many ways,
so proliferation will be high at sites that experience mild
stress. For example, oxidative stress can increase sensitivity of growth factor receptors and PKC, decrease the
function of the p53 protein, and increase NF-κB activity,
angiogenesis, and invasion. We also know that high
oxidative stress will kill cancer cells, as it does other
kinds of cells. Moreover, we can assume that normal (or
nominal) oxidative stress will effect proliferation somewhere between that of mild and high stress. Note that
this figure takes into account only the component of
cancer cell proliferation related to oxidative stress. To
determine actual tumor growth or inhibition, other factors, such as inhibition of proliferation due to drugs or
immune activity, would need to be factored in.
Figure 15.3 does not reveal the role antioxidants play
in oxidative stress and cancer cell proliferation. Intracellular antioxidants certainly do affect the level of oxi-
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dant intake cannot keep up with the rate
of antioxidant depletion.

Figure 15.3

Cancer Cell Proliferation and
Oxidative Stress

High
Proliferation

D
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Second, the figure indicates there is a
limit to the total amount of antioxidants
that can be taken up by cancer cells, if
they are still to act as antioxidants (high
concentrations could act as prooxidants).
This is indicated by the horizontal line at
the top of the graph.

E
F

A

Third, cancer cells tend to have a
higher antioxidant reserve than the body
as a whole. Tumors exist in an oxidative
environment, and to cope with their en-1
vironment, they tend to trap antioxidants. For example, cancer cells are
High
H
known to sequester high concentrations
-2
Cell Death
of vitamins C and E in vivo.81,_178–182
Normal
Mild
High
High concentrations of glutathione have
Stress
Stress
Stress
also been found in cancer cells relative
Oxidative Stress at Cancer Site Relative to
to surrounding cells.180,_183,_184 Looking
That Found in Normal Tissue
at an example in the figure, point B on
the bottom curve represents a condition
of normal extracellular ROS concentradative stress, but they are not the only factor; an equally
tion at a tumor site in a patient with low body reserves
important one is the magnitude of ROS concentrations
of antioxidants. In this situation, the cancer cells would
around the cell. Since three factors are involved (antitend to have moderate antioxidant reserves (as shown on
oxidant reserves, ROS concentrations, and cell proliferathe vertical axis) as opposed to the low levels in other
tion), a three-dimensional graph is needed to show their
body tissues.
relationships. Figure 15.4 is the equivalent of such a
Lastly, the figure illustrates that cancer cells in patients
graph. The vertical axis shows the level of antioxidant
reserves in the cancer cells and the horizontal axis shows with low antioxidant reserves are more susceptible to
the level of ROS at the tumor site. Points A through H, oxidative stress than cancer cells in patients with high
which refer back to Figure 15.3, show the degree of pro- antioxidant reserves, as would be expected. For examliferation (point D is the highest, point H is the lowest, ple, point D from Figure 15.3 represents a condition of
and so on). Figure 15.4 also adds a missing element— mild oxidative stress where cancer cell proliferation is at
the patient, who has a certain level of antioxidant re- a maximum. In Figure 15.4, this same point D is
serves in his body. The three curved lines represent pa- marked on each of the three curves representing patients
tients with relatively low, moderate, or high body with different body antioxidant reserves. As expected,
antioxidant reserves. Note that antioxidant reserves in when ROS concentrations increase, point D occurs first
the body are generally not the same as those in cancer in patients with low antioxidant reserves and last in ones
with high reserves. A similar statement can be made for
cells, which can sequester antioxidants.
any of the other points marked in Figure 15.3. For exWhat happens to cell proliferation when the patient’s
ample, point H represents a point of high oxidative
level of antioxidant reserves is changed by giving antistress; in Figure 15.4, as ROS concentrations increase,
oxidants? Several examples are given below, using Figpoint H is reached first in patients with low antioxidant
ures 15.3 and 15.4 as a basis. First, however, some
reserves and last in those with high reserves.
fundamental relationships illustrated in the latter figure
Now we look at four examples of how antioxidant supneed to be highlighted.
plementation may affect cancer cell proliferation under
Figure 15.4 shows that as ROS concentrations at the
different circumstances. We examine the circumstances
cancer site increase, antioxidant reserves in the cancer
in which we would expect supplementation to greatly
cells decrease for all three types of patients, and they
increase cancer cell proliferation, moderately decrease
decrease most dramatically for each at high ROS conproliferation, have little effect either way, and finally, to
centrations; at high levels of ROS, the rate of antioximoderately increase proliferation. These discussions
refer to what happens in an average cancer cell; any
No 0
Proliferation

G
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Figure 15.4

Cancer Cell Proliferation, Antioxidant Reserves,
and Extracellular ROS Concentrations

Antioxidant Reserves in Cancer Cells

given cell in a tumor may experience a
greater or lesser amount of oxidative
stress and may react accordingly. When
reading these examples, keep in mind
that Figures 15.3 and 15.4 take into account only the component of cancer cell
proliferation related to oxidative stress.
Actual tumor growth or inhibition also
depends on additional factors like the
actions of drugs, other natural compounds, or immune cells.
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We can see that antioxidant supplementation could greatly increase cancer
cell proliferation by looking, for examNormal
Mild
High
ple, at the point marked H on the bottom
ROS
ROS
ROS
curve of Figure 15.4. Here we have the
Extracellular ROS Concentrations Relative to Normal Tissues
situation of high oxidant stress (fairly
Legend:
high extracellular ROS concentrations in
Curve 1: patient has relatively high antioxidant reserves
a patient with low antioxidant reserves).
Curve 2: patient has moderate antioxidant reserves
Curve 3: patient has relatively low antioxidant reserves
If this patient is given a sizable dose of
Slanted lines represent lines of increasing oxidative stress, as per Figure 15.3
antioxidants, enough to create high reSee Figure 15.3 for meaning of points A through H
serves, we can follow an imaginary vertical line going up through this point H
to the top curve (since we now have a
rupture and spill their contents, but necrotic cells dispatient with high antioxidant reserves), where we arrive charge their contents into the extracellular space before
at point F. Looking at Figure 15.3, we see that a move- they are devoured. Necrosis and the resulting spillage
ment from point H to point F represents a dramatic in- have a number of disadvantages. For one thing, spillage
crease in proliferation of about 3 units (from –2 to 1). produces inflammation, which is associated with ROS
(Again, the units of proliferation are arbitrary and are production and increased cancer progression. Moreover,
only intended to allow statements on general trends.)
it reduces the ability of macrophages to present the tuSuch an increase would be expected. In highly oxidiz- mor’s antigens to T cells, which need antigen presentaing conditions, cancer cell proliferation is likely to be tion to target other cancer cells. The ingestion of tumor
limited both by oxidative damage and by the generation antigens by macrophages, and hence antigen presentaof lipid peroxides, which can act as negative regulators tion, is more efficient when whole apoptotic cells rather
of proliferation in most cell lines.185–188 Giving antioxi- than bits and pieces of necrotic cells are ingested. The
dants in this situation would greatly decrease oxidative oxidative stress caused by chemotherapy drugs, coupled
stress and the formation of lipid peroxides, and thereby with the preexisting oxidative stress at the tumor site,
increase cancer cell proliferation. This is not necessarily appears to favor necrosis, and190so inhibits the effectiveAntioxidants, by debad, however. Such high levels of oxidative stress ness of chemotherapy drugs.
creasing
oxidative
stress
and
favoring
apoptosis, could
would most likely occur in patients undergoing convenincrease
the
effectiveness
of
conventional
chemothertional chemotherapy, and for these, an increase in cancer
apy.
cell proliferation is actually beneficial. Since most chemotherapy drugs currently in use will not kill cells
Conditions That May Decrease Cancer Cell
unless they are actively proliferating, such an increase
Proliferation
189
should enhance the effectiveness of chemotherapy.
A situation in which antioxidant supplementation
In addition, in conditions of high oxidant stress, anticould moderately decrease cancer cell proliferation is
oxidants can induce cancer cells to die of apoptosis
seen at the point marked D on the bottom curve of Figrather than necrosis. Apoptosis is the preferred form of
ure 15.4. Here we have the situation of mild oxidant
cell death. As discussed in Chapter 3, cells dying of
stress (normal to mild extracellular ROS concentrations
apoptosis are engulfed by macrophages before they can
in a patient with low antioxidant reserves). If this pa-
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tient is given a sizable dose of antioxidants to create
high reserves, we can follow an imaginary vertical line
going up through this point D to the top curve, arriving
midway between points B and C. Looking at Figure
15.3, we see that a movement from point D to midway
between points B and C represents a decrease in proliferation of about one half-unit (from 2 to 1.5), which is a
moderate decrease relative to the increase of 3 units discussed in the previous example.
This scenario would probably develop in patients who
have not undergone chemotherapy, since ROS concentrations here are only moderately elevated. In these
conditions, antioxidants could inhibit cell proliferation
by several means, such as normalizing the activity of
growth factor receptors, PKC, and transcription factors.
Conditions That May Have Little Effect on Cancer
Cell Proliferation
Antioxidant supplementation could have only minimal
effects on cancer cell proliferation. In the previous examples, giving antioxidants to patients with low reserves
produced high reserves. Now, we consider the more
common example of a patient with normal antioxidant
reserves and with extracellular ROS concentrations a bit
stronger than mild; this might be the case of a patient
with early- to mid-stage cancer who has not undergone
chemotherapy. This situation is represented by point E
both in Figure 15.3 and on the middle curve of Figure
15.4. In other words, tumors in most patients not receiving chemotherapy probably exist in an oxidative environment on the verge of causing extensive cell kill if
oxidative stress increases. If this patient is given enough
antioxidants to create high reserves, we can follow an
imaginary vertical line up through point E to the top
curve, just to the right of point D. In Figure 15.3, we
see that moving from point E to the right of point D
represents almost no change in proliferation.
Based on animal studies, this may be a common scenario. A recent study on mice looked at the effects of
antioxidant depletion and supplementation on the
growth of de novo brain tumors.191 The authors reported
that severe depletion of dietary antioxidants (vitamins E
and A) inhibited tumor growth via a prooxidant mechanism. Administration of moderate amounts of antioxidants (170 I.U. vitamin E and 9,200 I.U. vitamin A as
scaled to humans), however, did not appreciably affect
tumor growth compared to controls receiving half this
amount (normal dietary amounts). In addition, several
other animal studies reported that antioxidant administration did not greatly affect tumor growth one way or
the other (see below and Chapter 23).
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Conditions That May Moderately Increase Cancer
Cell Proliferation
Consider the case of a terminal cancer patient who is
not going through chemotherapy. Antioxidant reserves
may be depleted and oxidative stress may be relatively
high, but not as high as if chemotherapy were given.
The proliferation of the patient’s cancer cells would fall,
on average, around point F on Figure 15.3, somewhere
between maximal and no proliferation. In Figure 15.4,
this situation corresponds to point F on the bottom
curve. If the patient receives enough antioxidants to
create high reserves, we can follow an imaginary vertical line up through point F to the top curve, just to the
right of point D. Looking at Figure 15.3, we see that a
movement from point H to the right of point D represents an increase in proliferation of about 3/4 units,
which is a moderate increase.
It is possible this type of scenario occurred in some of
the vitamin C animal studies where tumor growth increased. In fact, since dietary vitamin C tends to increase iron absorption, and iron tends to increase ROS
production, it may be that a more extreme situation was
happening (i.e., starting closer to point G on the bottom
curve of Figure 15.4). Because of the potential for antioxidants to increase tumor growth by this means, we
again conclude that antioxidants are best not used alone.
We look now at how other natural compounds could
turn a detrimental result of antioxidant use into a beneficial one. It seems reasonable to suppose that combinations of compounds that act primarily by nonantioxidant
mechanisms to inhibit signal transduction and the other
clusters of procancer events (see Chapter 1) could produce an anticancer effect regardless of whether primary
antioxidants were also used. In fact, since primary antioxidants could put more cells in the cell cycle, they
might increase an anticancer effect, just as they may do
with chemotherapy.
There is one other way primary antioxidants could
work with other natural compounds to maximize an
anticancer effect. Looking again at Figure 15.3, the
most beneficial point on the curve from the patient’s
perspective is point A. (Point H is more desirable in
terms of cell death but is less so in terms of oxidative
stress.) In Figure 15.4, if cancer cells in the average
patient might be at point E (on any curve), we see that
the greatest opportunity to reach point A for all three
types of patients is by decreasing ROS generation, not
increasing antioxidant reserves. In other words, antioxidant supplementation can play a supportive role in
reaching point A, but the main therapeutic emphasis is
better placed on decreasing ROS production. Such a
decrease can be accomplished by using antiinflammatory compounds, compounds that reduce iron
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and copper levels, and compounds that prevent tissue
damage, such as enzyme inhibitors and ECM protectors.
Anti-inflammatory compounds include those that inhibit
PGE2 production, NF-κB activity, vascular permeability,
and histamine release. To some degree, the use of antioxidants alone will also reduce extracellular ROS levels,
but they would not necessarily reduce ROS generation.
Still, in Figure 15.3 we see that reaching point A is not
enough to kill tumor cells, only to reduce their proliferation. It follows that antioxidants and compounds that
reduce ROS generation must be combined with other
compounds that inhibit cancer through other means.
In summary, we can theorize that antioxidant supplementation will increase, decrease, or have only mild
effects on cancer cell proliferation, depending on the
antioxidant reserves of the patient and the concentration
of extracellular ROS. To avoid detrimental effects, they
should probably not be used alone. In those cases where
they are used with other anticancer compounds or chemotherapy drugs, and proliferation is increased, this
could be beneficial because it may help to increase cell
kill. When antioxidants are used with other natural
compounds, their anticancer effects could be maximized
by including compounds that reduce ROS generation,
such as anti-inflammatory compounds.
Antioxidants may have other beneficial effects; for example, they can protect normal tissues from adverse effects of chemotherapy, at least in some cases (see
Chapter 23). In addition, they may reduce the mutation
rate and, over time, result in less aggressive cancers,
ones less able to adapt to changing conditions. Although this effect remains to be proven in vivo, it is a
reasonable supposition. Lastly, antioxidants can help
normal tissues function correctly. Because immune
cells need a certain amount of antioxidants to function,
taking antioxidants can produce healthier immune cells,
which are more likely to inhibit cancer than unhealthy
ones.

Effects of Antioxidants on Metastasis
There are concerns that antioxidants may facilitate metastasis. That they may have this effect in some situations should not be surprising, given the above
discussions. In one of the few animal studies that tested
combined antioxidants, metastasis increased.192 In this
study, high and very high doses of antioxidants were
given in drinking water to rats with established, carcinogen-induced tumors. The high doses were about 2.4
grams of vitamin C and 1,200 I.U. of vitamin E per day
(as scaled to humans). The very high doses were 10fold greater. Both groups received selenium (at 2 µg/kg)
and a thiol antioxidant compound (2-MPG, at 15
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mg/kg). The high-dose therapy was not effective in increasing life span nor was tumor size greater, but secondary metastases increased. Life span was increased 1.4fold in the very high dose group, but again secondary
metastases increased equal to the high-dose group. The
results suggest the antioxidants may have protected metastasizing cells from apoptosis. Perhaps metastasizing
cells are under greater oxidative stress than tumor cells
and require additional antioxidants. They are certainly
under great oxidative stress while they travel through the
lungs during circulation. Another study also reported
that synthetic antioxidants increased metastasis of lung
cancer cells injected into mice but did not affect growth
of the primary tumor that formed.193 Moreover, other
studies have reported metastasizing cells are protected
from apoptosis by high intracellular glutathione levels in
vivo.194,_195 As we will see in Chapter 18, some antioxidants, including vitamins C and E, increase intracellular
glutathione concentrations.196,_197
The above discussions indicate that primary antioxidants have the potential to promote metastasis, another
reason to avoid their sole use. If they are used in combination with other cancer inhibitors, any assistance antioxidants may give to metastatic cells should, in theory,
be negated by the effects of the other active compounds.
Along these lines, secondary antioxidants could be expected to inhibit cancer more potently than primary
ones.
Antioxidants may be more useful in preventing cancer
than treating established cancers. A recent large clinical
trial reported that prostate cancer rates were lowered in
smokers who took vitamin E supplements.198 A mixture
of natural compounds is likely to be even more effective. Even mixtures of primary antioxidants may be
more useful than single ones, as reported recently for a
combination of vitamin C and N-acetylcysteine (NAC)
in mice.199
Antioxidant supplements also seem to be useful in
preventing recurrence after treatment. For example,
they were a prominent part of a protocol used in a randomized, double-blind study of 65 postsurgical patients
with bladder cancer.40 All patients were treated with the
immunostimulating bacterial compound BCG. Those
who received RDA doses of multivitamins plus 40,000
I.U. vitamin A, 100 milligrams vitamin B6, 2 grams vitamin C, 400 I.U. vitamin E, and 90 milligrams zinc per
day had a 41 percent recurrence rate after five years. In
comparison, those receiving only BCG plus RDA multivitamins had 91 percent recurrence.
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CONCLUSION
The in-vitro, animal, and human cancer studies on vitamin C have produced inconsistent results, probably
due in part to vitamin C prooxidant effects. These effects appear to be mediated by a number of conditions,
including the concentration of the antioxidant, the presence of metal ions, the concentration of ROS present,
and the tumor’s ability to produce antioxidant enzymes.
Based on available evidence, it appears that vitamin C
could inhibit or facilitate tumor progression, or have no
effect, depending on the above conditions.
Although other antioxidant compounds have not received as much study as vitamin C, it is likely they will
behave similarly. When used alone at high doses, especially, high intravenous ones or orally in copper solutions, they may also have a prooxidant effect and kill
cancer cells. On the other hand, when used orally at
moderate doses, vitamin C and other antioxidants are
likely to create an antioxidant effect, especially when
used in combination.
Based on the limited data available, our preliminary
conclusions are that antioxidants can produce variable
results on cancer cell proliferation. Depending on oxidative stress at the cancer site, they could increase or
decrease cancer cell proliferation, or have only nominal
effects on it. The same may also be true of their effects
on metastasis. For these reasons, antioxidants are not
considered here as sole treatment agents, but they are
viewed as potentially useful in a supportive role, in
combination with other compounds or drugs. (We refer
here to antioxidant supplementation; normal dietary intake is likely safe under any circumstances.) Antioxidants may be most beneficial when combined with
compounds that inhibit ROS generation, since together
these groups of compounds can reduce oxidative stress
at cancer sites, leading to minimal proliferation. To induce apoptosis in cancer cells, however, antioxidants
and anti-ROS compounds are best combined with other
natural compounds that inhibit cancer by other means.
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POLYSACCHARIDES
Having looked at vitamin C, a monosaccharide derivative, we now examine polysaccharides. As the name
implies, polysaccharides consist of multiple monosaccharides (simple sugars) linked together. Although
many important compounds are polysaccharides (starch,
hyaluronic acid, and cellulose, for example), in this
chapter we are concerned with high-molecular-weight
(large) polysaccharides with immunostimulating properties. Quite a few medicinal plants contain these highmolecular-weight polysaccharides (hereafter referred to
simply as polysaccharides).
Polysaccharide-rich plants have a long history of use
in traditional medicines such as Chinese herbal medicine, where they are commonly employed to increase the
vital energy of a patient. Modern medicine has also investigated their properties. All the polysaccharide-rich
plants discussed here increase production of immunestimulating cytokines, generating a cytokine cocktail
that stimulates immune activity. As discussed in Chapter 11, cocktail mixes are believed to be among the most
effective ways to use cytokines in cancer treatment. In
addition, several polysaccharides appear to inhibit production or activity of immunosuppressive cytokines and
in this way may also have an anticancer effect. Not surprisingly then, studies like the Chinese clinical trials
discussed in Chapter 12 suggest that polysaccharides
may be useful in cancer treatment. Also, a large number
of Japanese clinical trials have reported that polysaccharide-rich mushroom products, such as PSK, have some
benefit in conjunction with chemotherapy. Some of
these studies, along with additional animal and human
studies on polysaccharides, are reported in this chapter.
Keep in mind that although some studies report polysaccharides can be beneficial alone, our position is that
polysaccharides, and all other natural compounds discussed, are most beneficial within a larger combination
of compounds.

INTRODUCTION TO
POLYSACCHARIDES
Although many natural compounds can stimulate the
immune system, natural immunostimulants often fall
into one of two chemical families: high-molecularweight polysaccharides and saponins.1,_a In Chinese
a

As a reference point, high-molecular-weight polysaccharides
have a molecular weight between about 10,000 and 800,000
grams/mole. The average molecular weight of the polysaccha-

herbal medicine, plants containing these compounds are
often classified as vital energy (qi) tonics; for example,
Astragalus membranaceus contains high-molecularweight polysaccharides and Panax ginseng contains
saponins. Both are considered qi tonics. Actually,
many herbs that stimulate the immune system include
compounds from both chemical families. Eleutherococcus senticosus is an example. Ginseng also contains
both saponins and polysaccharides, although the former
are more prominent. In this chapter we focus on a few
of the most common polysaccharide-rich herbs and extracts, and in Chapter 21 we discuss a few saponin-rich
herbs. The reader is referred to herbal medicine guidebooks for information regarding additional herbs that act
as immunostimulants.2–10
Polysaccharides have been studied both in crude form
(the entire polysaccharide fraction of a plant) and semipurified and purified forms (various levels of purification for specific polysaccharides).
Purified
polysaccharides that have received research attention
include lentinan, from the edible mushroom Lentinus
edodes (shiitake), schizophyllan, from the fungus
Schizophyllum commune, and pachyman, from the fungus Poria cocos. Semipurified polysaccharides include
PSK and PSP, from the mushroom Coriolus versicolor,
and KS-2, from Lentinus edodes. All three—crude,
semipurified, and purified polysaccharides—can produce antitumor effects in animals, and some beneficial
effects have been reported in human patients.11,_12

INDIVIDUAL COMPOUNDS
Six polysaccharide-rich plants or extracts are examined in this chapter: Astragalus, Eleutherococcus, Ganoderma, shiitake, PSK, and PSP. These plants and
extracts act in part by increasing production of immunostimulating cytokines (such as IL-1, IL-2, IL-6, interferons, TNF, and colony-stimulating factors); by
increasing the responsiveness of cytokine receptors;
and/or by decreasing the production or reducing the action of cytokines that inhibit the immune system, such as
TGF-beta and IL-10.13–21 The resulting effect is, in gen-

rides discussed here is roughly 200,000 grams/mole. This is in
comparison with glucose, a monosaccharide with a molecular
weight of 180 grams/mole, as well as with most other natural
compounds discussed in this book, which have an average molecular weight of about 360 grams/mole.
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eral, increased proliferation and heightened function of
natural killer cells, macrophages, and T cells.
In the following, only brief discussions are provided
for most compounds, since much of the information on
immune stimulation is included in Chapter 12 and Table
H.1. A more in-depth discussion is provided for the
mushroom polysaccharides PSK and PSP, however, because they have been researched extensively.
Although not all polysaccharide-rich plants have received the same amount of research, this does not mean
some are more beneficial than others. In fact, many
likely share similar qualities and so may be somewhat
interchangeable in clinical practice. Also, as we will
see, their active dosages are quite similar. To assure the
greatest benefits though, it may be prudent to use a mixture of polysaccharide-rich plants, and, as always, to
combine this mixture with compounds that inhibit cancer by other means. The concept of using mixtures of
polysaccharide-rich plants has a long history in Chinese
and other herbal traditions.

Astragalus membranaceus
Summary of Research and Conclusions
Although Astragalus is one of the most commonly
used Chinese herbs and is used extensively in Chinese
hospitals for treating cancer patients (in combination
with chemotherapy), relatively few studies on Astragalus are indexed in the MEDLINE database. Presumably,
many more are available in Chinese journals. Because
of the custom of using combinations in Chinese herbal
medicine, most of the indexed studies of Astragalus are
ones on herbal combinations.
Some 13 in-vitro studies relate to cancer or immune
function.22–26 In general, these reported that Astragalus,
alone or in combination with other Chinese herbs,
stimulated IL-2 production, immune cell activity, and
immune cell killing of cancer cells.
Thirteen animal studies are indexed.27–31 These support the in-vitro data by reporting that herbal combinations with Astragalus can stimulate the immune system,
inhibit tumor growth, and prevent chemotherapy- or
radiotherapy-induced immunosuppression. A few animal studies presented conflicting results, however; at
least one reported that an Astragalus combination was
unable to prevent cyclophosphamide-induced immunosuppression, whereas another reported Astragalus polysaccharides to be effective in this regard.28,_32
Five human studies, one of which is a review, also reported that Astragalus combinations stimulated the immune system and inhibited chemotherapy-induced
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immunosuppression in cancer patients.33–37 Overall,
these in-vitro, animal, and human studies suggest Astragalus could have beneficial effects. Much of this would
come from immune stimulation but Astragalus may also
inhibit metastasis by inhibiting platelet aggregation (see
Table 10.1).

General Information
The root of the legume Astragalus membranaceus
(milk vetch or yellow vetch) is one of the most common
tonic herbs in Chinese herbal medicine. Astragalus is a
very large genus; in North America there are nearly 400
Astragalus species, located mainly in the western United
States. Some of these, such as the infamous “locoweed,” are poisonous to livestock due to their high selenium content.
Other species of Astragalus, like
membranaceus, are nontoxic. The common food and
cosmetic ingredient, gum tragacanth, is obtained from
several nontoxic Astragalus species.38 The medicinal
use of Astragalus membranaceus was discussed in the
2,000-year-old Chinese text, Shen Nong Ben Cao Jing
(Divine Husbandman’s Classic of the Materia Medica).
In Chinese medicine, Astragalus is prescribed for various forms of insufficient qi. It has a marked effect on
the immune system of humans and rodents and has been
clinically studied in China as an adjuvant for chemotherapy. The common daily dose in noncancer conditions is 9 to 30 grams of dried herb in decoction. In
exceptional cases, up to 60 grams per day may be
given.39 When treating cancer patients in China, clinicians commonly prescribe a dose of roughly 30 to 60
grams per day.
The toxicity of Astragalus membranaceus is very low;
oral doses of 75 to 100 g/kg did not cause acute toxicity
in mice.40 Although side effects are minimal at normal
doses, higher doses of Astragalus (and many of the other
herbal immunostimulants discussed here) may cause
insomnia, increased heart rate, palpitations, hypertension, a general feeling of overstimulation, or all of these.

Eleutherococcus senticosus
Summary of Research and Conclusions
At least four papers have been published on the invitro effects of Eleutherococcus that relate to immune
stimulation or cancer. One reported that extracts of
Eleutherococcus inhibited T-cell and B-cell activity
while enhancing macrophage activity, and interestingly,
the other three found that Eleutherococcus could inhibit
cancer cells directly, without affecting immune cell activity.41–44
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Seven out of eight published animal studies, in contrast to the in-vitro ones, reported that Eleutherococcus
stimulated immune activity and inhibited tumor growth
primarily through an immune-mediated mechanism.45–51
The eighth study reported that Eleutherococcus protected mice from adverse effects of radiotherapy.52
At least three human studies are indexed, the first reporting that Eleutherococcus stimulated the immune
system, including T-cell activity, of healthy volunteers.53
The second study found that Eleutherococcus stimulated
the immune system of breast cancer patients, and the
third reported it could prevent infection or other postoperative complications of surgery in elderly cancer patients.54,_55 Based on these limited studies, it seems
likely Eleutherococcus may have an immunostimulating
effect in humans and could be useful in cancer treatment.

General Information
Eleutherococcus senticosus is a shrubby member of
the ginseng family. Like Astragalus, it is a common
Chinese herb and is mentioned in the Shen Nong Ben
Cao Jing. A complex taxonomic controversy exists regarding similarities between the Eleutherococcus and
Acanthopanax species, however, and it is not certain that
the Shen Nong Ben Cao Jing was actually referring to
Eleutherococcus senticosus. Some scholars have combined Eleutherococcus and Acanthopanax into the same
(Eleutherococcus) genus, while others have recognized
Eleutherococcus as a distinct genus. Today, most of the
world’s scientists refer to the plant as Eleutherococcus
senticosus, while Chinese scientists refer to it as Acanthopanax senticosus. Not until the 1970s, when the
plant was imported into the United States as an herbal
“adaptogen,” was it given the common name Siberian
ginseng.a Extensive clinical research on the plant has
been conducted in Russia since the 1950s.56
In Chinese herbal medicine, Eleutherococcus (or
Acanthopanax) is used as a qi tonic and as an antiinflammatory agent in arthritic conditions. The dose is
commonly 6 to 15 grams per day of the dried herb in
decoction.57 The Russian studies commonly used a 33
percent (1:3) alcohol extract, of which 2 to 16 milliliters
were taken 1 to 3 times per day; this dose is roughly
equivalent to 1 to 16 grams per day of the dried herb.
Treatment was commonly continued for up to 60 days,
followed by a rest period of 2 to 3 weeks.56 As noted
earlier, some type of treatment-rest schedule may help
a

The Russian scientist N.V. Lazarev coined the term adaptogen
in 1947 to refer to agents that help increase “nonspecific resistance of an organism to adverse influence.”

all compounds we discuss to perform at their best (see
Chapter 13). Side effects of Eleutherococcus appear to
be minimal at low to moderate doses.
Eleutherococcus may inhibit cancer through several
mechanisms. In addition to its affects on the immune
system, it may inhibit angiogenesis by reducing histamine availability (see Table 8.3) and may block cancer
cell proliferation by inhibiting cyclin-dependent kinases
(see Chapter 4). It may also alter the plasma membrane
or its components, as suggested by some of the in-vitro
studies.

Ganoderma lucidum and Shiitake
Summary of Research and Conclusions
The immunostimulating and antitumor properties of
Ganoderma and shiitake mushrooms have been discussed in at least five reviews.58–62 In addition to these,
two in-vitro studies have reported they can increase cytokine production, stimulate immune cells, and induce
differentiation of cancer cells via cytokine activity.63,_64
Nine studies have reported antitumor effects in animals.65–73 A large number of additional animal and human cancer studies have been published on the purified
polysaccharide lentinan, isolated from shiitake.74–77
Based on the extensive anticancer data of lentinan, it
would seem reasonable that crude shiitake extracts could
also produce an immunostimulating effect and be useful
in cancer treatment. The few studies on crude shiitake
and Ganoderma extracts suggest both may indeed be
helpful.

General Information
Ganoderma lucidum, also called reishi mushroom, is a
common Chinese fungus mentioned in the Shen Nong
Ben Cao Jing. Like a variety of other mushrooms, including the edible shiitake mushroom (Lentinus edodes),
Ganoderma acts as an immunostimulant in both animals
and humans. In addition to its potential to inhibit cancer
through immune stimulation, Ganoderma may impede
metastasis by inhibiting platelet aggregation (see Table
10.1).
Intraperitoneal administration (400 mg/kg every other
day) of crude Ganoderma extract, with and without
chemotherapy treatment, increased the life span of mice
with lung cancer.69 The equivalent human intraperitoneal dose is about 1.9 grams per day of crude Ganoderma extract. If we assume this crude extract provided
a 30 percent yield of material (as explained in Chapter
13), then the equivalent human oral dose is about 32
grams of whole dried Ganoderma. The normal dose of
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the whole herb in Chinese herbal medicine is about 9
grams per day in decoction.78 Since the polysaccharide
content of many polysaccharide-rich herbs is roughly 7
percent (commonly 5 to 10 percent), a 32-gram dose of
Ganoderma provides about 2.2 grams per day of polysaccharides.79–83
The antitumor effects of the purified polysaccharide
lentinan, which is obtained from Lentinus edodes (the
shiitake mushroom), have been extensively studied in
mice. The results have been very encouraging; an antitumor effect has been reported against many types of
cancers.11 Lentinan has also been studied in humans
with promising results. Human clinical trials have reported increased survival when used in combination
with chemotherapy.12,_75 In rodent studies, the dose generally given (1 mg/kg intraperitoneal) is low relative to
doses of other polysaccharides discussed here. Low
intravenous doses were also used in the human studies.
The beneficial effects seen at low doses are due to the
purified nature of lentinan and the route of administration. Clearly, the successes of lentinan demonstrate that
shiitake mushrooms contain potent immunomodulating
substances.
The whole shiitake mushroom also produces an antitumor effect. An oral dose of 12 g/kg per day of raw
shiitake inhibited the growth of sarcoma tumors in mice
by 40 percent. Doses two- and threefold greater produced additional inhibition. The growth of five other
tumor types was also reduced, although generally to a
lesser degree.84,_85 The human equivalent of a 12-g/kg
dose in mice is roughly 120 grams per day. This dose is
prohibitively large but provides only about 8 grams of
polysaccharides per day (assuming a 7 percent polysaccharide content), which is similar to the polysaccharide
doses used in other studies discussed in this chapter.

PSK and PSP
Summary of Research and Conclusions
PSK (also called Krestin) and PSP (polysaccharide
peptide) are semipurified polysaccharides obtained from
the mushroom Coriolus versicolor. Of the two, PSK has
received the most research attention, primarily in Japan,
where PSK is now used clinically in cancer treatment in
some situations.86,_87 A relatively large number of papers have been published documenting the effects of
PSK or PSP. More than 16 examined their ability to
stimulate immune cells or inhibit cancer cell proliferation in-vitro.88–92 Thirty-nine looked at their ability to
inhibit metastasis, angiogenesis, and/or tumor growth in
animals.93–97 Of these, 13 focused on their interactions
with chemotherapy drugs or radiotherapy or their ability
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to decrease the immunosuppression caused by these
therapies.98–102 Fifty-four focused on their ability to inhibit cancer progression in humans.103–107 The great
majority of these studies were on PSK combined with
chemotherapy, radiotherapy, other immune stimulants,
or a combination of these. As a whole, these studies
strongly suggest that PSK and/or PSP inhibit cancer
progression in animals and improve postoperative survival in humans. These effects are probably due to a
combination of immune stimulation and inhibition of
immunosuppressive cytokines, although other factors
like inhibition of invasion may also play a role.

In-vitro Studies
Most of the in-vitro studies on PSK/PSP have focused
on their ability to stimulate immune cells. In one study,
PSK (at about 1.1 µM) increased proliferation of lymphocytes obtained from patients with stomach and colorectal cancer by 1- to 3-fold (average 1.4-fold).88 In
another study, the same concentration of PSK stimulated
the cytotoxic effect of tumor-infiltrating lymphocytes
obtained from gastrointestinal patients.89 The same
beneficial effect was reported with lymphocytes taken
from other types of cancers.91 Other studies reported
that the cytotoxicity of natural killer cells against cancer
cells was increased by PSK concentrations of 1.1 µM in
vitro.108 A PSK plasma concentration of roughly 1.1
µM is achieved after oral administration of about 3
grams per day. Markedly higher doses are not recommended, since in-vitro studies have reported that 10-fold
higher PSK concentrations actually reduced immune cell
activity.108
A smaller number of in-vitro studies reported on other
effects of PSK/PSP. For example, two studies reported
that PSK inhibited the invasion of leukemia cells in vitro; at about 1.1 µM, PSK reduced the number of invading cells by half. The effect was thought to be due to
inhibition of enzymes that digest the extracellular matrix.109,_110 One study reported an inhibition of melanoma invasion in vitro by PSK. Part of this inhibition
was attributed to decreased tumor cell binding to the
basement membrane.94
In-vitro studies have reported PSK can inhibit TGFbeta activity, a desirable characteristic since it allows
PSK to interrupt TGF-beta-mediated immune evasion by
cancer cells (cancer cells can produce TGF-beta, and
high concentrations of TGF-beta are immunosuppressive).111 Moreover, since TGF-beta lowers production
of the antioxidant enzyme SOD (superoxide dismutase),
PSK can increase SOD production.112,_113 The result is
an antioxidant effect (see Figure 5.2).

Polysaccharides

At the end of Chapter 5, I mentioned a study in which
stimulation of an immune response by implanting a
gelatin sponge next to weakly tumorigenic cancer cells
caused the cells to form aggressive tumors.114 This response was associated with a decline in intracellular
antioxidant enzymes. Administration of PSK to animals
increased the antioxidant capacity at such tumor sites
and inhibited transformation into aggressive tumors.112,_113
At higher PSK concentrations (about 5.5 to 11 µM),
PSK can increase the SOD capacity of cancer cells
through another means, apparently by acting as an electron donor. In-vitro studies have reported that at these
PSK concentrations, cancer cells were directly inhibited
by PSK treatment, presumably due to the hydrogen peroxide produced when SOD activity is increased (see
Figure 5.2).115,_116,_117,_a Increased production of SOD
and hydrogen peroxide may also be responsible for reports of PSK-induced enhancement of cisplatin activity
against cancer cells in vitro.118 The ability of PSK to
kill cancer cells by producing hydrogen peroxide is
probably limited to in-vitro studies, since the required
PSK concentrations could not easily be reached in vivo.
This is not of concern here though, since we are not interested in producing a prooxidant effect.

Animal Studies
Animal studies have corroborated the results observed
in in-vitro studies. Some 39 studies reported that PSK
stimulates the immune system of tumor-bearing rodents,
prevents metastasis or angiogenesis, and increases survival. Thirteen of these were conducted in conjunction
with chemotherapy or radiotherapy, but three examples
where PSK was used alone are as follows:
• Oral administration of PSK reduced the growth of
colon cancer cells transplanted into mice. Optimal
effects were seen at about 360 to 720 mg/kg.119 The
equivalent human dose is about 3.4 to 6.8 grams per
day. The effects were associated with improved immune function, suppression of TGF-beta activity,
and restoration of interferon-gamma production.
Higher doses had no effect on tumor growth.
• Oral administration of 1,000 mg/kg inhibited the
growth of two types of tumors in mice (of three types
tested). The effect was due to a reduction of tumorinduced immunosuppression.120
• Oral administration of 500 mg/kg increased NK cell
activity and inhibited metastasis of liver cancer cells
in rats.121

a

If SOD activity is increased relative to catalase and/or glutathione peroxidase activity, hydrogen peroxide will be produced.
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In addition to these oral studies, other studies reported
antitumor effects after intraperitoneal, intratumoral, or
intratumoral and oral administration.96,_97,_122,_123 Some
of these studies reported that a combination of preoperative intratumoral treatment and postoperative oral treatment was highly effective at eradicating metastatic
tumors. In general, the effects of PSK were greater on
small tumors and were specific to certain tumor
types.93,_124 One factor in tumor sensitivity appeared to
be tumor susceptibility to NK cell activity.125
A small number of studies have reported that PSK inhibited angiogenesis in tumor-bearing rodents.126 For
example, intraperitoneal administration of 50 mg/kg
inhibited angiogenesis induced by liver cancer cells in
mice. The mechanism of action was uncertain but may
have involved inhibition of bFGF activity.95
Summarizing the above discussions and those from
previous chapters, Table 16.1 lists the potential antitumor activities of PSK and PSP.

Human Studies
As listed in Table 1.3, the 54 human studies conducted
on PSK/PSP are more than that for any other compound
discussed. All of these studies used PSK/PSP—with or
without other immunostimulants—in conjunction with
chemotherapy or radiotherapy. Although the effects of
natural compounds on chemotherapy or radiotherapy
generally are covered in Chapter 23, we discuss those
for PSK/PSP here because all human studies conducted
used them in combination with chemotherapy or radiotherapy.
Five of the 54 studies were review articles, and most
of the studies these reviewed were trials on stomach
cancer patients in Japan.127–131 In general, they suggested that combinations of chemotherapy and PSK resulted in greater increases in life span than
chemotherapy alone.
Twenty-four randomized control trials have been conducted, many of which were large, multicenter trials.
The general finding was that adding PSK to treatment
regimes improved patient survival. In some studies, the
effect of PSK administration was not statistically significant, but many revealed a trend for increased surSome examples of the randomized
vival.132–135
controlled trials are summarized below (the dose of PSK
used was 3 grams per day orally unless noted):
• Two hundred sixty-two postoperative stomach cancer patients were randomized to receive chemotherapy or chemotherapy plus PSK. The addition of
PSK increased the five-year disease-free rate (from
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TABLE 16.1 POTENTIAL ANTICANCER ACTIONS OF PSK AND PSP
ACTIVITY

KNOWN
EFFECTS

AS A
COLLAGENASE
INHIBITOR, MAY:
Chapter 3: Results of Therapy at the Cellular Level
Inhibit TGF-beta
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit bFGF effects
x
x
Inhibit VEGF effects
via PDGF and TGFbeta binding
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
x
Inhibit collagenase effects
x
—
Inhibit cell migration
x
Inhibit metastasis
x
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Stimulate the immune system
x
Inhibit tumor-induced
x
immunosuppression
Chapters 16: Polysaccharides
Act as an SOD mimic
x

59 to 71 percent) and the five-year survival rate
(from 60 to 73 percent).104
• Four hundred sixty-two patients with curatively resected colorectal cancer were randomized to receive
chemotherapy or chemotherapy plus PSK. PSK administration increased the three-year disease-free rate
(from 68 to 77 percent) and the three-year survival
rate (from 79 to 86 percent).105

PSK. PSK administration increased the five-year survival
rate (from 15 to 28 percent).
The survival time was also increased (from 25 to 35
months). The PSK dose was 1
gram per day orally.106

• Seventy-three patients in remission from acute nonlymphocytic
leukemia
were
randomized to receive either
maintenance chemotherapy or
maintenance
chemotherapy
plus PSK. Although there
were no statistical differences
in duration of remission or
survival between the two
groups on the whole, when a
smaller subset of patients was
looked at, PSK administration
increased the remission period
by 418 days (from 467 to 885
days); this subset was made of
patients maintaining a remission period for more than 270
days.138 In other words, those
patients who were doing well did even better with
PSK.

ESTIMATED THERAPEUTIC AND
LOAEL DOSES OF
POLYSACCHARIDES

• One hundred eleven patients with curatively resected
colorectal cancer were randomized to receive chemotherapy or chemotherapy plus PSK. PSK administration increased the eight-year disease-free rate (from
about 7.8 to 28 percent) and the 10-year survival rate
(from about 19 to 36 percent).136

The estimated required dose of crude polysaccharides
from different sources as scaled from animal studies
reasonably agrees with doses used in human studies.
Based on these values, the human polysaccharide dose
required for cancer treatment is likely to be 2 to 9 grams
per day.

• Two hundred seventy-eight patients with stage IIA
T2N1 estrogen-dependent and node-negative breast
cancer were randomized to receive chemotherapy or
chemotherapy plus PSK. PSK administration increased the five-year survival rate (from 81 to 96
percent). Disease-free survival also increased, but
the increase was not statistically significant. Nodenegative breast cancer patients with some other classifications were also helped by PSK treatment, but
the improvements were not statistically significant.137

In studies on mice, optimal antitumor effects of polysaccharides from a variety of plants were observed at
daily intraperitoneal doses of 25 to 250 mg/kg per
day.139–145 The midrange (140 mg/kg) corresponds to a
human oral dose of about 6.6 grams per day; a dose
similar to the commonly prescribed polysaccharide dose
for cancer patients in China (based on decoctions of
polysaccharide-rich herbs). These decoctions often contain 30 to 90 grams per day of herbs. Assuming the
herbs contain about 7 percent polysaccharides, the polysaccharide dose would be 2 to 6 grams per day. This
dose is also similar to the commonly prescribed PSK
dose of 3 grams per day.

• Thirty-eight patients with nasopharynx cancer who
were treated with radiotherapy, with or without chemotherapy, were randomized to receive PSK or no
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In addition, the above doses are
similar to the required dose as
calculated from in-vitro and
pharmacokinetic data (see Appendix J). Using a target concentration of 2.2 µM (for stimulation of
immune cells), the required polysaccharide dose is 9.3 grams per
day.

TABLE 16.2 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
POLYSACCHARIDES*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Common human dose in cancer treatment
Required dose as determined from
pharmacokinetic calculations
Estimated LOAEL dose
Tentative dose recommendation for further
research

DOSE (g/day)
6.6 (midrange)
2 to 6
9.3
much greater than 6

The LOAEL dose for polysac2 to 9
charides has not been established
*
but is likely to be much greater
See Appendix J for details.
than the polysaccharide dose of 2
to 9 grams recommended here.
For all practical purposes, these compounds are non- mula inhibited tumor growth and increased the survival
toxic, although a general feeling of overstimulation can rate of mice with chemically induced bladder tumors
treated with the chemotherapy drug cisplatin. It also
occur at high doses or in sensitive individuals.
protected mice against kidney and liver toxicity and
Dose calculations for polysaccharides are summarized bone marrow suppression caused by cisplatin. The forin Table 16.2. Note that synergism is not mentioned in mula increased the survival of leukemia-bearing mice
the table, since polysaccharides are not classified as di- treated with mitomycin, as compared to those treated
rect-acting compounds. Nevertheless, as discussed in only with mitomycin. It also helped prevent the low
Chapter 13, synergistic interactions could still be ex- blood count and weight loss associated with mitomycin
pected between immune stimulants and other indirect- treatment and helped delay death caused by a lethal dose
and direct-acting compounds, and the best clinical ef- of mitomycin. Injection of the extract suppressed the
fects may occur when all three groups are used together.
growth of ascites cancer in mice, and oral administration
prolonged survival of the mice. Of 116 traditional formulas tested, this formula was most effective as a bioUSING COMBINATIONS OF
logical response modifier.16,_33,_146–151

POLYSACCHARIDES

The dose required for a variety of polysaccharides may
range from 2 to 9 grams per day. To achieve this without using excessive amounts of any single herb, combinations of herbs can be used. For example, a decoction
comprised of 30 grams of Astragalus and 15 grams of
Eleutherococcus contains a polysaccharide dose of
roughly 3 grams, assuming that each herb contains about
7 percent polysaccharides. Herbs can also be combined
with semi-purified polysaccharides like PSK to achieve
the desired dose.
Combinations of herbs are of course used in Chinese
herbal medicine, and most Chinese formulas intended
for immune stimulation (or qi stimulation) contain polysaccharide-rich herbs. For the interested reader, we
mention two historic Chinese herbal formulas as examples. These formulas, Shi Quan Da Bu Tang and Bu
Zhong Yi Qi Tang, contain combinations of both polysaccharide- and saponin-rich herbs (see Table H.2 in
Appendix H for ingredients). Each formula is put to a
slightly different use in Chinese herbal medicine, but
both produce effects on the immune system.
Shi Quan Da Bu Tang contains twelve common Chinese herbs, including Astragalus and ginseng. The for-

Bu Zhong Yi Qi Tang contains eight common Chinese
herbs, including Astragalus and ginseng. Administration of this formula stimulated the immune system and
suppressed the growth of cancer in mice.152,_153

CONCLUSION
High-molecular-weight polysaccharides can increase
production of immune-stimulating cytokines, decrease
production or activity of immunosuppressive cytokines,
and act in other ways to inhibit cancer. They have been
reported to stimulate the immune system in animals and
humans, inhibit cancer progression in animals, and improve survival in humans when used with conventional
therapies. Based on earlier discussions (see Chapter 11),
immune stimulants are not likely to produce profound
anticancer effects in humans unless combined with
compounds that prevent immune evasion and those that
address some of the fundamental abnormalities in cancer
cells that allow them to proliferate and spread. Thus,
although animal studies report that polysaccharides can
inhibit cancer on their own, the best effects are most
likely to be seen when they are used in combination with
other anticancer compounds.
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LIPIDS
Everyone knows that a high-fat-diet can lead to obesity
and that obesity is associated with increased health risks.
What is less commonly understood is that, depending on
the amount and type of fat consumed, dietary fats may
also stimulate or inhibit the progression of an established cancer. This chapter focuses on two types of dietary fat, omega-6 and omega-3 fatty acids. Research
suggests that, in general, omega-6 fatty acids tend to
promote cancer progression and omega-3 fatty acids
tend to inhibit it.
After reviewing the possible role of omega-6 fatty acids (and saturated fats) in cancer progression, we turn to
the role of omega-3 fatty acids in inhibiting cancer progression, concluding with comments on the clinical use
of fish oil. These discussions should clarify the potential benefits of reducing intake of omega-6 fatty acids
and increasing intake of fish oil, a natural source of
omega-3 fatty acids.

TYPES OF DIETARY FAT AND THEIR
SOURCES
Fatty acids are long, straight-chain molecules of 4 to
24 carbon atoms that can be categorized as saturated,
monounsaturated, or polyunsaturated. The differences
between these are based on the chemistry of the molecule. Saturated fats contain only single bonds between
all carbon atoms; single bonds leave the maximum
number of bonding sites open, which are then filled by
hydrogen atoms. As a result, these compounds are said
to be fully saturated with hydrogen. In contrast, monounsaturated fatty acids contain one double bond, and
polyunsaturated fatty acids contain more than one double bond. The primary dietary source of saturated fats is
animal fats, the primary source of monounsaturated fats
is olive oil, and that of polyunsaturated fats is vegetable
oils like corn oil.
Among other things, the number of double bonds predicts how solid the fatty acid will be at room temperature; saturated fat, with no double bonds, is solid. The
number also predicts how susceptible the fatty acid is to
free radical damage. Each double bond is a potential
site of oxidative damage, and vegetable oils, with multiple double bonds, are more prone to lipid peroxidation
and have a shorter shelf life than saturated fats.
Two groups of polyunsaturated fatty acids, omega-3
and omega-6, are of primary interest here. The omega-6
fatty acids of interest are primarily linoleic acid, ob-

tained from vegetable oils, and arachidonic acid, obtained directly from animal fats and indirectly through
conversion of linoleic acid in vivo (see Figure 7.4). The
omega-3 fatty acids of interest are primarily EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid),
obtained from fish oil. The “3” and “6” designations
refer to how many carbon atoms the location of the first
double carbon bond is from the “omega” end, or tail, of
the fatty acid chain. The locations of the omega-6 and
omega-3 double carbon bonds for arachidonic acid,
EPA, and DHA are readily apparent in Figures A.22
through A.24 of Appendix A.
Table 17.1 lists the fatty acid content of various common dietary oils. The table heading also gives the numerical nomenclature for the different fatty acids, which
is useful to know because some articles use the nomenclature rather than the name of the fatty acid. The numbers simply specify how many carbon atoms and double
bonds the fatty acid contains. For example, EPA is a
20:5 fatty acid, which means it contains 20 carbon
molecules, 5 of which are double bonds.
Note in the table that in contrast to other oils, olive oil
is a very rich source of omega-9 fatty acids. Therefore,
discussions on omega-6 and omega-3 fatty acids in this
chapter do not pertain to olive oil. Although data are
still being gathered, it appears that omega-9 fatty acids
are neutral in their effects on cancer, as compared to
either omega-6 or omega-3 fatty acids.1

STIMULATION OF CANCER
PROGRESSION BY SATURATED AND
OMEGA-6 FATTY ACIDS
In 1982, the National Research Council identified fats
(referring to saturated and omega-6 fatty acids) as the
single dietary component most strongly related to cancer
risk. One of their recommendations was that fat intake
be reduced to no more than 30 percent of total dietary
calories.2 The average American now consumes approximately 33 percent of dietary calories as fat.3,_4 This
is down slightly from 36 to 40 percent in the late 1970s.
The Council report was based on early studies that
suggested a strong correlation between fat consumption
and incidence of gastrointestinal, prostate, and breast
cancers. Correlations were also seen with cancers of the
testis, ovary, and uterus.5 More recent studies, however,
suggest the link between fat intake and cancer risk may
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TABLE 17.1 PERCENT FATTY ACID CONTENT OF VARIOUS OILS

ARACHIDONIC
(20:4)

>6
88
19
13
13
14
19
9
26
>12
15
10

24
7
23
31
17
72
55
11
—
40
22
22

15
1
2
39
13
8
26
74
1
42
53
55

—
—
0.7
—
—
—
2.2
—
—
—
—
—

11
>16

—
27

55
42

—
—

Source: References 12 and 13.

not be as clear as previously thought, at least not for
breast, colon, and prostate cancer.6,_7,_8 For example, a
pooled analysis of cohort studies suggests that fat intake
is not a risk factor for development of breast cancer.9
Other recent studies have reported that a lower total fat
intake (from about 33 percent to about 20 percent of
calories) is not associated with decreased breast cancer
risk.3 Still other meta-analysis studies have reported
conflicting results.10 Importantly, some studies reported
that a high omega-6 to omega-3 ratio in fat tissue, rather
than total fat consumption, might be associated with
increased breast cancer risk.11
Although the correlation between fat intake and cancer
risk is not as clear as previously thought, research does
suggest that a strong correlation exists between fat intake and disease progression. Many studies indicate that
omega-6 fatty acids, and to some degree saturated fats,
tend to facilitate progression of some cancers. For example, one study found that omega-6 fatty acids could
enhance invasion and metastasis of breast and possibly
prostate cancer.14 In another study, increased intake of
saturated fat was associated with increased frequency of
lymph node involvement in newly diagnosed postmenopausal breast cancer patients.15 Other studies have esti-

OMEGA-3

EPA AND DHA
(20:5 AND 22:6)

LINOLEIC
(18:2)

Canola oil
Coconut oil
Cod liver oil
Corn oil
Flaxseed oil
Olive oil
Peanut oil
Safflower oil
Salmon oil
Sesame seed oil
Soybean oil
Sunflower seed
oil
Walnut oil
Wheat germ oil

OLEIC
(18:1)

OMEGA-6

ALPHALINOLENIC
(18:3)

OMEGA-9
SATURATED

OIL

mated that the risk of death at any
time in breast cancer patients increases 1.4-fold for each kilogram
increase in monthly fat intake.16,_17
In a five-year study of 384 men
treated for prostate cancer, patients
with the highest saturated-fat intake had a threefold higher risk of
dying than patients with the lowest
saturated-fat intake.18

In rodent studies, a low-fat diet
(21 percent of calories or less as
fat) markedly slowed the growth
of established human prostate tumors.19 Progressively lower fat
levels produced better results. In
one 10-week study on mice with
transplanted human prostate cancer cells, the mean tumor weight
of a group receiving a high-fat diet
(20 percent fat by diet weight) was
double that of a group receiving a
5 percent fat diet.20 Note that a
diet of 21 percent of calories by fat
is far different from a diet of 20
11
—
percent fat by weight. The first
—
1
contains roughly 50 grams of fat
per day, while the second contains
roughly 190 grams per day. A
low-fat diet then might have about 5 percent of fat by
weight, or roughly 20 percent of calories as fat.
5.2
—
1
1
55
1
1
0.5
1
0.4
8
0.5

7.4
—
24
—
—
—
—
—
13
—
—
—

A number of mechanisms exist by which dietary fats
may promote development and growth of cancer.
Omega-6 fatty acids can increase production of 2-series
prostanoids and 4-series leukotrienes, increase estrogen
bioavailability, impair the immune system, increase total
calorie intake, and/or induce mild oxidative stress.21
Each of these mechanisms is discussed below.

Increased Production of Prostanoids and
Leukotrienes
Consumption of animal fats and omega-6 vegetable
oils can increase the arachidonic acid content of cell
membranes, especially membranes of some cancer
cells.22 For example, breast and lung cancer cells have
an increased percentage of arachidonic acid compared to
normal cells. In human lung cancer cells, up to 40 percent of the fatty acid composition of the cell wall has
been reported to be arachidonic acid, a much larger percentage than found in normal cells.23,_24,_25 The arachidonic acid, in turn, acts as a substrate for production of
inflammatory eicosanoids like PGE2 and the 4-series
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leukotrienes, such as leukotriene A4 (see Figures 7.3 and
7.4). Increased production of eicosanoids has been implicated as the active mechanism in omega-6-induced
invasion and metastasis of a number of cancers, including breast cancer.26,_27,_28
These inflammatory eicosanoids are produced in excessive quantities by many types of tumors. Production
of PGE2 has been linked both with tumor metastasis to
bone and poor survival in breast cancer patients.29 PGE2
and leukotrienes may promote tumor development and
progression by stimulating release of invasionenhancing enzymes from tumor cells, inducing inflammation, increasing angiogenesis, stimulating migration
of cancer cells, and helping migrating tumor cells adhere
to capillary walls.30 In addition, these eicosanoids can
affect immune parameters. For example, PGE2 can inhibit natural killer cell activity.31 PGE2 is not the only
eicosanoid that assists cancer progression and recent
evidence suggests that, depending on the type of cancer,
leukotrienes can play an even more important role than
prostaglandins.32–35
The relative roles of leukotrienes and prostaglandins in
cancer progression will doubtless become more apparent
with future research. What is already clear is that saturated fats and omega-6 fatty acids are direct and indirect
sources of arachidonic acid and that arachidonic acid is
converted to both inflammatory leukotrienes and
prostanoids in vivo.

Increased Estrogen Availability
Intake of saturated and omega-6 fatty acids may promote cancer progression partly by increasing the production or availability of estrogen.36,_37,_38 Estrogen is a
growth factor for a number of cancers, including many
breast cancers. High-fat diets and associated increases
in fat tissue can increase estrogen availability in a number of ways:
• Fat tissue is a major source of estrogen production in
postmenopausal women. Increased estrogen production by fat tissue may partially account for the association between high body weight and decreased
survival in breast cancer patients.39,_40
• Obesity, and possibly insulin resistance, can decrease
the levels of sex hormone binding globulin (SHBG)
in men and women and increase breast cancer risk or
cancer progression.41–45 SHBG is a plasma protein
that binds and transports sex hormones, including estrogen and testosterone. By binding with SHBG,
hormones become less biologically available. Thus
binding of estrogen to SHBG may deprive breast
cancer cells of estrogen stimulation.46 In addition, in
estrogen-dependent human breast cancer cells, bind-

ing between estrogen, SHBG, and the SHBG receptor causes an antiproliferative, antiestrogenic effect.47
• Obesity can alter estrogen metabolism in the liver in
favor of removal of byproducts with low estrogenic
activity and retention of estrogen byproducts with
high estrogenic activity.48
• High-fat diets may reduce the amount of estrogen
excreted through the feces.
In contrast, low-fat (and high-fiber) diets can reduce
circulating estrogen levels.49 The Women’s Health Trial
Vanguard Group has studied 303 women at increased
risk for breast cancer to determine the feasibility of reducing dietary fat to 20 percent of calories, since animal
studies suggested that diets containing less than 20 percent of calories as fat reduced the incidence of breast
cancer.50,_51 Results indicated that patients can comply
successfully with dietary fat restrictions and that serum
estrogen levels can be decreased.36,_52 Smaller studies
have reported similar results. For example, one study
reported that a 10 percent fat diet could reduce estrogen
levels in postmenopausal women by 50 percent.53
In light of these results, some investigators have recommended a diet containing no more than 15 percent
calories from fat as an adjuvant therapy for postmenopausal breast cancer patients, and prostate cancer patients as well.54,_55,_56 Others have advised breast cancer
patients to eat even lower levels, no more then 10 percent of calories as fat.57 Although the benefits of low-fat
diets are still under investigation, it would seem reasonable based on available evidence for some patients to
consume significantly less than 30 percent of calories as
fat. Low-fat diets alone, however, are probably not
enough to produce optimal effects; a significant portion
of the total fat consumed should be comprised of omega3 fatty acids.

Decreased Immune Response
A diet high in saturated and omega-6 fatty acids may
promote cancer partly by decreasing immune function.
In a study of 17 men who reduced their fat intake to less
than 30 percent of calories, natural killer (NK) cell activity was markedly increased compared to baseline levels. In this study, the lower the fat content, the greater
the NK cell activity.58 The exact mechanism of this inhibition was uncertain, but it may have been related to
increased PGE2 production, which has an immunosuppressive effect.

Increased Calorie Intake
Calorie intake by itself may stimulate cancer progression, and dietary fat is a major source of calories. In a
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study of 149 women treated for breast cancer, higher
levels of total fat intake were associated with increased
risks of recurrence and death. A large part of this risk
increase appeared to be due to increased calorie intake.59
In rats, a 30 percent reduction of calorie intake reduced
growth of transplanted human prostate cancer cells, vascular endothelial growth factor (VEGF) production, and
tumor angiogenesis.60 Interestingly, exercise, which
burns calories, reduced the growth of transplanted human breast cancer cells in mice fed a high-fat diet.61

Mild Oxidative Stress
As mentioned, polyunsaturated fatty acids are susceptible to free radical damage because of their high number of double carbon bonds. Therefore, moderate intake
of polyunsaturated fatty acids may stimulate cancer progression by inducing mild oxidative stress within tumors.
Recent studies have suggested that diets
containing 15 percent of calories polyunsaturated fatty
acids significantly increase DNA oxidative damage to
lymphocytes and other indicators of oxidative stress in
humans as compared to diets containing 5 percent polyunsaturated fatty acids.62,_63 Not surprisingly, in these
and other studies vitamin E reduced the negative effects
of high-fat diets. In one study vitamin E (at about 170
I.U., as scaled to humans) inhibited the ability of highfat diets to promote growth of transplanted human prostate cancer cells in mice.64

INHIBITION OF CANCER BY OMEGA-3
FATTY ACIDS
We have seen that intake of saturated and omega-6
fatty acids may promote tumor progression through a
variety of mechanisms. Now we turn to the potential of
omega-3 fatty acids, primarily EPA and DHA as found
in fish oil, to inhibit tumor development and metastasis.
Many of the successful animal studies used high doses
of EPA or fish oil, which produced anticancer effects
through a prooxidant mechanism. Although these results are not very relevant to our interests—the doses are
excessive and we do not advocate a prooxidant strategy—a smaller number of studies have suggested that
moderate doses, which do not act by prooxidant means,
may still be beneficial. Also, negative effects were reported in a few high-dose animal studies; these could
likely be reduced or eliminated by using lower doses of
fish oil, which would not cause prooxidant effects and
would be less likely to cause immunosuppression.
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Summary of Research and Conclusions
A relatively large number of in-vitro and animal studies have been published regarding the ability of omega-3
fatty acids, and specifically EPA, DHA, or fish oil, to
inhibit cancer proliferation and progression. At least 57
in-vitro studies have been published, and of these, 47
reported that omega-3 fatty acids could inhibit proliferation or invasion, or induce differentiation of cancer
cells.35,_65–68 Eleven studies directly correlated the antiproliferative effect with increased lipid peroxidation.69–73
In addition to these, at least 11 reported that omega-3
fatty acids could increase the effectiveness of chemotherapy or radiotherapy against cancer cells.74–78 This
effect is likely due to increased lipid peroxidation and
drug uptake.
Of the 66 animal studies on omega-3 fatty acids:
• Thirty-eight reported that omega-3 fatty acids could
inhibit tumor growth and metastasis in rodents.79–83
Five other studies were negative or reported increased metastasis.84–88
• Seven studies directly correlated the antiproliferative
effect with increased lipid peroxidation.89–92
• Eleven studies focused on the ability of omega-3
fatty acids to inhibit cachexia.93–97 All but one reported a beneficial effect.98
• Six studies reported that omega-3 fatty acids could
inhibit tumor growth through other mechanisms such
as inhibition of angiogenesis, ras protein activity, or
invasion enzymes.99–104
• Five studies reported that omega-3 fatty acids increased the effectiveness of chemotherapy drugs.105–109
Of the 11 human studies conducted on the anticancer
effects of omega-3 fatty acids, seven examined their
potential anticachectic effects. As a whole, these suggested EPA could inhibit tumor-induced cachexia.110–116
Four studies explored the effects of omega-3 fatty acids
on the immune function of cancer patients, with three of
these reporting positive effects and one, no effect.117–120
To sum up, in-vitro, animal, and human studies indicate omega-3 fatty acids can inhibit cell proliferation
and tumor growth through a free-radical-mediated
mechanism, which is probably the primary cause of cell
kill seen at high EPA or fish oil doses. At more moderate doses, other mechanisms may be acting, including
inhibition of inflammation, angiogenesis, ras protein
activity, or invasion enzymes. Moderate doses may also
inhibit tumor cachexia.
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Discussion
A large number of animal studies have reported that
omega-3 fatty acids, especially EPA found in fish oil,
produce an antitumor effect.29,_30,_91,_121–126 For example,
EPA, or fish oil containing EPA, inhibited development
and growth of colon, prostate, and pancreatic cancers
and the growth and metastasis of breast cancer in rodents. The doses used in most studies were high—about
10 to 20 percent of diet, or the human equivalent of
about 120 to 240 grams per day. At this excessive dose,
the primary mechanism of tumor inhibition apparently
was increased lipid peroxidation.89,_90,_91 Not surprisingly then, the effect could be inhibited by vitamin E
treatment.92
A prooxidant mechanism is also responsible for many
of the cytotoxic results seen in vitro.127 Both omega-3
and omega-6 fatty acids are cytotoxic to human breast,
lung, and prostate cancer cells in vitro but not to normal
cells.128,_129 In fact, polyunsaturated fatty acids are cytotoxic in vitro to at least 16 different human cell lines
derived from 11 different organs.128 As mentioned,
polyunsaturated fatty acids contain multiple carbon double bonds, and each double bond is a target for free radical damage. Some cancer cells have an increased
content of arachidonic acid (four double bonds), which
makes them more susceptible than normal cells to lipid
peroxide damage.25 Incorporation of EPA, which has
five double bonds, and DHA, with six, further increases
susceptibility to lipid peroxide damage. In one study,
treatment of leukemia cells with DHA increased the
number of unsaturated double bonds in the plasma
membrane by 31 percent.23,_25
Since multiple antioxidant mechanisms are active in
vivo, the moderate doses of EPA suitable for humans are
not likely to produce enough lipid peroxidation to inhibit
tumor growth by this means. Oral administration of
EPA or DHA at 5.8 grams per day (as scaled to humans)
did not affect red blood cell susceptibility to oxidative
stress in rats, even though EPA and DHA tissue concentrations were increased.130 Thus it appears that the results of the high-dose animal studies and the in-vitro
studies, which relied on lipid peroxidation, are not directly applicable to treating human patients. Moreover,
such a prooxidant effect, even if it could be achieved,
may not be beneficial over the long run.
Fortunately, relatively moderate doses of EPA/DHA
may still inhibit cancer through a number of nonoxidative mechanisms, although results may not be as dramatic as those seen at high doses; to assure
effectiveness, moderate doses of EPA/DHA may best be
used in combination with other anticancer compounds.
Some animal studies reported that EPA inhibited tumor

growth and/or reduced metastasis at doses of about 1 to
2 percent of diet.22,_131,_132 The human equivalent is
about 12 to 24 grams per day of EPA. DHA can also be
effective at moderate doses; for example, at 2 percent of
diet it inhibited metastasis of human breast cancer cells
in mice.131 In another study, DHA at 4 percent of diet
inhibited growth of transplanted human breast cancer
cells in mice and inhibited angiogenesis.100 The human
equivalents of a 2 and 4 percent diet are about 24 and 48
grams per day.
At moderate doses (12 to 48 grams per day) EPA and
DHA may inhibit cancer progression through the actions
listed in Table 17.2, all have been discussed previously
except for increased membrane fluidity and decreased
cachexia, reviewed below. The ability of EPA to affect
eicosanoid synthesis is also discussed further.

EPA and Eicosanoids
A number of investigators have reported that omega-3
supplementation can inhibit production of 2-series
prostanoids and 4-series leukotrienes by normal cells
and cancer cells. These eicosanoids can assist angiogenesis and cancer progression (see Chapters 7 and 8).
Even moderate doses of omega-3 fatty acids can change
tissue fatty acid profiles and PGE2 production. For example, a 3-gram dose of fish oil (containing 540 milligrams of EPA and 360 milligrams of DHA) increased
the ratio of omega-3 to omega-6 fatty acids in breast
tissue and plasma in patients with breast cancer, and an
11-gram dose (2.1 grams of EPA and 1.9 grams of
DHA) reduced production of PGE2 by intestinal cells in
healthy subjects.133,_134,_a
The ability of omega-3 fatty acids to inhibit eicosanoid
production is dependent on the dietary omega-3 to
omega-6 ratio. Ideal dietary ratios of total omega-3 to
total omega-6 fatty acids for eicosanoid inhibition,
health promotion, and disease treatment may be about
1:1 to 1:2.35,_135–137 The ratio in the Western diet is far
lower, at about 1:20 to 1:30.138

Increased Plasma Membrane Fluidity
Polyunsaturated fatty acids can increase fluidity of the
plasma membrane of tumor cells. Membrane fluidity is
a measure of the ability of lipid molecules (and the proteins they sandwich) to move about; fluidity thus affects

a

In plasma, the omega-6 to omega-3 ratio changed from 0.9 to
0.41. To give an idea of plasma concentrations, the total omega3 fatty acid concentration changed from 390 to 1,200 µM. EPA
plasma concentrations changed from 34 to 690 µM and DHA
plasma concentrations changed from 330 to 530 µM.
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Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Induce apoptosis
x
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PKC
x
—
Inhibit isoprene synthesis
x
Chapter 5: Transcription Factors and Redox Signaling
x
x
Inhibit NF-κB activity
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
x
Inhibit bFGF effects
Inhibit histamine effects
x
Inhibit eicosanoid effects
x
—
Inhibit TNF effects
x
Inhibit VEGF effects
x
x
x
Inhibit insulin resistance
x
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betax
glucuronidase, or elastase
Inhibit collagenase effects
x
x
x
Inhibit cell migration
x
x
Inhibit metastasis
x
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Stimulate the immune system
variable
Inhibit tumor-induced
x
immunosuppression
Chapter 17: Lipids
Increase membrane fluidity
x
Decrease cachexia
x

the mobility of membrane proteins such as receptors,
enzymes, antigens, and CAMs.
Moderate increases in fluidity are associated with
greater freedom of molecular motion, greater drug
transport across the cell wall, increased cell metabolism,
a greater capacity for division, and a greater ability to
deform and squeeze between vascular cells during migration. The effects of increased fluidity are complex,
however, and not all of these events necessarily occur
together. The plasma membranes of tumor cells tend to

AS A
COLLAGENASE
INHIBITOR,
MAY:

AS A PKC
INHIBITOR,
MAY:

KNOWN
EFFECTS

ACTIVITY

AS AN
EICOSANOID
INHIBITOR,
MAY:

TABLE 17.2 POTENTIAL ANTICANCER ACTIONS OF EPA/DHA

x
x

x

—
x

be more fluid than those of normal
cells, possibly due to their relatively high arachidonic acid content.139 In addition, the plasma
membranes of highly metastatic
tumor cell variants are commonly
more fluid than their low metastatic counterparts.140,_141
While increased membrane fluidity can assist cancer cells in some
respects and omega-3 fatty acids
can increase membrane fluidity,
the latter do not generally promote
tumor progression. They do increase drug transport across the
cell wall, however. For example,
EPA increased the uptake of the
chemotherapy drug mitomycin in
colon cancer cells but not in normal cells.142 Similar effects were
seen in other cancer cell lines.143
Furthermore, omega-3 fatty acids
do not increase tumor cell’s ability
to deform and squeeze through
passages. For example, in one
study on leukemia cells, the higher
the DHA content, the less the leukemic cells were able to deform.144
Lastly, omega-3 fatty acids can
alter antigen structures on tumor
cells and make them more susceptible to immune attack. For example, leukemia cells from mice fed
large doses of fish oil (58 to 120
grams per day, as scaled to humans) were more susceptible to
destruction by cytotoxic T cells.145
Another in-vitro study reported the
same result.146

It would seem from these studies
that EPA and DHA can increase
membrane fluidity but in a way
that inhibits rather than promotes
tumor progression. Their ability to
increase drug uptake may make them valuable during
some forms of chemotherapy treatment (see Chapter
23).

Decreased Cachexia
Causes of Cachexia
Cachexia is a complex metabolic syndrome characterized by malnutrition and tissue wasting (greater than 10
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to 15 percent weight loss). Not all cancers are associated with cachexia; it is
relatively rare in patients with breast
cancer and sarcoma. Still, it is responsible for 4 to 23 percent of all cancerrelated deaths.147 There is evidence
from animal and human studies that
EPA may reduce cachexia.
Patients with tumors of the digestive
tract are particularly vulnerable to
cachexia, since these can interfere with
digestive function. Systemic mechanisms of cachexia also exist, however, as
evidenced by the relatively high rates of
cachexia in patients with nongastrointestinal cancers, such as lung cancer. Regardless of the cause, patients without
weight loss tend to survive substantially
longer.

Figure 17.1

The Vicious Cycle of Cachexia
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Systemic causes of cachexia are related to disruptions in the metabolism of
carbohydrates, proteins, and fats. The
cachectic patient is not able to gain
weight, even with adequate nutrition.
Changes in glucose metabolism are often central to cachexia. Tumors can
produce factors that decrease sensitivity
of normal cells to insulin, creating insulin resistance and resulting in hyperglycemia and the production of more
insulin. Recall from Chapter 7 that insulin can act as a growth factor for cancer
cells; their increased demand for glucose is aggravated
by the fact that they metabolize glucose in an inherently
inefficient anaerobic process. The high glucose demand
is met in part by converting fat and muscle into glucose.
It is also met by gluconeogenesis, a process by which
the byproduct of anaerobic metabolism, lactic acid, circulates back to the liver and is metabolized into glucose.
Gluconeogenesis itself is an energy-intensive process
that further depletes energy stores and causes additional
tissue wasting.

A second metabolic change that leads to tissue wasting
is altered fat metabolism. The exact mechanism causing
the change is unclear. Until recently, it was thought to
be primarily due to increased production of cytokines
like tumor necrosis factor (TNF) and interleukin-6
(which also induces anorexia). Because of its effect on
cachexia, tumor necrosis factor was originally termed
cachectin. TNF is secreted by macrophages and can
both destroy cancer cells and facilitate angiogenesis; it
has a secondary effect of mobilizing fat and protein energy stores, possibly for use as an energy source for im-
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mune cells. In short-term conditions like infection,
excessive fat metabolism does not lead to a critical loss
in tissue mass, but in chronic diseases such as cancer,
elevated fat metabolism eventually depletes fat and
muscle stores. The vicious cycle leading to cachexia, as
well as tumor growth, is illustrated in Figure 17.1.
In cancer patients, insulin resistance as well as
cachexia is associated with increased production of TNF
and IL-6.148,_149 It has recently been suggested, however,
that neither of these is the primary culprit in cancer
cachexia; a newly described factor, proteolysis-inducing
factor (PIF), may be involved.93,_150 It appears that PIF
induces cachexia as a result of increased production of
the leukotriene 15-HETE.151 Nevertheless, to the degree
that TNF assists cachexia, natural agents that limit its
production may help reduce cachectic effects. These
agents were discussed in Chapters 5 and 8 (recall that
NF-κB activation can lead to increased TNF production).
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Inhibition of Cachexia by EPA
EPA effectively reverses cachexia induced by colon
cancer in mice.152,_153,_154 Other omega-3 or omega-6
fatty acids were not effective. Optimal anticachectic
effects were observed at daily doses of 1.2 to 5
g/kg.155,_156,_157 The lower range is equal to roughly 12
grams per day in humans. In EPA-treated mice, survival
was approximately double that of controls, and no
cachexia was apparent.155 Oral administration of EPA
(at 4.8 grams per day, as scaled to humans) also inhibited cachexia induced directly by PIF in mice.150 Although a number of mechanisms may be involved in
EPA-induced inhibition of cachexia, the primary
mechanism appears to be a direct blocking of the sensitivity of fat cells to tumor-produced cachectic factors.150
Positive results with omega-3 fatty acids were reported
in four uncontrolled clinical trials on weight-losing pancreatic cancer patients. Pancreatic cancer is a disease in
which up to 90 percent of patients suffer from cachexia.
In one study, administration of 12 grams per day of fish
oil (containing 2.2 grams EPA and 1.4 grams DHA) resulted in an overall weight gain after three months of
treatment.158 The EPA content in blood cells increased
from undetectable levels before supplementation to 5.3
percent after one month. DHA increased from 3.5 percent to 6.6 percent. A similar dose was effective in another study, in which oral administration of 2.2 grams
EPA and 0.96 grams DHA per day in combination with
a multivitamin supplement reversed weight loss in
cachectic pancreatic cancer patients.111 This same dose
was effective in a third study without the multivitamin
supplement.115 In the fourth study, a dose of 6 grams
per day of pure EPA reversed weight loss in pancreatic
cancer patients.116
Tumor characteristics may determine the success of
EPA treatment. For example, mice bearing a poorly
differentiated, fast-growing cancer that induces cachexia
did not respond to EPA treatment (at 14 grams per day,
as scaled to humans). EPA may be most effective in
well-differentiated, slower-growing tumors.159 In support of this, moderately differentiated colon cancer cells
appear to incorporate more omega-3 fatty acids into
their plasma membrane than do poorly differentiated
cells.160
Other Natural Agents That May Inhibit Cachexia
In addition to fatty acids, other natural compounds
may be useful in treating cachexia. One such group of
compounds are those that protect the gastrointestinal
lining from physical trauma, such as that induced by
chemotherapy. For example, plantain, a type of starchy
banana, increases the thickness of the gastric mucosa
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and has shown significant promise as an anti-ulcer
agent.161,_162 In one study, a preparation of plantain sap
prevented the acute toxic effects of chemotherapy on the
intestines in tumor-bearing mice. Furthermore, the
combined treatment was more effective in inhibiting
tumor growth than chemotherapy alone.163 The amino
acid glutamine may also help protect the intestinal cells
of patients undergoing chemotherapy. (Glutamine is
discussed in Chapter 18.)
Vitamin E may also be useful. In mice, administration
of a large dose of vitamin E (at approximately 640
mg/kg) markedly inhibited development of TNFinduced cachexia. The effect was not because TNF production was blocked but apparently because of inhibition of the TNF receptor or a post-receptor pathway in
muscle tissue.164 The human equivalent is about 6.1
grams per day, or about 9,200 I.U.
Melatonin may help treat cachexia also; in a study of
100 advanced patients, oral administration of melatonin
(at 20 milligrams per day) reduced TNF production and
the rate of weight loss.165 It is possible this effect was
due partly to inhibition of NF-κB activity. In another
study, melatonin inhibited cachexia in patients receiving
chemotherapy. In a randomized study of 70 patients
with advanced non-small-cell lung cancer treated with
cisplatin and etoposide, the addition of melatonin (at 20
milligrams per day, orally) increased the one-year survival rate as compared to those receiving only chemotherapy (from 19 to 44 percent). In addition, the adverse
effects of drug treatment, particularly myelosuppression,
neuropathy, and cachexia, diminished in the group receiving melatonin. In the group taking melatonin and
chemotherapy, no cachexia was reported, but in the one
taking chemotherapy only, 44 percent of patients experienced cachexia.166
The effects of vitamin E and melatonin may be common to antioxidants in general. Oral administration of
N-acetylcysteine (at 0.6 to 4.2 grams per day) prevented
loss of body mass in late-stage cancer patients treated
with IL-2; the N-acetylcysteine dose given to each subject was based on the plasma cystine to thiol ratio, since
this ratio indicates oxidative stress.167

Clinical Use of Fish Oil
The two primary commercial sources of omega-3 fatty
acids are fish oil and flaxseed oil. Although most anticancer studies have been conducted with fish oil, or its
components EPA and DHA, flaxseed oil presents a
tempting alternative. It is far less expensive and contains a greater percentage of omega-3 fatty acids; its
content of alpha-linolenic acid is approximately 58 per-
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cent of the total fat.168 Flaxseed oil
does not seem as promising in cancer
treatment, however.

TABLE 17.3 ESTIMATED THERAPEUTIC AND MTD DOSES
FOR FISH OIL AND/OR EPA/DHA
DESCRIPTION
Required dose as scaled from animal antitumor
studies (fish oil and/or EPA/DHA)
Human dose reported useful in inhibiting
cachexia (pure EPA)
Target dose based on an average from animal
and human studies (fish oil)
Minimum required cytotoxic dose assuming 15fold synergistic benefits
Common human dose in noncancerous
conditions (fish oil)
Maximum tolerated dose (MTD) of fish oil
Tentative dose recommendation for further
research (fish oil)
Minimum degree of synergism required

In vivo, alpha-linolenic acid is converted to EPA by a series of enzymes,
including delta-6 desaturate (see Figure
7.4). In studies on healthy humans,
flaxseed oil (at 1.5 tablespoons per day)
was as effective in increasing tissue
EPA levels as direct EPA supplementation, so long as the dietary content of
omega-6 fatty acids was restricted.169
Similarly, canola oil, also rich in linolenic acid, moderately increased tissue
EPA levels in humans, but the degree
of conversion appeared to be restricted
and unreliable.170,_171 The difficulty
with flaxseed oil is that it may not be
effectively converted to EPA in the
tissue of some tumors, since many cancer lines are deficient in delta-6 desaturase, the enzyme needed for this
conversion. In fact, ras overexpression may result in the
loss of delta-6 desaturase activity.172 One study in mice
with transplanted human prostate cancer cells reported
that an 18 percent flaxseed and 5 percent corn oil diet
did not reduce the tumor burden or increase life span,
whereas an 18 percent EPA/DHA and 5 percent corn oil
diet did.20 In addition, some studies have associated
dietary intake of alpha-linolenic acid with increased risk
of prostate cancer. Therefore, fish oil may be the better
choice for treatment.

One important factor in the clinical use of EPA is the
amount and type of other fatty acids in the diet, since the
presence of saturated and omega-6 fatty acids may affect
uptake and metabolism of EPA.35 For example, omega6 fatty acids compete with EPA for cellular uptake.173,_174,_175 To be effective, then, EPA is best combined with a diet low in omega-6 fatty acids and
saturated fats. As discussed previously, an ideal omega3 to omega-6 ratio may be in the range of 1:1 to 1:2.
These low ratios may be difficult to achieve, but ratios
just above this range should be attainable. For example,
a 1:3 ratio could be produced with a daily fish oil dose
of about 15 grams (containing roughly 10 grams of EPA
and DHA in total) and a daily omega-6 fatty acid intake
of about 30 grams. (Since intake of omega-9 fatty acids
like olive oil does not factor into this ratio, total fat intake could be larger than 40 grams.)

Estimated Therapeutic and Tolerated Doses
of EPA/DHA
EPA has been studied as a treatment agent for a number of noncancerous conditions, including autoimmune

DOSE (g/day)
120 to 240 (high dose)
12 to 48 (moderate dose)
2 to 12
(about 6 to 36 as fish oil)
23
1.5
2 to 20
21
6 to 21
1.1-fold potency increase

disorders and heart disease. Although effective dosages
of fish oil are still uncertain, common doses range from
2 to 20 grams per day.176,_177 The various effects become apparent within four weeks of administration.
The optimal dose of EPA/DHA and its efficacy in
treating human cancer are still uncertain. The antitumor
dose of EPA, DHA, or fish oil scaled from rodent experiments is 12 to 48 grams per day in studies using a
moderate dose and 120 to 240 grams in those that used a
high dose. Benefits in the high-dose studies were likely
from a prooxidant effect, and we are more interested
here in studies that used moderate doses. As mentioned,
an estimated EPA dose for treating cachexia is 2 to 12
grams per day of pure EPA, based on animal and human
studies. This might be equivalent to a fish oil dose of
about 6 to 36 grams, assuming that commercial fish oil
products contain about 33 percent pure EPA. Lastly, an
18-gram fish oil dose containing 3.1 grams of EPA and
2.1 grams of DHA (with 300 I.U. vitamin E) improved
immune indices of severely ill cancer patients and significantly prolonged their survival (50 percent survival
of about 400 days versus 180 days with placebo).117
Thus an effective human dose of fish oil might be in the
range of 6 to 48 grams per day. We use an average of
all the above doses (excluding those from the high-dose
animal studies) as a target, which is then 23 grams per
day of fish oil.
A 23-gram dose is likely to cause mild adverse effects.
In a recent phase I trial, the maximum tolerated dose of
fish oil for cachectic patients was 21 grams daily (0.3
g/kg).110 This dose contained about 15 grams of total
omega-3 fatty acids. Dose-limiting side effects were
reversible gastrointestinal upsets like diarrhea, nausea,
and cramping. Moreover, note that moderate doses of
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fish oil are likely to inhibit platelet aggregation, and caution should be used in patients at risk for bleeding.
The estimated therapeutic doses for fish oil and/or
EPA/DHA are summarized in Table 17.3. The tentative
recommended dose is 6 to 21 grams per day of fish oil.
The 6-gram value is approximate and assumes that the
minimum effective dose of pure EPA may be about 2
grams (as per the studies on cachexia) and that commercial fish oil products contain about 33 percent pure EPA.
The 21-gram value is equal to the maximum tolerated
dose.
It appears that synergistic interactions may be required
for fish oil to produce an anticancer effect in humans. In
comparing the 23-gram target dose to the 21-gram
maximum dose, synergistic interactions will be needed
to produce a minimum 1.1-fold increase in potency.
This should be possible, since a 1.1-fold increase is well
below the allowable 15-fold increase discussed in Chapter 13. If a 15-fold increase in potency were produced, a
dose as low as 1.5 grams per day could be effective.
Although EPA and DHA appear to have some of the
same actions, there are differences, and EPA may be
more effective, at least for treating cachexia. Diets with
a high EPA/DHA ratio were also reported to be more
effective at inhibiting arthritis-related inflammation in
rats than diets with an equal ratio.178 Fish oil products
that contain a high ratio of EPA to DHA may be most
appropriate for treating cachexia and possibly other aspects of cancer. Commercial products are available with
an EPA to DHA ratio of at least 5:2.
It may be prudent to use vitamin E in conjunction with
fish oil to prevent lipid peroxidation. While vitamin E
may be useful in preventing immunosuppression induced by fish oil, it is not clear, however, if immunosuppression would occur at the fish oil doses
recommended here. Other antioxidants that would be
part of a large combination of natural compounds could
be used instead of vitamin E to prevent lipid peroxidation; for example, oral administration of curcumin or
quercetin inhibited lipid peroxidation in mice.179,_180
Moreover, a combination of quercetin and catechin reduced lipid peroxidation in rats fed a diet high in polyunsaturated fatty acids.181

CONCLUSION
The available research strongly suggests that omega-6
fatty acids, which are contained in most vegetable oils,
may promote cancer progression. Saturated fats may
also do so, although the evidence is not as clear as for
omega-6 fatty acids. Due to their effects and the fact
that they comprise the bulk of dietary fats, some scien-

tists have suggested that fat intake be reduced to 10 to
20 percent of total calories (roughly 25 to 50 grams per
day). In contrast, fish oil, which contains EPA, may
inhibit cancer progression through many mechanisms,
including inhibition of angiogenesis, invasion, metastasis, and cachexia. Thus, during treatment, a significant
portion of daily fat intake should come as omega-3 fatty
acids.
While much of the information on omega-3 fatty acids
comes from animal experiments, inhibition of cachexia
has been observed in human patients. Although the research on fish oil is not yet conclusive, its multitude of
effects, along with its safe use in noncancerous conditions, makes it very promising as a natural anticancer
agent.
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AMINO ACIDS AND RELATED COMPOUNDS
In this chapter, we look at two amino acids, glutathione and glutamine, that have a special significance
in cancer treatment. Glutathione is one of the most important antioxidants within a cell, and glutamine, among
its many effects, can increase glutathione concentrations. Two other compounds, garlic and bromelain, although not amino acids themselves, are loosely related
to amino acids and are discussed also. Certain garlic
compounds are similar to glutathione in that, like glutathione, they possess thiol (sulfur-hydrogen) groups
that give them antioxidant capacity. Bromelain is included because as a protein it is composed of large
numbers of amino acids.

AMINO ACIDS
Although we discuss glutathione and glutamine in this
section, glutathione is not recommended as a treatment
compound since its administration does not appear to
effectively increase intracellular glutathione concentrations; administering vitamin C or other antioxidants or
glutamine may be more effective than glutathione itself.
If antioxidants are taken, the guidance in Chapter 15
applies: in brief, antioxidants are not considered suitable
as sole treatment agents. Glutamine does not have the
same potential as antioxidants to increase cancer cell
proliferation, since it appears to produce an antioxidant
effect only in normal, not in cancer cells. Nonetheless,
glutamine too could be expected to produce a greater
anticancer effect when combined with other natural
compounds.

Glutathione
Functions of Glutathione
Glutathione plays an essential role in both normal and
cancer cells, and on that basis, it is worth reviewing in
detail. In addition, since glutathione is commercially
available and has been recommended as an antioxidant
by some authors, it seems important to explain why this
book does not support its use.
Adequate glutathione concentrations are crucial to
cells because glutathione is the most abundant lowmolecular-weight thiol antioxidant they contain. In this
regard, glutathione’s role is twofold. First, it sacrifices
electrons to free radicals to neutralize them, and second,
it acts in conjunction with the selenium-dependent antioxidant enzyme glutathione reductase to transform hy-

drogen peroxide into water. In these two ways, it plays
a crucial role in many different redox reactions, including those that control apoptosis.1,_2,_3
In addition to antioxidant effects, glutathione is also
needed for the cellular detoxification of noxious compounds, particularly for electrophilic (positively
charged) compounds. In this type of detoxification,
noxious compounds are joined with glutathione molecules within the cell to form conjugates; these have a
low reactivity and are easily and safely transported out
of the cell. Although liver cells are particularly adept at
performing this and other types of detoxification, all
cells, including cancer cells, perform detoxification. For
example, cancer cells use this detoxification system to
export several types of chemotherapy drugs, thereby
inducing drug resistance. The enzyme glutathione Stransferase, which catalyzes the conjugation process, is
commonly overexpressed in drug-resistant cancer
cells.4,_5,_6
The antioxidant and detoxification actions of glutathione are illustrated in Figure 18.1. Glutathione also
serves other functions not shown in the figure. High
concentrations inhibit eicosanoid production, particularly the production of PGE2 (see Chapter 8).7 It also is
required for optimal IL-2 activity, and thus for T-cell
function (see Chapter 12). Lastly, glutathione acts as a
storage and transport vehicle for cysteine, an amino acid
used in many cellular functions (cysteine is a component
of glutathione).8
Because of its many functions, all cells need adequate
glutathione. Interestingly, its levels decrease with age,
and the aging process itself may be due partly to low
levels of glutathione.9–12 In animal studies, low levels
are associated with reduced immune response, increased
cancer risk, impaired detoxification of noxious substances, and many other detrimental events.13–17
Since glutathione is used in detoxifying several chemotherapy drugs, there is some concern that administering antioxidants, which increase intracellular glutathione
concentrations, could strengthen cancer cell’s resistance
to therapy. Indeed, some animal and human studies
have reported that high glutathione concentrations
within cancer cells are associated with a decreased response to chemotherapy drugs.18,_19,_20 Nevertheless, the
majority of animal studies that tested antioxidants in
combination with chemotherapy reported that they either
assist or do not affect the ability of chemotherapy drugs
to kill cancer cells (see Chapter 23). We can reason then
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Figure 18.1
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The basic reason glutathione appears
to have limited clinical value has to do
with the way it enters cells. Glutathione
is a tripeptide amino acid composed of
the amino acids cysteine, glycine, and
glutamic acid. (The presence of the thiol
group within cysteine gives glutathione
its antioxidant activity.) Glutathione
itself is poorly transported across the
plasma membrane of cells, and so intracellular glutathione concentrations are
not maintained by its direct transport
into the cell, but by disassembly of glutathione at the outer plasma membrane,
transport of the three individual amino
acids into the cell, and then reassembly
of the glutathione molecule within the
cell.

Glutathione must also be broken down
when passing through intestinal membranes, as it must after oral administration.
This process of breakdown,
transport, and restructuring is not highly
efficient, and studies have reported that
oral administration of glutathione does
not effectively increase plasma or intracellular glutathione concentrations.8,_32
For example, oral administration of 3
grams did not increase plasma glutathione or cysteine concentrations in seven healthy subjects.21 This is not to say that orally administered glutathione cannot increase glutathione concentrations. A
small number of studies have reported that oral doses do
increase plasma glutathione levels in humans and rodents.22,_23,_24 The majority of studies, however, suggested that its ability to do so is limited.
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Legend
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that, whatever effects antioxidants may have on intracellular glutathione concentrations, their overall effect on
chemotherapy is still either benign or supportive.

Effects of Antioxidants on Glutathione
Concentrations
Although glutathione is essential to all cells, we do not
place a high priority here on increasing intracellular glutathione concentrations. If producing such high concentrations were a goal, one of the most effective means to
accomplish it would be by using antioxidants like vitamin C, not glutathione itself. As discussed in Chapter
15, however, antioxidants are viewed as supportive compounds, most helpful within larger combinations. It follows that any increases in intracellular glutathione
concentrations from using antioxidants can also be seen
as a supportive and not a priority goal. Glutamine,
which appears to increase glutathione concentrations in
normal but not cancer cells, is also viewed as supportive.
While adequate glutathione will assist healthy cells to
function and thus may add to an anticancer effect, other
compounds are still necessary to produce a maximum
one.

A more efficient way to increase intracellular glutathione concentrations is by taking antioxidants, glutamine, or certain other natural compounds discussed
below. Antioxidants such as vitamins C and E and thiol
antioxidants like alpha-lipoic acid and melatonin are all
capable of increasing plasma and intracellular glutathione concentrations.25–28 (Antioxidants appear to
increase glutathione concentrations by sparing glutathione oxidation.) For example, one study reported
that oral administration of 60 to 200 milligrams of vitamin E (90 to 300 I.U.) increased plasma glutathione
concentrations after 31 days in healthy subjects.29 In
another study, repeated oral administration of high
amounts of vitamin C (123 mg/kg) increased plasma
glutathione levels in a 45-month old girl with hereditary
glutathione deficiency.30 Similarly, repeated oral doses
of more moderate amounts of vitamin C (500 milligrams
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per day) increased red blood cell glutathione content by
50 percent in healthy adults.31 In yet another study, vitamin C, but not glutathione, was able to prevent cellular
oxidative damage caused by experimentally induced
glutathione depletion in rodents.32 Lastly, intraperitoneal injection of alpha-lipoic acid (at 4 to 16 mg/kg) in
mice also increased intracellular glutathione concentrations.33 The equivalent human oral dose is about 38 to
150 milligrams per day.

Glutathione as a Prooxidant
Disassembling the glutathione molecule at the plasma
membrane (before it can enter the cell as individual
amino acids) is accomplished by the enzyme GGT
(gamma-glutamyl transpeptidase). Ironically, in the
process of splitting glutathione, GGT produces a significant amount of hydrogen peroxide. Since cancer cells
are generally under oxidative stress and therefore need
additional glutathione, many cell lines overexpress
GGT. When adequate extracellular glutathione is present, enough hydrogen peroxide can be generated to either stimulate cell proliferation in vitro (at low hydrogen
peroxide concentrations) or inhibit it (at high concentrations).34–39 In most conditions seen in vivo, however,
extracellular concentrations of glutathione and overexpression of GGT are probably not high enough to produce so much hydrogen peroxide that cancer cells are
killed. Rather, in in-vivo conditions, GGT overexpression tends to increase tumor growth and reduce the effectiveness of chemotherapy drugs like cisplatin (since
the glutathione produced assists in drug detoxification).40
Although this mechanism may be one way cancer cells
make low concentrations of hydrogen peroxide in vivo
(and low concentrations of hydrogen peroxide can assist
cancer cell progression), this is no reason to avoid using
antioxidants. Antioxidants increase glutathione concentrations by sparing its destruction, and thus would not be
expected to increase hydrogen peroxide production.
Moreover, they can affect cancer in several different
ways, and their overall effect is of greatest concern.
Antioxidants are likely to be beneficial to the patient if
they are used in combination with other anticancer compounds.

Glutathione as an Anticancer Compound
Even though glutathione administration is probably not
the most effective means to increase intracellular glutathione concentrations, it still has shown some effects
in animal antitumor studies. To the degree that administration can increase glutathione concentrations, we
would expect that, like any antioxidant, it could have no
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effect on cancer progression or could assist or inhibit it.
Each of these results has been observed in animal studies. For example, in one study in rats, 5.3 grams per
day, as scaled to humans, given orally caused partial or
complete regression in 81 percent of established aflatoxin-induced liver tumors.41 In another rat study, oral
administration of 2 g/kg of glutathione inhibited growth
of transplanted breast cancer cells; tumor inhibition was
associated with a decrease in PGE2 production, suggesting that intracellular concentrations of glutathione were
increased.42 At least one animal study reported detrimental effects: 500 mg/kg of glutathione in the drinking
water increased the size of chemically induced tumors in
rats.43 In other animal studies, glutathione had no effect
on tumor growth.44
The discrepancies among these studies are not surprising, for in addition to the complexities of glutathione
synthesis and function, antioxidants in general yield
complex results (see Chapter 15). Positive studies notwithstanding, glutathione administration cannot be
counted on to increase glutathione concentrations, and
its use is not recommended. Available evidence does
suggest that a number of antioxidants, as well as glutamine, may be more effective than glutathione itself.

Glutamine
Summary of Research and Conclusions
At least 5 reviews have been published on glutamine
as a therapeutic agent in cancer treatment.45–49 Although
the results reviewed are promising, the use of glutamine
has been hampered by concern that cancer cells may use
it as a fuel source. Well over 7 in-vitro studies have
reported glutamine could be used as a fuel.50–56 The
situation in vivo appears to be different, however; at
least 21 animal studies have reported that glutamine
does not promote tumor growth in vivo and in fact inhibits it, inhibits cachexia, or reduces adverse effects of
chemotherapy or radiotherapy.57–62 Glutamine’s beneficial effects are attributed largely to its ability to increase
glutathione concentrations in, and act as a fuel for, immune, intestinal, and other normal cells, but not cancer
cells.
At least 17 human studies have been conducted, all designed to determine if glutamine could reduce adverse
effects of conventional therapy. Five of these were on
patients undergoing bone marrow transplantation. Most
but not all of the human studies reported a beneficial
effect.63–67 Although a minority found no effect, no
studies reported a detrimental one.68–71
In total, the above studies suggest that glutamine may
reduce adverse effects of some chemotherapy and radio-
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therapy regimes by increasing the glutathione content of
normal cells, by acting as a fuel source for intestinal or
immune cells, or all three.

Effect of Glutamine on Glutathione
Concentrations
Glutamine increases the glutathione concentration of
normal cells because they metabolize it to glutamate, the
salt of glutamic acid, one of the three amino acids
needed for glutathione synthesis. (The structures of glutathione and glutamine are illustrated in Figures A.25
and A.26 of Appendix A.) Glutamine-induced increases
in glutathione synthesis have been reported in cells of
the gut lining and in many other types of cells.46 In fact,
oral glutamine has increased intracellular glutathione
synthesis up to threefold in some cell lines.72,_100 Using
glutamine-enriched intravenous nutrition to increase
glutathione concentrations and reduce mortality in intensive care units is well documented.73
Although effective in normal cells, glutamine does not
appear to increase glutathione concentrations in cancer
cells. When administered with chemotherapy or radiotherapy, glutamine can actually lower the content of glutathione in cancer cells and increase the concentration of
some chemotherapy drugs (since cells with low glutathione concentrations are less able to expel drugs).46,_62,_74
In cancer-bearing animals treated with chemotherapy,
glutamine enhanced the therapeutic effect, reduced adverse effects, and improved survival.75,_76 These beneficial effects were due mostly to increased glutathione
synthesis in normal cells. For example, oral glutamine
(at 1 g/kg per day) protected rats against doxorubicininduced cardiotoxicity, apparently by upregulating glutathione synthesis in the heart.61
The reasons why glutamine does not increase tumor
growth or tumor glutathione content in vivo are still a
matter of debate. One suggestion is that glutathione
concentrations in cancer cells do not increase because of
the acidic environment within them; such an environment decreases the efficiency of the enzyme 5oxoprolinase (5-OP), which plays a role in glutathione
synthesis.76

Glutamine as a Cellular Fuel
One of the dose-limiting adverse effects of cytotoxic
chemotherapy and abdominal radiotherapy is intestinal
injury. Therapy-induced intestinal damage affects a
significant number of cancer patients, and in some cases,
the damage is severe enough to require surgical intervention, intravenous nutrition, or both. Glutamine is the
most abundant amino acid in the blood and is a major
energy source for cells of the intestinal lining. Studies
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suggest that it may protect the gut lining against radiotherapy- and chemotherapy-induced injury.77,_78,_79 In
studies on rats receiving chemotherapy or abdominal
radiation, glutamine at oral doses of up to 1 g/kg reduced bowel damage and bloody diarrhea and increased
survival.80–86
In human studies, oral doses of 8 grams per day reduced the severity and duration of chemotherapyinduced mouth and throat inflammation (mucositis).87,_88
An oral dose of 18 grams per day reduced the duration
and severity of diarrhea in leukemia patients undergoing
chemotherapy.89 The same dose reduced diarrhea and
improved gut integrity in patients with colorectal cancer
treated with chemotherapy.90 Twenty-one grams per
day given orally increased tumor destruction and improved gut parameters in prostate cancer patients undergoing radiotherapy.91 An intravenous dose of 14 to 22
grams per day reduced mucositis and ulceration of the
gastrointestinal lining in patients with colorectal cancer
receiving chemotherapy.63 A 30-gram oral dose protected T cells and gut permeability in patients with advanced esophageal cancer undergoing chemotherapy and
radiotherapy.65 Adding glutamine to parenteral nutrition
mixtures may also help patients recover from bone marrow transplantations. Although two studies reported no
effect, several reported beneficial effects.67,_70,_71,_92–95
Glutamine’s ability to provide energy to cells could in
theory increase cancer cell proliferation, and in fact, invitro studies have reported glutamine can act as an energy source for cancer cells, as it does for immune and
intestinal cells.96 Furthermore, glutaminase, an enzyme
that reduces plasma glutamine levels, can reduce angiogenesis in tumor-bearing mice.97 Because of this, agents
that lower glutamine levels have been tested as anticancer drugs against leukemia and other malignancies.98,_99
Although the in-vitro evidence that cancer cells use
glutamine as a fuel might seem strong, in-vivo studies
tell a different story. Neither oral nor intravenous
glutamine administration has been reported to increase
tumor growth in animal or humans. The reasons for the
contrasting effects between normal cells and cancer cells
in vivo are still unclear. In rodents, oral glutamine administration did not increase the growth of a variety of
cancers, even at doses as high as 2 g/kg.59,_100–104 Instead, tumor-induced weight loss was actually reduced
in some of these studies; possibly due to a glutamineinduced increase in muscle protein synthesis (since
glutamine is used by muscle cells).

Glutamine and the Immune System
Glutamine may inhibit tumor progression in part
through its ability to increase immune activity; it can
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improve both natural killer cell and Tcell activity in vitro and in vivo.46,_105
Glutamine may also reduce immunosuppression caused by tumors. Because some enzymes involved in PGE2
production are inhibited by glutathione,
and because PGE2 is an immunosuppressive compound, glutamine, as an
inducer of glutathione synthesis, can
reduce immunosuppression.106
The
ability of cancer cells to evade immune
destruction is one of the main reasons
conventional immunostimulant drugs
have had only limited success (see
Chapters 11 and 12). The potential
anticancer effects of glutamine are
summarized in Table 18.1.
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TABLE 18.1 POTENTIAL ANTICANCER ACTIONS OF GLUTAMINE
AS AN
EICOSANOID
INHIBITOR, MAY:
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
Chapter 5: Transcription Factors and Redox Signaling
x
Inhibit NF-κB activity
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
Inhibit eicosanoid effects
x
—
Inhibit VEGF effects
x
Chapters 11 and 12: Immune System
Stimulate/support the immune system
x
Chapters 18: Amino Acids and Related Compounds
Protect normal cells from
x
chemotherapy/radiotherapy

Estimated Therapeutic and
LOAEL Doses of Glutamine

ACTIVITY

KNOWN
EFFECTS

TABLE 18.2 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR GLUTAMINE

The human studies conducted with
DESCRIPTION
DOSE (g/day)
glutamine have primarily been conRequired
dose
as
scaled
from
animal
antitumor
up to 32
cerned with reducing side effects of
studies
chemotherapy, as discussed above. In
Doses used in human anticancer studies
8 to 30
these studies, oral glutamine was effecLOAEL dose
30 or more
tive at doses of 8 to 30 grams per day.
Similar doses have been used in animal
Tentative dose recommendation for further
8 to 30
research
experiments, often about 1 to 2 g/kg.
The human equivalent of a 1-g/kg dose
in rats is about 16 grams per day; a dose
unclear, but perhaps OTZ drives some process, such as
of 16 to 30 grams per day is considered safe in hu- GGT activity, that requires glutathione, leading to lower
mans.89,_107 Although this may sound like a large dose, glutathione concentrations. Although OTZ is not disnormal dietary intake is about 5 to 10 grams per day.45 cussed here as a natural compound for treatment, it is of
The estimated therapeutic doses of glutamine are sum- interest because of the similarities between OTZ and
marized in Table 18.2.
whey proteins.

Other Compounds That Selectively
Increase Intracellular Glutathione
Concentrations
A number of other compounds have been investigated
for their ability to increase glutathione concentrations in
normal but not cancer cells. Most of these compounds
act by delivering cysteine to the cell (cysteine being the
component of glutathione that is usually in shortest supply). One of these cysteine-delivery agents, OTZ (1-2oxothiazolidine-4-carboxylate), is split by the enzyme 5OP to form a compound that is easily converted to cysteine in the cell. Since 5-OP is downregulated in many
cancer cells, only normal cells can take advantage of
OTZ for glutathione synthesis.108,_109 In fact, as with
glutamine, OTZ administration can lead to decreased
glutathione levels in cancer cells.110 The reasons are

Whey proteins from milk also increase glutathione
concentrations in normal cells but not cancer cells. The
mechanisms are still uncertain, but whey contains a
number of cysteine-rich proteins. The whey proteins
involved in its effects include albumin, alphalactalbumin, and lactoferrin. (As discussed in Chapter
14, lactoferrin is also involved in iron metabolism.)
Apparently, these three proteins deliver cysteine to normal cells but not to cancer cells, the selectivity probably
due to low 5-OP concentrations in cancer cells. Not
surprisingly, whey products and/or their isolated proteins have been reported to inhibit carcinogenesis in
animals and cancer cell proliferation in vitro, and to increase glutathione concentrations in immune and other
normal cells in vivo.111–116 Like glutamine and OTZ,
whey proteins can also reduce tumor glutathione concentrations in animals.117
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The amounts of whey used in these animal studies
were generally large. Mouse studies commonly used
about 24 g/kg, the human equivalent of about 230 grams
per day. The few human studies conducted used lower
doses of 20 to 40 grams per day, which still increased
glutathione concentrations in immune cells.118,_119 In
one study, a daily dose of 30 grams given to six patients
with metastatic cancer lowered the abnormally high glutathione concentrations in lymphocytes of some patients.
Apparently, these concentrations reflected high tumor
glutathione concentrations. Thus the authors of this
study suggested that whey proteins could reduce excessive glutathione concentrations in human tumors. Two
of the six patients showed signs of tumor regression.120

inhibit isoprene synthesis and ras protein activity and
yield more dramatic anticancer effects. At high doses,
garlic probably inhibits HMGR, the rate-limiting enzyme in isoprene synthesis, by a prooxidant mechanism.
The doses required for this effect, however, appear to be
higher than the maximum dose of 15 grams estimated as
safe for chronic use in humans. If we assume that the
target dose is high (91 grams per day), then a relatively
high degree of synergism (a 6.1-fold potency increase) is
required to make the allowable 15-gram dose effective.
From this perspective, garlic is the second weakest direct-acting compound discussed in this book (see Table
13.1).

Introduction

GARLIC
Summary of Research and Conclusions
At least seven in-vitro studies have reported that garlic
or its primary constituent, diallyl disulfide (DADS), inhibited proliferation of a variety of cancer cell lines.121–127
Seven animal studies and three reviews reported that
garlic or DADS inhibited tumor progression in vivo.128–137
In addition, a large number of studies have investigated
the effects of garlic supplementation in cancer prevention, and a few have explored the in-vitro cytotoxicity of
other minor garlic constituents.
The active garlic constituents contain sulfur-hydrogen
(thiol) groups or easily react to form thiol groups, thus
garlic compounds are redox active and this probably
plays a large role in its cancer inhibitory effects. A
number of studies reported that garlic compounds alter
intracellular thiol proteins, including glutathione and
glutathione enzymes.138,_139 In fact, garlic compounds
can increase the glutathione concentration of cancer
cells in vitro.140
Because of their redox activity, garlic compounds may
produce variable effects. While low doses of garlic
compounds are likely to produce an antioxidant effect, it
is possible a prooxidant effect could result from high
doses. For example, garlic compounds are generally
anticarcinogenic, but they can also act as tumor promoters in some circumstances.141,_142,_143 High concentrations of garlic compounds can also produce lipid
peroxidation in vitro.144 Like all antioxidants then, garlic should probably not be used as a sole treatment
agent, especially at high doses.
Relatively low doses of garlic (19 to 29 grams per day)
may have moderate effects on cancer, primarily through
antioxidant-, immune-, and eicosanoid-mediated mechanisms. Higher doses (40 to 150 grams per day) may

Garlic (Allium sativum) is a member of the lily family
and is cultivated worldwide for culinary and medicinal
uses. In Chinese herbal medicine, it is used to treat
parasitic conditions and infections, especially intestinal
ones. In the West, it is more commonly used for reducing cholesterol and blood pressure. Animal, human, and
in-vitro studies have confirmed that garlic exhibits antimicrobial, antibacterial, antifungal, antihelmintic (antiworm), antiviral, anti-inflammatory, antiatherosclerotic,
and immune-enhancing effects. It also reduces platelet
aggregation, stimulates fibrinolysis, inhibits eicosanoid
synthesis, and reduces high blood pressure.145–159
Its active constituents are primarily found in the volatile oils, which comprise 0.1 to 0.5 percent by weight.
They include allicin, diallyl disulfide (DADS), and diallyl trisulfide (DATS). Other garlic components include
alliin, selenium, and the enzyme alliinase.145,_a
Allinin is the principal starting material for production
of the other organosulfur compounds. The metabolism
of allinin is shown in Figure 18.2 (adapted from references 160 and 161). When garlic is crushed, the enzyme
alliinase is released, which converts alliin to the biologically active (and pungent) compound allicin. Allicin is
further metabolized as shown. After exposure to alliinase, the essential oil of garlic yields approximately 60
percent allicin. At moderate doses in the isolated rat
liver, allicin is completely metabolized after the first
pass. The primary metabolite is DADS, and to a much
lesser extent, a degradation product of DADS, allyl mercaptan.160 Alliinase is inactivated by heat, so cooked
garlic is less pungent and less biologically active than
raw garlic.
In addition to the lipid-soluble compounds mentioned,
alliinase-activated garlic also contains water-soluble
a

The structures of allicin and DADS are shown in Figures A.27
and A.28 of Appendix A, respectively.
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compounds such as S-allylcysteine
(SAC) and S-allylmercaptocysteine
(SAMC). These and the other organosulfur compounds are more or less unstable.

In-vitro and Animal Studies
A number of organosulfur compounds
can produce anticancer effects in animals and inhibit proliferation of a variety of cancer cell lines in vitro. These
include allicin, DADS, DATS, SAC, and
SAMC.162 The mechanism of growth
inhibition is uncertain but is probably
due to the formation of redox-active sulfur metabolites that affect intracellular
proteins.163 A variety of other mechanisms may be involved, however. The
potential anticancer actions of garlic are
listed in Table 18.3.
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Figure 18.2

Principal Degradation Products of
Garlic Sulfur Compounds
diallyl disulfide (DADS) * diallyl trisulfide (DATS) * allyl mercaptan
dimethyl trisulfide * methyl allyl disulfide * methyl allyl trisulfide

steam distillation or in-vivo metabolism

allinin

Of the compounds mentioned above,
DATS and DADS have the strongest
effects in vitro. DATS is active in vitro
at concentrations of about 10 µM, and
DADS is active at concentrations of about 100
µM.136,_164–167 In contrast, SAMC is active at 100 to 500
µM and SAC is active at 1 to 10 mM.165,_168–172 Results
differ, however, depending on the cell lines and experimental conditions. Because it is a primary metabolite,
DADS may be the most reasonable therapeutic garlic
compound.
At least three rodent studies have reported antitumor
effects for DADS:
• Oral administration (at 190 mg/kg three times per
week, or 81 mg/kg per day) delayed tumor growth
and decreased tumor volume in nude mice injected
with ras-transformed cells. The effect appeared to
be related to inhibition of isoprene synthesis.132 The
equivalent human dose is approximately 780 milligrams of DADS per day, which, when translated to
an equivalent dose of whole garlic, is roughly 150
grams, which is prohibitive.
• Intraperitoneal and oral administration of 50 mg/kg
DADS three times a week inhibited colon cancer
cells in nude mice with no adverse effects.173 (Intraperitoneal administration reduced tumor growth
by 63 percent, whereas oral doses reduced it by 29
percent.) The equivalent human oral doses are about
290 and 210 milligrams of DADS, respectively
(roughly 40 to 55 grams of whole garlic).

allicin (diallyl thiosulfinate)
allyl methyl thiosulfinate

oil solvent or in-vivo metabolism

vinyldithiines * (E & Z)-ajoene
dimethyl -(E)-ajoene * methyl -(E)-ajoene

• Higher intraperitoneal doses of DADS (400 mg/kg)
produced significant anticancer effects but were
toxic to rodents.166
Whole garlic has also been studied in rodents. Administration of 3 g/kg per day of garlic in the diet prolonged survival of nude mice with transplanted colon
cancer cells.137 The equivalent human dose is about 29
grams per day. Doses of 3.8 g/kg per day of garlic in the
diet reduced the growth of transplanted liver cancer in
rats.136 The human equivalent is about 62 grams per
day. An oral dose of 2 g/kg increased survival of mice
with transplanted Dalton’s lymphoma cells.134 The human equivalent is about 19 grams per day.
Two primary effects may have occurred in the above
rodent studies on DADS and whole garlic. Some of
these studies used nude mice, which have an impaired
immune system. The antitumor effects of garlic in these
mice were clearly not mediated by the immune system
and were probably due in part to inhibition of isoprene
and/or eicosanoid synthesis. The immune system may
have played a role in the other rodent studies, however.
Garlic is known to improve immune cell response,
probably in part by its ability to increase glutathione
concentrations.174,_175,_176 Isoprene synthesis is inhibited
at relatively high DADS concentrations in vitro (about
500 µM), whereas immunostimulation and modulation
of eicosanoid production may occur at lower concentrations.177,_178 Thus, based on data scaled from rodent
studies, garlic may inhibit tumor growth in humans at
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TABLE 18.3 POTENTIAL ANTICANCER ACTIONS OF GARLIC
ACTIVITY

KNOWN
EFFECTS

AS AN
ANTIOXIDANT,
MAY:

AS AN
EICOSANOID
INHIBITOR,
MAY:
Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit isoprene synthesis
x
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
x
x
Inhibit NF-κB activity
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Degrade fibrin
x
Inhibit eicosanoid effects
x
—
Inhibit TNF effects
x
Inhibit VEGF effects
x
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit hyaluronidase, betax
glucuronidase, or elastase
Inhibit collagenase effects
x
x
Inhibit platelet aggregation
x
Chapter 18: Amino Acids and Related Compounds
Increase glutathione
x
x
concentrations
Support/stimulate the
x
x
immune system

doses of 19 to 150 grams per day. Effects at the lower
side of this dose range are probably mediated by the
immune system and disruptions in eicosanoid production, and effects at the higher side probably by isoprenoid inhibition.a

Estimated Therapeutic and LOAEL Doses
of Garlic
The estimated required dose as scaled from animal antitumor studies is in reasonable agreement with the required dose as calculated from pharmacokinetic and ina

One may wonder why relatively high doses of DADS are required when oral garlic can reduce cholesterol production in
humans at moderate doses. The difference is probably because
allicin concentrations in the liver are high after oral administration of garlic, and the liver is the major producer of cholesterol in
the body. Allicin is about 10-fold more effective at inhibiting
isoprene synthesis than DADS.

vitro data; the former is from 19
to 150 grams per day and the latter is similar. Using a target invivo concentration of 100 µM of
DADS, the required garlic dose is
about 110 grams per day. Based
on an average of 110 grams and
the higher end of the dose range
scaled from animals, the target
human dose is estimated to be
about 91 grams per day. Such a
dose could act by inhibiting isoprene synthesis and ras activity,
and the effects would be more
dramatic than those expected at
lower doses.
The LOAEL dose for garlic is
estimated to be about 15 grams
per day (see Appendix J). Side
effects are likely to be mild near
the LOAEL dose and may include
heartburn, flatulence, and related
gastrointestinal problems.179
Dose calculations for garlic are
summarized in Table 18.4. The
tentative recommended dose
range is 6 to 15 grams per day,
with the 6-gram value based on
assuming a full 15-fold increase
in potency by synergistic interactions. The 15-gram value is based
on the estimated LOAEL dose.

It appears that synergistic interactions will be required for garlic
to produce an anticancer effect in humans. In comparing the 91-gram target dose to the 15-gram maximum
dose, synergistic interactions will be needed to cause
about a 6.1-fold increase in potency. This should be
possible, since such an increase is well below the allowable 15-fold increase discussed in Chapter 13. We note
again, however, that at the relatively low recommended
dose, certain antitumor effects of garlic, specifically,
inhibition of isoprene synthesis and ras activity, may not
happen and its usefulness at these low doses may be
limited. Additional studies are needed to shed more
light on the effects of low garlic doses in combination
with other natural compounds.
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BROMELAIN AND
OTHER PROTEOLYTIC
ENZYMES
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TABLE 18.4 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR GARLIC*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies (higher dose range) and
pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (g/day)
19 to 150

This section covers bromelain, a
proteolytic enzyme from pine110
apple, as well as polyenzyme mixtures, which may or may not
91
contain bromelain. We focus on
bromelain since it is commonly
used as a supplement and many
6.1
in-vitro and animal studies have
suggested it may affect a variety
4 to 15
of procancer events. The comments on bromelain, however,
15
also pertain to other proteolytic
6 to 15
enzymes, in particular, trypsin,
chymotrypsin, and papain. If en6.1-fold potency increase
zymes are used in therapy, they
*
See Appendix J for details.
may be most effective as part of a
polyenzyme combination. PolyIn total, the in-vitro, animal, and human studies sugenzyme mixtures without bromelain may also be effecgested that polyenzyme combinations could beneficially
tive and in fact have been studied as anticancer agents.
regulate the immune system and also inhibit cancer
through other means. The normalizing effects of these
Summary of Research and Conclusions
enzymes on the immune system may make them an esSix reviews have been published on the general effects sential part of larger immune strategies.
of enzymes and/or their potential in cancer treatment.180–185
In addition, at least 14 in-vitro studies have been published, 11 of which looked at immune effects. These Introduction
Enzymes are protein molecules composed of very long
studies reported that enzyme treatment in vitro or ex
vivo (after oral administration) produced cleavage of chains of amino acids, whose function is to catalyze
a
immune complexes and CD44 cell adhesion molecules, specific biochemical reactions in the body. Their moinduced TNF, IL-1, and IL-6 production, increased the lecular weight can range from 20,000 to 40,000 grams
cytotoxicity of macrophages and neutrophils against per mole or more, as compared to an average of 360
cancer cells, and inhibited ras signaling in T cells.186–196 grams per mole for most other natural compounds disThree of the in-vitro studies looked at the effect of en- cussed in this book. They have highly defined surface
zymes on cancer cells. One of these reported that bro- structures and internal cavities, and like a lock and key,
melain induced differentiation, one that it inhibited only specific molecules fit into these cavities. In this
proliferation, and one that it stimulated prolifera- way, enzymes interact only with specific targets. By
convention, enzymes are given the suffix –ase, although
tion.197,_198,_199
in the past, some were given the suffix -in, as in trypsin.
At least 11 studies have investigated the effects of enThere are six broad classes of enzymes. Together they
zymes in animals. Seven reported that enzymes inhibaccount
for more than 50,000 different enzymes active
ited inflammation or alleviated the signs and symptoms
200–206
in
the
human
body. Two classes, isomerases and hyof autoimmune diseases.
Four found that enzymes
207–210
drolases,
are
discussed
in this book. Isomerases (i.e.,
inhibited tumor growth and metastasis in rodents.
topoisomerases), discussed in Chapter 2, catalyze the
Six studies on the effects of enzymes in cancer patients rearrangement of chemical groups in a molecule. In
reported that enzymes prolonged survival time when contrast, hydrolases cleave chemical bonds in the presused in combination with other conventional or alterna- ence of water, thereby breaking molecules apart. Hytive therapies, reduced chemotherapy-induced adverse drolases are important in many internal processes, for
effects, improved tumor boundaries prior to radiotherapy, or reduced fluid escape in the lungs due to metasta- a
A catalyst is a compound that increases the rate of a chemical
sis.211–216
reaction but is itself unchanged by the process.
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TABLE 18.5 POTENTIAL ANTICANCER ACTIONS OF BROMELAIN
ACTIVITY
KNOWN EFFECTS
Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Chapters 7 and 8: Angiogenesis
Degrade fibrin
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit metastasis
x
Inhibit cell migration
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Stimulate or regulate the immune system
x
Chapter 18: Amino Acids
Increase drug absorption
x

example in digestion. Two subclasses of hydrolases,
glycosidases and proteases, were first introduced in
Chapter 9. Glycosidases split sugar bonds, and proteases split protein bonds. The enzymes discussed in this
chapter are all proteases and include bromelain, trypsin,
chymotrypsin, and papain. Bromelain itself contains a
mixture of proteases and lesser amounts of a peroxidase,
protease inhibitors, and other compounds.
The proteases used in therapy vary in their ability to
degrade different molecules, and hence they have different effects in humans.217 Due to its effects on various
proteins, bromelain is especially efficient in reducing
edema. Papain is especially efficient at cleaving antigen-antibody complexes, and trypsin and chymotrypsin
at cleaving fibrin. That enzymes differ in their efficiencies is one reason why polyenzyme preparations may be
more effective than single enzymes.185 At least one
study has reported that a mixture of enzymes had a more
potent anti-inflammatory effect than single enzymes.218

In-vitro and Animal Studies
Most of the in-vitro and animal studies conducted on
bromelain and polyenzyme therapies focused on their
effects on immune function and/or inflammation; these
were discussed in Chapter 12. The evidence indicates
that immune modulation and anti-inflammatory effects
may account for a large part of any anticancer effects
seen in animals or humans.
Only three in-vitro studies have investigated the direct
effects of bromelain on cancer cells. One study reported
that bromelain (at 5 to 8 µM) inhibited the proliferation
of mouse lymphoma, lung, and ascites tumor cells.219
The effects appeared due to the peroxidase activity of
bromelain. (Peroxidases are enzymes that catalyze the
conversion of hydrogen peroxide to water.) The second
study reported bromelain induced differentiation in leu-

kemic cells, probably due to its
ability to alter cytokine synthesis,
which again points to the role of
bromelain in immune modulation.197 In the third, a combination
of bromelain and trypsin stimulated
the proliferation of Ehrlich ascites
tumor cells.220 This finding may
not be relevant to in-vivo conditions
during enzyme therapy, however.

Four animal studies examined the
antitumor effects of bromelain or
polyenzymes. In two of the studies,
oral administration of 140 to 400
mg/kg bromelain (about 1.3 to 3.8
grams per day, as scaled to humans)
inhibited metastasis of lung cancer
cells in mice.207,_208 In the other two, rectal administration of 45 mg/kg two times per day of a polyenzyme
formula (WOBE-MUGOS) reduced metastasis and increased survival of mice with transplanted melanoma
and lung cancer cells.210,_221 Doses were rectally given
to improve absorption. The equivalent human dose is
roughly 870 milligrams per day.
Oral enzyme therapy may inhibit cancer progression or
improve the effects of chemotherapy drugs through a
number of mechanisms. The potential anticancer activities of bromelain are listed in Table 18.5. Although the
focus is on bromelain, other proteolytic enzymes are
likely to share similar characteristics. All activities except for the ability of proteolytic enzymes to increase
drug absorption have been discussed in previous chapters.

Increased Drug Absorption
Orally administered proteolytic enzymes can increase
absorption and tissue diffusion of some drugs, including
some antibiotics and chemotherapy drugs.222 In part,
this may be due to the moderate fibrinolytic effects produced by enzymes that assist the free flow of therapeutic
drugs to inflamed sites. It may also come from the ability of proteolytic enzymes, especially mixed ones, to
open tight junctions in the intestinal lining and allow the
passage of large drug molecules.223 Enzymes like chymotrypsin have increased the concentration of chemotherapy drugs within tumor cells in vitro and potentiated
the effects of antibiotics.224 Combinations of enzyme
therapy and chemotherapy have been used in Germany
in preliminary experiments with good results, including
more rapid remissions, reduced side effects, and reductions in therapy costs.185,_212,_217,_225,_226 Reduced side
effects appear partly the result of inhibiting chemotherapy-induced production of inflammatory substances.
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Human Studies
Human studies on enzymes have been published in
journal articles and books, as well as in literature from
manufacturers. We start with the six human studies
published in journals. Unfortunately, five of these were
only available in abstract form (three articles were not in
English and two were published only as abstracts); all
five were uncontrolled. Briefly, one study reported that
Wobenzym, a polyenzyme product, in combination with
hyperthermia, immunostimulants, and hormone therapy,
improved survival of patients with advanced pancreatic
cancer.211 The second reported that unspecified proteolytic enzymes degraded plasma proteins and reduced
hyperviscosity symptoms in patients with hematological
cancers.227 Hyperviscosity syndrome is a collective
term for the multitude of clinical manifestations that
result from impaired blood flow due to abnormal blood
thickness; one cause in cancer patients is an abnormally
high amount of plasma proteins, such as antibodies. The
three other studies reported that polyenzymes could reduce bleomycin-induced lung toxicity, improve the
boundaries of lymphoma masses for subsequent radiotherapy, and reduce fluid escape in the lungs due to metastasis.213,_215,_228
The sixth study was a two-year, unblinded, uncontrolled, pilot study on 10 patients with inoperable pancreatic cancer.216 This study by Nicholas Gonzalez,
M.D., and Linda Isaacs, M.D., was a continuation of
work originally started by Dr. John Beard and others in
the early 1900s and later carried on by William Kelly, a
dentist from Texas.229,_230,_231 Dr. Gonzalez became interested in the effects of proteolytic enzymes and other
modalities after reviewing the work of Dr. Kelly. In this
study, patients were treated with an intensive program of
diet, oral supplementation of nutrients and enzymes, and
routines such as coffee enemas (for the purpose of liver
detoxification). The proteolytic enzymes are the proposed anticancer element in the program, while the other
components are considered supportive in nature. The
daily dose of pancreas enzymes (derived from pigs) was
25 to 40 grams, which was spread out over multiple
doses throughout the day and night. Although the exact
protocol has not been published, based on public comments by Dr. Gonzalez it would appear the enzymes
were ingested about every four hours on an empty stomach and treatments were given for 15 consecutive days,
followed by a 5-day rest period.
The results are intriguing: 81 percent of the patients
survived one year, 45 percent survived two years, and 36
percent survived three years. This is far above the average survival rates of 25 percent at one year and 10 percent at two years as reported in the National Cancer
Data Base from 1995. Because of this success, Dr.
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Gonzalez was awarded a large grant in June 2000 to
conduct a larger clinical trial using his protocol.
Other human studies using enzymes have been published in books or appeared in articles published by the
MUCOS pharmaceutical company, or they were articles
not indexed in MEDLINE.a These studies are discussed
below.
Max Wolf, M.D., treated over 1,000 cancer patients in
Germany using a multiple-enzyme product named
WOBE-MUGOS, or similar multienzyme products.232,_b
Dr. Wolf began treating patients about 1949 with a variety of enzyme formulations, and after its introduction in
1959, WOBE-MUGOS was used exclusively. The
original formula for WOBE-MUGOS contained chymotrypsin, trypsin, papain, and calf thymus extract. It
was reformulated in 1991, and the thymus extract was
removed. Early treatment protocols used oral doses of
200 milligrams per day, and protocols in later years used
2 to 4 grams per day. Enzyme treatments were often
combined with surgery, vitamins, heparin, or other
agents. Where possible, treatment included intratumoral
injection or topical application of the enzymes. With
colon cancer, retention enemas were employed. Although it is difficult to evaluate the success of this early
work based on available data, especially since the studies were not controlled and randomized, the following
conclusions were suggested by Wolf:
• Enzyme therapy was generally not curative but appeared to inhibit metastasis and moderately prolong
survival. For example, breast cancer was the most
common cancer treated. Of 107 postmastectomy patients, the five-year observed survival rate was 84
percent. The authors reported that observed survival
rates for conventional therapy at the time were 43 to
48 percent. The benefits gained with other types of
cancers were less clear, although the authors asserted
that patients generally benefited.
• Systemic treatment was less successful than localized treatment using intratumoral injections, topical
salves, bladder infusions, or other treatments.
• The best results in inhibiting metastasis were seen in
patients who were on long-term therapy.
• High doses and mixed plant and animal enzymes
provided better results than low doses and single enzymes.
a

The German company MUCOS Pharma GmbH is a leader in
the production and testing of polyenzyme products.
b

The name WOBE-MUGOS derives from the two early principal
investigators, Max Wolf (WO) and Helen Benitez (BE) and from
the MUCOS pharmaceutical company that later took over the
production and investigative work.
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This early work was continued by the MUCOS company. According to preliminary studies cited in the
manufacturer’s literature, initial clinical trials yielded
promising results in patients with malignancies of the
breast, colon, head, neck, and multiple myeloma. In
multiple myeloma, retrospective cohort studies reported
life span prolongation. Prospective studies are under
way on patients with multiple myeloma, breast, and colon cancer to verify these results. In the completed studies, enzyme therapy commonly resulted in weight gain,
reductions in fatigue and depression, and improved quality of life. A slowing of tumor progression was also
suggested in some cases.226
Other doctors have used multienzyme formulas to treat
cancer patients. For example, in the 1960s Frank
Shively, M.D., treated more than 96 advanced cancer
patients using a combination of chymotrypsin, trypsin,
amylase, and other agents. The enzymes were administered intravenously, with more than 3,000 infusions
given to these patients in total. Case studies of some of
these and cautions and contraindications of the treatment
are available.233 According to Dr. Shively, many patients responded favorably to the enzyme treatment. In
many cases, the tumors apparently became necrotic, detached from their surrounding tissue, and were easily
removed by surgery. The most commonly treated tumors were carcinomas of the breast, gastrointestinal
tract, and genitals.
Other investigators have suggested that bromelain
alone may be useful in treating cancer patients. Gerard
was one of the first.234 In a case series on 12 patients
with various tumors who were given bromelain, resolution of masses was reported in patients with ovarian and
breast cancers. Nieper experimented with higher doses
of bromelain in combination with standard chemotherapy and also reported some success.235 These physicians
have suggested that the optimum dose of bromelain may
be 1 to 2.4 grams daily.

Estimated Therapeutic and LOAEL Doses
of Enzymes
Since they are such large molecules, the intestinal absorption of enzymes has been questioned, but ample
evidence now demonstrates that enzymes are indeed
absorbed in their active forms in humans and animals.
This has been reported for bromelain, trypsin, papain,
and chymotrypsin in a number of studies, including
animal studies using radiolabeled enzymes and antibody
studies in humans.236,_237 Approximately 6 percent of
papain and 38 percent of orally administered bromelain
are found in plasma and lymph fluids, still in their active
form.185,_217,_238 The highest concentration is usually
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seen between two and four hours after administration.
The capacity of the intestines to absorb enzymes may be
limited, however. For example, in a series of human
studies, single doses of a polyenzyme product (bromelain and trypsin) above about 200 milligrams did not
further increase plasma proteolytic activity.239,_240,_241
Orally administered enzymes are very safe. In Germany in 1992, over 1.4 million prescriptions were made
for enzyme preparations with no reports of any grave
adverse effects.217 No lethal dose for orally administered polyenzyme preparations could be determined in
animal models, even at a daily dose of 15 g/kg. This
was also true for individual enzymes (trypsin, chymotrypsin, papain, and bromelain). At high doses mild
effects may be seen, such as stool modifications, sedation, appetite reduction, and weight loss.185
Contraindications to bromelain or polyenzyme therapy
include the following:
• Enzymes should be used with caution in individuals
who suffer from protein allergies, since they may be
allergic to the enzymes.
• Enzymes should not be used within 24 hours of any
surgery because they may reduce platelet stickiness
and increase fibrinolysis, and therefore inhibit blood
coagulation. For the same reason, enzymes should
not be used in patients with blood coagulation disturbances or in conjunction with anticoagulants.
• As with all compounds in this book, enzymes should
be used carefully by pregnant women, if used at all.
• Bromelain may increase heart rate and thus are best
used cautiously by patients with heart palpitations or
tachycardia.
The estimated therapeutic doses of bromelain and
polyenzyme mixtures are summarized in Table 18.6.
Enzymes are usually taken on an empty stomach with
plenty of water. If they are taken with food, some of
their activity may go toward digesting food proteins
rather than the intended therapeutic use. Although this
has yet to be verified, the assumption is reasonable.242
To improve absorption, daily doses can be divided into
three or more equal portions, and treatment should be
intermittent, an example being 15 days of treatment followed by a 5-day rest period.
Note that the maximum recommend dose in the table
is 4 grams, which is considerably lower than the 25 to
40 grams used by Dr. Gonzalez. The 4-gram limit is
based on the general linear bioavailability limit of 600
milligrams per administration (with six administrations
per day). It would seem that even the 4-gram limit
might be excessive, since doses much greater than 200
milligrams (per administration) may not further increase
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plasma concentrations. More research is needed to determine the
optimal maximum daily dose.
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TABLE 18.6 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
BROMELAIN AND POLYENZYME MIXTURES
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Human doses used in anticancer studies
LOAEL dose
Tentative dose recommendation for further
research

I have characterized both glutamine and bromelain as immune
stimulants.
Glutamine supports
immune function by increasing glutathione concentrations in immune
cells and by acting as fuel for immune cells. The
mechanisms by which bromelain and other enzymes
affect immune function are less understood, but their
actions appear regulatory in nature. Both glutamine and
enzymes have other characteristics that make them useful; for example, glutamine can protect intestinal cells
from injury induced by chemotherapy or radiotherapy,
and bromelain can produce anti-inflammatory effects.

Based on current research, garlic does not seem quite
as promising as many other compounds discussed, since
it may require a relatively high degree of synergism to
be effective at allowable doses. Nonetheless, it may still
be useful; garlic compounds such as DADS do inhibit
cancer through a variety of mechanisms, depending on
the dose. At high doses, DADS is likely to act through
inhibition of isoprene synthesis and ras protein activity.
It is unlikely such high doses could be used safely in
humans, however. Lower doses may inhibit cancer
through other mechanisms, such as inhibiting eicosanoid
production, but such effects at lower doses are likely to
be more moderate than those seen at higher doses.

DOSE (g/day)
1.3 to 3.8
1 to 40
high
1 to 4
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FLAVONOIDS
The next two chapters turn to the large family of phenolic compounds. In this one, flavonoids, the single
largest group of phenolic compounds, are discussed, and
Chapter 20 looks at nonflavonoid phenolics. The primary flavonoids covered here are apigenin, luteolin,
quercetin, genistein, the green tea catechin EGCG, anthocyanidins, and proanthocyanidins, with others like
daidzein mentioned more briefly.
Phenolic compounds, and flavonoids in particular, are
capable of inhibiting cancer cells through multiple
means. These include inhibition of PTK, PKC, and
other enzymes involved in signal transduction, and inhibition of NF-κB, cyclooxygenase, and lipoxygenase.
Questions remain as to the exact mode of action, but
several likely contribute to an anticancer effect in any
given situation. Questions also remain regarding the
pharmacokinetic characteristics of flavonoids; for one
thing, most if not all flavonoids are heavily metabolized
in vivo, and a large amount of work remains to identify
the active metabolites and their disposition (see Appendix J). Still, based on the many in-vitro studies and the
few in-vivo studies available, flavonoids do have potential in cancer treatment, and additional study is warranted. As we will see, some flavonoids are better
characterized than others, with data more consistent for
some than others. Future research will identify those
having the greatest potential and how they may best be
used.

INTRODUCTION
Flavonoids, also called bioflavonoids, are a group of
roughly 3,000 naturally occurring phenolic compounds
sharing a similar chemical structure. They are found in
every family and nearly every species of higher plants,
and thus are in almost all fruits, vegetables, and medicinal herbs.1 In many cases, they function as pigments or
copigments and give plants their characteristic colors.
In citrus fruit, they may represent up to 1 percent of
fresh material. Beverages such as beer, wine, tea, and
coffee also contain considerable amounts of flavonoids.
The average daily dietary intake of flavonoids may be as
high as 1 gram per day, mostly as quercetin, although
some studies have suggested this value may be overestimated.1,_2 Flavonoids seem to be active constituents in
numerous medicinal plants, and plants containing them
are widely used in herbal medicine traditions around the
world. As a whole, flavonoids tend to improve capillary

resistance, inhibit inflammation, scavenge free radicals,
and inhibit a variety of enzymes.
Flavonoids can be classified into six categories.
(Some authors consider flavanols and isoflavones as
separate categories, but it is also accepted to include
these within flavonoids.) The categories are:
• Flavanones. Flavanones are viewed as minor flavonoids due to their limited natural distribution; they
are found principally in citrus fruits.3 Flavanones include tangeretin and naringin.
• Flavones. Flavones have much wider distribution.
Although there are few primary flavones, these can
combine with various sugar compounds in different
ways to form thousands of different glycosides.a
Primary flavones include luteolin and apigenin.
• Isoflavones. Isoflavones, or isoflavonoids, are found
mostly in legumes, such as soy. Genistein and
daidzein are common ones. Isoflavones also occur
naturally as glycosides.
• Flavonols. As with flavones, there are only a few
primary flavonols, but these are found as a variety of
glycosides. Flavonols occur in most plant families
and primary ones include quercetin and kaempferol.
• Flavanols. Flavanols are also seen as minor flavonoids because of their limited natural distribution.
Flavanols (also called flavan-3-ols) are found in onions, kale, broccoli, apples, cherries and berries, tea,
and red wine, and they include catechins such as
EGCG.
• Anthocyanidins and proanthocyanidins. Anthocyanidins are red-blue pigments in plants, found mainly
in their glycoside form, anthocyanins. They are
highly concentrated in red and blue fruits like berries. Proanthocyanidins derive their name from the
fact that under acidic conditions and high temperature they yield anthocyanidins. Proanthocyanidins
are sometimes referred to by the trademark term
pycnogenols, coined by the French researcher
Jacques Masquelier, meaning “that which creates
condensation”; it refers to the tendency of proantho-

a

A glycoside consists of the pure compound (called the aglycone), attached to a sugar molecule. Most phenolic compounds
discussed in this book occur naturally as glycosides in the plant
world. Glycosides are more useful to plants, one major reason
being that they are more water-soluble than the aglycone.
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Figure 19.1

Simplified Flavonoid Synthesis Pathway

chalcones

flavones
(e.g., apigenin
and luteolin)

flavanones
(e.g., tangeretin)

isoflavones
(e.g., genistein
and daidzein)

flavanols
(e.g., catechins
such as EGCG)

dihydroflavonols

flavonols
(e.g., quercetin)

flavan-3,4-diols

proanthocyanidins

anthocyanidins

cyanidins to occur as dimers (two similar compounds
joined together).
All of these flavonoids primarily derive from the same
(chalcone) precursor, as illustrated in Figure 19.1 (minor
pathways are not shown). The figure gives a general
idea of how interrelated the synthesis of these compounds is in the plant world. The flavonoids discussed
in detail here are shown in bold type. The structures of
all of these are of course similar, which can be seen by
comparing Figures A.29 to A.40 in Appendix A.

ISOFLAVONES, FLAVONES, AND
FLAVONOLS
Summary of Research and Conclusions
Isoflavones
Over 85 in-vitro studies have been conducted on the
cytotoxic effects of genistein and/or daidzein, with most
studies on the former. Although a few reported that very
low concentrations stimulated proliferation of estrogendependent cancer cells, the vast majority found that gen-

istein inhibited proliferation of a wide
variety of cancer cell lines.4–8 In these
studies, genistein was generally active at
about 1 to 50 µM.
Twenty-one animal antitumor studies
have been conducted with genistein, or
genistein-rich soy isoflavone mixtures,
or both. Of these, 14 reported that genistein or soy isoflavonoid extracts inhibited tumor growth, metastasis, and/or
angiogenesis in rodents.9–13 In contrast,
5 studies reported that genistein either
stimulated the growth of estrogendependent breast cancers or did not affect tumor growth in animals.14–18 Thus
while genistein shows promise, its use
may not be appropriate against cancers
that are estrogen-dependent. The two
remaining studies were on genistein as a
component of high-soy diets or its use as
a pretreatment agent for cancer cells
injected into animals.

Flavones
Over 26 in-vitro studies have been
conducted on the cytotoxic effects of
apigenin and/or luteolin (about half on
each). Almost all noted that these flavones inhibited proliferation of a wide
variety of cancer cell lines.19–24 In these studies, apigenin and luteolin were generally active at about 1 to 50
µM.
Only two animal studies have been done on these flavones. In one, subcutaneously injected luteolin inhibited growth of breast cancer cells injected into mice.25
In the other, intraperitoneal administration of apigenin
inhibited growth and metastasis of melanoma cells in
mice.26

Flavonols
Over 73 in-vitro studies have been examined the cytotoxic effects of quercetin, with almost all reporting that
it inhibited proliferation of a wide variety of cancer cell
lines.27–31 Quercetin was generally active at about 1 to
50 µM in these studies.
Only four antitumor studies on quercetin have been
done on animals. In one, a low oral dose did not affect
metastasis of melanoma cells in mice.32 In the second
study, intraperitoneal administration slightly but not significantly increased the life span of mice injected with
lympholeukemia ascites cancer cells.33 In the third, in-
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traperitoneal administration dramatically inhibited
growth of human head and neck squamous cell carcinoma cells implanted into chambers in rats.34 And the
fourth reported that intraperitoneal administration of
quercetin inhibited growth and metastasis of melanoma
cells injected into mice.26,_a
One human phase I study has also been completed using intravenously administered quercetin; the safe dose
was established and evidence of tumor inhibition was
seen in a few patients.35
In summary, these flavonoid have been the subject of a
large number of in-vitro studies and a small number of
in-vivo ones. They suggest these flavonoids are able to
inhibit cancer cell proliferation in vitro and in vivo. At
this point, it appears that genistein could also stimulate
growth of estrogen-dependent cancers, and for this reason I believe it should not be used in trials against these
types of cancers.
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most capable of producing an estrogenic effect and
stimulating cancer growth.
Although studies are not so complete for flavonoids
like apigenin, luteolin, and quercetin, or other phytoestrogens, it appears these compounds are much less likely
to stimulate progression of estrogen-dependent cancers.
For example, one in-vitro study reported that the estrogenic effects of luteolin, resveratrol, apigenin, and
quercetin were 58, 22, 16, and 10 percent that of genistein.37 Based on this and other in-vitro and in-vivo
studies, it would seem these compounds are safe, but as
a precaution, they are best used only within a larger
combination of anticancer compounds.

In addition to the above-mentioned studies, others
have investigated the effects of these flavonoids on
chemotherapy drugs. Research on their interactions will
be discussed in Chapter 23.

Estrogenic and Antiestrogenic Effects
A number of natural compounds can produce estrogenic and antiestrogenic effects. These compounds,
which include isoflavonoids, flavones, and flavonols, as
well as stilbenes like resveratrol and mammalian lignans
like those produced after flaxseed ingestion, are referred
to as phytoestrogens. (Resveratrol and flaxseed are discussed in Chapter 20.)

The major commercial and dietary source of the
isoflavones genistein and daidzein is soy products. Of
the two, genistein is our primary interest here but
daidzein is still important because almost any soy-based
genistein product will contain approximately equal
amounts of daidzein, and daidzein has some beneficial
actions on its own. For practical reasons, genistein and
daidzein would likely be used together, much as EPA
and DHA from fish oil are (see Chapter 17). Note that
soy is not the only source of genistein; some plants contain even higher concentrations, but soy is still the most
common commercial source.36

The factors that dictate what response a phytoestrogen
will produce are actually complex, but in general, phytoestrogens possess weak estrogenic activity as compared to estrogen, and they compete with estrogen for
estrogen receptors in a cell’s nucleus. In addition, they
can occur at much higher plasma concentrations than
estrogen. Therefore, when estrogen levels are low (as in
postmenopausal women), they have the potential to produce estrogenic effects. At least one human study using
moderate isoflavone doses (140 milligrams per day,
from soy concentrate) noted a slight but significant estrogenic effect in postmenopausal women.38

Estrogenic and Antiestrogenic Effects of
Isoflavones, Flavones, and Flavonols
Introduction
Estrogen acts as a growth factor for several types of
cancer, especially several types of breast cancer. Since
isoflavones, flavones, and flavonols can produce estrogenic effects, there is some concern they may stimulate
growth of estrogen-dependent cancers. On the other
hand, these same compounds can also produce antiestrogenic effects, which could inhibit growth of these
cancers. Of the flavonoids discussed, genistein appears

a

A fifth study was indexed in MEDLINE, but it was in Polish and
had no abstract.

Using the same reasoning, when estrogen levels are
high (as in premenopausal women), we would expect
genistein or other phytoestrogens to produce antiestrogenic effects. The effects of genistein on premenopausal
women, however, are still uncertain. Mild estrogenic
effects from genistein have been reported in some human studies, and two studies have noted that soy intake
(at 38 to 60 grams per day) had a stimulatory effect on
the breast tissue of healthy premenopausal women.39–42
In another study, a high (60 gram) soy diet for two
weeks produced estrogenic effects in the healthy breast
tissue of premenopausal women, but these effects were
weak.43
Based on the above, we conclude that genistein is
likely to produce estrogenic effects in postmenopausal
women and may or may not produce them in premenopausal women. Some readers aware of the epidemiologic studies may be surprised at this conclusion; such
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studies have reported, for example, that the risk of developing breast and endometrial cancers is reduced 5 to
10-fold in women who regularly consume soy.44,_45,_46,_a
On the surface, these results suggest that genistein does
not produce estrogenic effects in women. The results
are not consistent, however, and the role of isoflavonoids in risk reduction is still uncertain. Importantly,
there is some recent evidence that a protective effect, at
least for breast cancer, may be due to early-life exposure
to genistein as opposed to current exposure.47,_48,_49 Furthermore, other soy components besides isoflavones
may be involved in any protective effects.

Effects of Phytoestrogens on Proliferation
of Cancer Cells In Vitro
Ultimately, we are interested in the estrogenic effects
of genistein on cancer cells. A number of in-vitro studies with estrogen-dependent cancer cells have been conducted, and indeed it appears that genistein and some
other flavonoids can stimulate cell proliferation. Their
ability to do so, however, seems to depend on the flavonoid concentration and the presence or absence of
estrogen.
In-vitro studies have shown that low concentrations of
genistein (1 nM to 1 µM) can stimulate proliferation of
estrogen-dependent human breast cancer cells when estrogen is not present. At higher concentrations (10 to
100 µM), genistein strongly inhibits proliferation. Apparently, mechanisms active at higher concentrations
override the stimulating effects at low ones. This biphasic effect was also seen with genistein in an estrogen-dependent pituitary cancer cell line.50 A similar
effect on estrogen-dependent breast cancer cells occurred with apigenin, luteolin, and enterolactone in some
studies, where concentrations less than 10 µM increased
proliferation and concentrations greater than 20 µM inhibited it.51 (Enterolactone is discussed in Chapter 20.)
Any stimulatory effect from these compounds, however, may be attenuated by the presence of estrogen, as
occurs in vivo. Most in-vitro studies suggest that apigenin, luteolin, genistein, and other flavonoids that can
stimulate proliferation of estrogen-dependent breast cancer cells do not do so in the presence of estrogen.17,_52,_53
For example, some studies found that genistein (at 5
µM) actually counteracted the growth-stimulatory effect
of estrogen on human breast cancer cells in vitro.54,_55
Still, not all studies reported a counteractive effect, and
in some, genistein did not appreciably alter estrogeninduced proliferation.56
a

Epidemiologic studies also associate a reduced risk of prostate,
stomach, colorectal, and lung cancer with soy consumption.
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Effects of Isoflavones in EstrogenDependent Tumors in Animals
If genistein and other phytoestrogens can, under some
conditions, stimulate proliferation of estrogen-dependent
cancer cells in vitro, we want to know whether this effect occurs in vivo. Unfortunately, very few in-vivo
studies have been conducted with estrogen-dependent
cancers. One, discussed in more detail later, reported
that luteolin reduced growth of human breast cancer
cells in mice.25 In a study on soy, administration of a
very large dose (20 percent of diet) to mice with transplanted human breast cancer cells did not affect growth
of the primary tumor but did reduce proliferation of metastatic tumors in the lungs.57 One study on genistein
also reported anticancer effects, but these were surprising considering the low dose used (roughly 15 milligrams per day, as scaled to humans), and additional
study is needed to verify these findings.58
In contrast to the above, three studies reported that
genistein promoted the growth of breast cancer in vivo.
In one study, soy extracts (at 90 mg/kg intraperitoneal)
promoted growth and metastasis of breast cancer in
rats.16 The equivalent human dose is about 6.8 grams.
In the second, genistein (at 90 mg/kg in diet) enhanced
growth of estrogen-dependent human breast cancer cells
in mice that had their ovaries removed.17 These mice
would have low estrogen levels, however, and would be
particularly sensitive to the estrogenic effects of genistein. In the third study, both genistein and its glycoside (at 90 mg/kg in diet) increased growth of human
estrogen-dependent breast cancer cells in mice; removing either from the diet resulted in tumor regression.18
The human equivalent of 90 mg/kg in mice is about 870
milligrams per day of genistein.
In summary, it appears that genistein (or soy) is able to
stimulate the growth of estrogen-dependent cancers under some in-vivo conditions. Therefore, again, the conservative recommendation given here is that genistein
should not be administered to patients who have estrogen-dependent cancers. This recommendation pertains
primarily to genistein supplementation. Normal dietary
intake of soy and other foods that contain genistein
should not pose a problem, especially if they are consumed only occasionally.

Type II Estrogen Receptors
One reason why phytoestrogens other than genistein
may be less problematic is that they appear to inhibit
cancer through additional estrogen-receptor-related
means. Thus far we have discussed the effects of genistein and other phytoestrogens on what is called the
classic estrogen receptor, or type I receptor. A second

Flavonoids

type has also been reported, the type II estrogen receptor; its existence is still somewhat controversial, since
it has not yet been possible to purify its protein. Some
researchers believe this will take place in the near future, however.59 Type II receptors apparently exist at
a higher concentration on the nuclear surface than
type I and have a lower affinity for estrogen. Type II
receptors do not induce a classic estrogen response
after activation and appear to have a different function.
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TABLE 19.1 IN-VITRO ANTIOXIDANT ACTIVITY
OF VARIOUS COMPOUNDS
COMPOUND
Proanthocyanidins
Quercetin
Cyanidin
Epicatechin
Catechin
Resveratrol
Apigenin
Caffeic acid
Genistein
Vitamin C
Vitamin E
Glutathione

ACTIVITY RELATIVE TO
VITAMIN C*
about 5.0
4.7
4.4
2.5
2.4
2.0
1.5
1.3
1.0
1.0
1.0
0.9

A number of in-vitro studies have indicated that flavones and flavonols could inhibit cancer cell proliferation by binding to type II estrogen receptors.
Apparently, type II estrogen receptors are overexpressed in a wide range of human tumors, including
breast, pancreatic, prostate, lymphatic, skin, ovarian,
kidney, colon, and lung. Although type II receptors
*
Based on TEAC values. TEAC is Trolox equivalent antioxidant
weakly bind estrogen, they more potently bind a comactivity in aqueous phase.
pound identified as methyl-p-hydroxyphenyllactate
Sources:
References 70–73.
(MeHPLA). Flavonoids and/or their metabolites
mimic MeHPLA and bind to type II receptors, in
competition with estrogen.60,_61 Receptor binding with
creased MeHPLA availability. The equivalent human
MeHPLA or flavonoids inhibits cell proliferation, oral dose is about 1.5 to 5.8 grams per day.
whereas binding with estrogen stimulates it. For example, in some in-vitro studies luteolin and quercetin inhibited cancer cell proliferation by binding to type II Antioxidant Effects of Isoflavones,
receptors; in one, luteolin inhibited proliferation of hu- Flavones, Flavonols, and other Phenols
man breast cancer cells at an IC50 of about 42 µM, rePhenolic compounds, including isoflavones, flavones,
portedly by this mechanism.60,_62 A number of other in- and flavonols, can act as antioxidants due to the hydrovitro studies have reported that quercetin (at about 10 gen-donating capacity of their phenolic groups and, in
µM) inhibited a wide variety of human tumor cell lines some cases, their metal-chelating potential. The latter
by affecting type II receptors.60,_63–68
may block the generation of copper- and iron-induced
free radicals. Table 19.1 ranks various phenolics and
In addition to inhibiting cell proliferation by binding to
other antioxidants in comparison to vitamin C in their
type II receptors, flavones have prevented the overexability to scavenge aqueous free radicals in vitro. As
pression of MeHPLA esterase by cancer cells; this enseen, most flavonoids are more active than vitamins C
zyme degrades MeHPLA, thereby decreasing its growthand E.
inhibitory effects. Oral administration of luteolin (at 56
Some phenolic compounds that normally act as antimg/kg) in drinking water for seven days blocked estrogen stimulation of MeHPLA esterase in rat uterine tis- oxidants can also act as prooxidants under the right cirsues.61 The equivalent human dose is roughly 910 cumstances (see Chapter 15). For example, some inmilligrams of luteolin per day. Similar results were seen vitro conditions are adequate to auto-oxidize quercetin,
after subcutaneous administration of luteolin in rats (at 5 and the prooxidant effect produced may account for
mg/kg).69 The equivalent human oral dose is about 540 some of quercetin’s ability to cause gene mutations in
vitro. In one study that tested 55 flavonoids, quercetin
milligrams per day.
was the most mutagenic.74 Other flavonoids in Table
Flavones and flavonols (i.e., apigenin, luteolin, and
19.1 do not appear to auto-oxidize as readily or tend to
quercetin) may inhibit cancer in vivo through one or
be mutagenic in vitro; apigenin may actually inhibit
both of the above mechanisms (mimicking MeHPLA
mutagenesis under some circumstances.75–78 Even in the
and preventing its destruction). One study reported that
presence of copper, which is a catalyst for oxidation,
subcutaneous administration of luteolin (at about 23 to
apigenin was much less apt than quercetin to induce
91 mg/kg) inhibited growth of transplanted human
DNA damage.79,_80 Still, at moderate doses in vivo, it is
25
breast cancer cells in mice. The authors hypothesized
likely that quercetin and the other flavonoids produce an
that the results were related to type II binding or inantioxidant, rather than prooxidant effect. For one thing,
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In-vitro Cytotoxicity of
Flavones, Flavonols,
and Isoflavones
Apigenin, luteolin, quercetin,
daidzein, and genistein produce
cytotoxic effects in vitro at concentrations of 1 to 100 µM, although the IC50 is often in the
range of 10 to 30 µM. Data on
their cytotoxicity against various
cell lines is presented in Appendix K. Flavones, flavonols, and
isoflavones can induce cell death
through many possible means.
Quite likely, the active means
vary between cell lines. The
potential anticancer actions of
apigenin, luteolin, quercetin, and
genistein are listed in Table 19.2.

In-vivo Antitumor
Effects of Flavones,
Flavonols, and
Isoflavones
Unfortunately, very few animal
antitumor studies have been
conducted on flavones and flavonols. As discussed previously,
one study on luteolin reported
that it inhibited growth of human
breast cancer cells in mice. Another mouse study found that
intraperitoneal administration of
25 and 50 mg/kg apigenin inhibited growth and metastasis of
transplanted melanoma cells.26
The equivalent human oral dose
is about 1.2 and 2.5 grams per

AS EICOSANOID
INHIBITORS, MAY:

AS NF-κ
κB
INHIBITORS, MAY:

AS PKC
INHIBITORS, MAY:

AS PTK
INHIBITORS, MAY:

AS ANTIOXIDANTS,
MAY:

ACTIVITY

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Inhibit topoisomerases
x
Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Induce apoptosis
x
x
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
Inhibit PKC
A,L,Q
—
Induce p21 or p27 activity
A,G
Inhibit ras cascade
A,Q,G
x
x
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
x
x
x
x
x
—
x
Inhibit NF-κB/AP-1 activity
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
x
x
x
Improve gap junction
A,G
x
x
x
communication
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
A,L,G
x
x
x
x
x
Inhibit bFGF effects
Reduce lactic acid
x
Inhibit histamine effects
x
x
x
x
Inhibit eicosanoid effects
x
x
x
—
Inhibit TNF effects
G
x
x
x
x
Inhibit VEGF effects
G
x
x
x
x
Inhibit insulin resistance
G
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase,
A,L,
x
x
x
collagenase, or elastase
G,Q
Inhibit GAG synthesis
x
Inhibit cell migration
x
x
x
Inhibit metastasis
x
Inhibit platelet aggregation
x
x
Chapters 11 and 12: Immune System
Inhibit tumor-induced
G
x
x
immunosuppression
Chapter 19: Flavonoids
Affect type II estrogen
A,L,Q
receptors

AS INVASION ENZYME
INHIBITORS, MAY:

TABLE 19.2 POTENTIAL ANTICANCER ACTIONS OF APIGENIN (A),
LUTEOLIN (L), QUERCETIN (Q), AND GENISTEIN (G)
KNOWN EFFECTS

most of the flavonoids found in
the plasma occur in the conjugate form, which is less reactive.
Indeed, a recent study of men
with chronic prostatitis suggested that even a high dose of
quercetin produces an antioxidant effect in vivo.81 In this
study, a dose of 500 milligrams
was given twice per day. Potential carcinogenic effects of
quercetin are covered again later
in this chapter.

x
x

x
—

x
x

Flavonoids

day. Moreover, apigenin inhibited the initiation and
promotion phases of cancer in animal experiments.76,_82
Four animal studies examined the antitumor effects of
quercetin:
• A low oral dose (the human equivalent of 290 milligrams) did not affect metastasis of melanoma cells in
mice (the same dose of curcumin was inhibitory).32
• Intraperitoneal administration of 20 to 80 mg/kg
slightly but not significantly increased the life span
of mice injected with lympholeukemia ascites cancer
cells.33 The equivalent human oral dose is 1.2 to 4.9
grams.
• Intraperitoneal administration of 20 to 800 mg/kg
dramatically inhibited growth of human head and
neck squamous cell carcinoma implanted into chambers in rats.34 The 800-mg/kg dose only moderately
increased inhibition compared to the 20-mg/kg
doses. The human oral equivalent of 20 mg/kg is
about 2.1 grams.
• Intraperitoneal administration of 25 and 50 mg/kg
inhibited growth and metastasis of transplanted
melanoma cells in mice.26 The equivalent human
oral dose is about 1.5 and 3.1 grams per day.
In addition to these, one animal study examined the effects of quercetin chalcone, a proprietary, water-soluble
form of quercetin. Given orally to mice at a daily dose
of 310 and 620 milligrams it reduced the growth of
transplanted colon cancer cells by 29 and 65 percent,
respectively.83
One human phase I study has also been completed using intravenously administered quercetin. Although
phase I trials are designed for determining safe doses
rather than inducing an anticancer effect, evidence of
tumor inhibition was seen in a few patients in the
study.35
In contrast to flavones and flavonols, many more invivo studies have been conducted on isoflavones. As
mentioned above, soy is a natural source of the isoflavones genistein and daidzein. Epidemiological studies
indicate that soy consumption may be responsible for
the decreased incidence of a number of cancers in Chinese and Japanese populations. Some of these studies
were mentioned above in relation to the estrogenic effects of isoflavones. In another study, Japanese men
consuming high quantities of soy products exhibited a
low mortality rate from prostate cancer.84
Risk reduction is also seen in animals. In approximately 70 percent of the 30 or so animal studies conducted, soy administration in the diet produced a cancer
preventive effect. The effect was generally an increase
in latency, suggesting that soy delays the appearance and

257

growth of new tumors.85,_86,_87 However, soy components other than isoflavones could have been responsible
for some of the cancer preventive effects.88
A number of rodent studies have suggested that soy or
isolated isoflavones could also inhibit progression of
established cancers in vivo. Again, in studies on soy,
additional components may have been active. In one
study, a large dose of a soybean protein isolate (10 to 20
percent of diet) inhibited metastasis formation and reduced tumor growth in mice injected with melanoma
cells.89 In a second one, large doses of soy (33 percent
of diet) inhibited growth of transplanted prostate cells in
rats.90 In a third, a low-fat diet containing a soy isoflavone concentrate (about 220 mg/kg) and soy protein
(about 24 g/kg) inhibited growth of human prostate cancer cells injected into mice.91
Several studies have been done on genistein, daidzein,
or isoflavonoid-rich soy extracts. Based on those listed
below, we can conclude that genistein and daidzein may
inhibit growth or progression of many types of cancers
in vivo, although not necessarily estrogen-dependent
cancers. The average dose in all the successful oral,
intraperitoneal, and subcutaneous studies on genistein
discussed below is about 2.3 grams (range of 250 milligrams to 9.9 grams, all as scaled to human oral equivalents):
• Administration of about 1.2 g/kg of an isoflavonerich soy concentrate in the diet inhibited the growth
of transplanted human prostate cancer cells in mice
by 30 percent, as well as angiogenesis. The actual
isoflavone dose was about 200 mg/kg, approximately
half of which was from genistein and half from
daidzein.12 The equivalent human isoflavone dose is
about 1.9 grams per day.
• Genistein (at about 180 mg/kg in diet) inhibited the
growth of human prostate cancer cells in mice. A
soy isoflavone concentrate (at 600 mg/kg in diet) and
a diet rich in soy protein but depleted of isoflavones
also inhibited tumor growth.13 The human equivalent of a 180-mg/kg dose is about 1.7 grams per day.
• Genistein (at about 40 mg/kg in diet) inhibited
growth of transplanted melanoma cells in mice by
about 50 percent.11 The equivalent human dose is
about 380 milligrams per day.
• Genistein (at about 120 and 240 mg/kg in diet) reduced metastasis of melanoma cells in mice and reduced tumor growth. A 30-mg/kg dose was not
effective.92 The equivalent human dose is about 1.2
and 2.4 grams per day.
• Oral administration of 54 mg/kg of genistein inhibited lung metastasis by 54 percent in mice with
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TABLE 19.3 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR ISOFLAVONES, FLAVONES,
AND FLAVONOLS*
DESCRIPTION
Required dose as scaled from animal
antitumor studies
Required dose as scaled from animal
anti-inflammatory studies
Required dose as estimated from
pharmacokinetic calculations
Target dose based on an average from
animal antitumor studies and
pharmacokinetic calculations
Minimum required antitumor dose
assuming 15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for
further research
Minimum degree of synergism
required

GENISTEIN
DOSE (g/day)
0.25 to 9.9
(average 2.3)
none

APIGENIN
DOSE (g/day)
1.2 to 2.5

LUTEOLIN
DOSE (g/day)
1.1 to 3.4

QUERCETIN
DOSE (g/day)
1.2 to 4.9

0.66 to 4.1

0.66 to 4.1

1 to 4

0.72

0.93

2.9

5.2

1.5

1.5

2.5

3.8

0.1

0.1

0.17

0.25

0.05

0.01

uncertain

1

1.6
0.1 to 1.1†

3.2
0.1 to 1.5

4.4
0.17 to 1.8‡

6.5
0.25 to 1.8‡

1.4-fold potency
increase

none

1.4-fold potency
increase

2.1-fold potency
increase

*

See Appendix J for details.

†

Upper value based on daidzein LOAEL.

‡

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

transplanted human melanoma cells, but daidzein
was not effective.93 The equivalent human dose is
about 520 milligrams per day.
• Oral administration of 22 mg/kg of genistein per day
to rats with transplanted prostate cancer reduced tumor-associated macrophage numbers, angiogenesis,
and tumor volume.94 The equivalent human dose is
about 360 milligrams per day.
In addition to the oral studies, genistein also inhibited
the growth, metastasis, and/or angiogenesis of a variety
of tumors in mice and rats after intraperitoneal or subcutaneous administration.9,_10,_95–98 Daidzein has also been
reported effective. Intraperitoneal administration of 25
to 50 mg/kg daidzein reduced tumor volume by more
than 50 percent and induced differentiation of leukemia
cells held in chambers in mice.99 The equivalent human
oral dose is about 1.1 to 2.3 grams per day.
Lastly, at least two studies found that genistein was not
effective; one of these, on rats, used very low doses in
the drinking water (0.07 to 0.285 mg/kg). In this study,
genistein did not inhibit the growth of transplanted human prostate cancer cells. The equivalent human dose is
about 1.1 to 4.6 milligrams per day.15 In the other study,
oral administration of about 90 mg/kg of genistein in the
diet did not inhibit growth of new or established estrogen-independent breast cancer cells transplanted into

mice.14 The equivalent human dose is about 870 milligrams per day.

Estimated Therapeutic and LOAEL Doses
of Isoflavones, Flavones, and Flavonols
The estimated required doses as scaled from animal
antitumor studies (and anti-inflammatory studies) reasonably agree with estimated doses calculated from
pharmacokinetic and in-vitro data. The required dose
scaled from animal antitumor studies ranges from 250
milligrams to 9.9 grams, and that based on pharmacokinetic calculations is similar. Using a target in-vivo concentration of 15 µM for each compound (30 µM after
adjustment for conjugates; see Appendix J), the required
dose ranges from 720 milligrams to 5.2 grams. We can
estimate target human doses by using an average of the
doses scaled from animal studies and those calculated
from pharmacokinetic and in-vitro data. For all compounds, the target doses are below the LOAEL doses.
The therapeutic dose estimates are summarized in Table 19.3. For all four flavonoids, the low end of the tentative recommended dose range is equal to the dose
calculated by assuming a full 15-fold increase in potency by synergistic interactions. For genistein, the high
end of the tentative recommended dose range is equal to
the estimated LOAEL dose for daidzein; these two
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isoflavones normally occur in about 1 to 1 ratios in most
soy-based genistein products, and the estimated LOAEL
dose for daidzein is lower than for genistein. For apigenin, the high end of the tentative recommended dose
range is equal to the target dose of 1.5 grams. For luteolin and quercetin, the high end of the tentative recommended dose range is equal to the assumed general
linear bioavailability limit of 1.8 grams per day (see Appendix J). Higher doses, up to the estimated LOAEL
dose, could be used, but it is uncertain whether they
would be fully absorbed or would produce metabolites
similar to those achieved by the lower doses.
It appears that synergistic interactions may be required
for genistein, luteolin, and quercetin to produce an anticancer effect in humans. In comparing the target doses
listed in Table 19.3 to the maximum tentative recommended doses, synergistic interactions will be needed to
generate a minimum 1.4-fold, 1.4-fold, and 2.1-fold increase in potency, respectively. This should be possible,
since these required increases are well below the allowable 15-fold increase discussed in Chapter 13.
The actual dose necessary to reach a desired plasma
concentration (and its effect) will vary depending on
many factors. These include the type of sugars that
comprise the glycosides, the length of exposure to the
flavonoid, and the individual’s sex and particular gut
microflora.100–104 Nonetheless, the above dose calculations are useful in preliminary estimates. These estimates are for ingestion of the aglycone, and the doses of
products containing glycosides would need to be increased about 1.6-fold (since the molecular weights of
flavonoid glycosides are generally about 1.6-fold greater
than that of the aglycones).

Potential Carcinogenic Effects of
Flavonoids
Since flavonoids can produce a prooxidant effect invitro (see Table 15.3), their ability to induce cancer has
been of concern. Quercetin has been of most concern
due to its high redox activity; of all the flavonoids it
produces the greatest mutagenetic effects in vitro, as
discussed previously.
When quercetin is used with a carcinogen, it can increase carcinogen’s effects (in this situation, quercetin
acts as a tumor-promoting agent). For example, it enhanced the carcinogenic activity of 3-methylcholanthrene in mice and azoxymethane in rats.105,_106 In the
first study, quercetin was only active when it was coinjected subcutaneously with the carcinogen in the mice,
and therefore these results have little relevance to oral
administration. In the second, perhaps more relevant
study, an oral dose of about 1.3 g/kg combined with the
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carcinogen decreased development of breast cancer in
rats but increased that of colon cancer. It is reasonable
to suppose that the very high concentration of the (reactive) aglycone in the intestines, in combination with the
carcinogen, caused a local prooxidant effect that led to
tumor development. The human equivalent of a 1.3g/kg dose in rats is about 21 grams per day. Quercetin
has also been reported to increase development of cancers outside the intestines; in one study, a dose of 12 g
in the diet (as scaled to humans) increased the risk of
pancreatic cancer in rats treated with a carcinogen.107
When quercetin was used alone, however, as it has
been in many animal studies, results suggest the compound was not carcinogenic. In rats fed diets containing
up to 5 percent quercetin (about 3.8 g/kg) for two years,
no carcinogenic effects were observed, although benign
kidney tumors did appear in some male rats.108,_109 A
lack of carcinogenic effects was also noted in hamsters
and rats on a 10 percent quercetin diet for up to two
years.110,_111 In a review of a Japanese National Toxicology Program report concerning the long-term carcinogenic effect of quercetin in rats, the authors
concluded that “therefore, although the data of [the program] do indicate possible carcinogenic activity, its risk
potential for man on the basis of our present knowledge
must be considered to be negligible.”112 In fact, some
studies have reported that quercetin produces anticarcinogenic effects.113 For example, oral administration of
a high quercetin dose (about 1.5 to 3.8 g/kg in the diet)
inhibited the incidence and number of palpable breast
cancers in rats injected with the carcinogen Nnitrosomethylurea.114
The general lack of carcinogenic effects by quercetin
is likely for two reasons. First, quercetin occurs as conjugates in the plasma. As discussed in Appendix J, these
conjugates are less reactive than the free compound.
Second, although the doses used were very high (the
human equivalent of about 24 to 120 grams per day), it
is unlikely such high doses were completely absorbed or
metabolized in the same way lower doses would be. At
doses above about 1.8 grams per day, many compounds
are either poorly absorbed or are metabolized quite differently than lower doses (see Appendix J); in some
cases, high doses are heavily methylated, which severely
restricts their ability to undergo redox reactions. Thus, it
seems the body has built-in mechanisms that help prevent systemic prooxidant effects caused by high doses of
orally administered flavonoids.
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FLAVANOLS—EGCG AND RELATED
GREEN TEA CATECHINS
Summary of Research and Conclusions
At least 29 in-vitro studies have been conducted on the
cytotoxic effects of green tea extract or EGCG against
cancer cells.115–119 As a whole, these studies suggest
that green tea extract and/or EGCG can inhibit proliferation of many different cell lines, although a minority of
lines do not appear to be affected. Although the active
concentrations of EGCG are commonly high (50 to 80
µM), a few studies suggested that lower concentrations
(roughly 15 µM) may be cytotoxic if exposure is prolonged.
In 6 animal studies, green tea extract or EGCG inhibited tumor growth, angiogenesis, or metastasis in
mice.120–125 A much larger number of animal studies
reported that green tea extract or EGCG reduced cancer
risk.
In addition, some studies observed that EGCG improved the effects of chemotherapy drugs; these are discussed in Chapter 23.
Although the in-vitro and animal studies are promising, important questions on EGCG remain unanswered.
There are a number of inconstancies between the human,
rat, and mouse pharmacokinetic and dosage data (see
Appendix J). Due to the inconsistencies, the required
target dose can be estimated only within a large range.
In a worst-case scenario (a target dose at the high end of
this range), it is possible EGCG would not be effective
at the maximum safe human dose, even with synergism.
The effective use of EGCG is also made difficult by its
short half-life in humans (about one to four hours) and
its chemical instability. A short half-life requires frequent dosing to maintain reasonably uniform plasma
concentrations (therapeutic compounds are best dosed
about once every half-life). For these reasons, a relatively large amount of study is needed before the required dose and clinical potential of EGCG can be fully
assessed (see Table 13.2). Despite these shortcomings,
green tea extract and EGCG are still discussed here because future studies may resolve the inconsistencies.
Moreover, current studies suggest that EGCG and green
tea may be useful in cancer prevention, and there is great
interest in these compounds by the public.

Introduction
Green tea, Camellia sinensis, is one of the most popular beverages in the world and is a rich source of flavanols. It is made from tea leaves dried in a manner to
avoid oxidation of the phenolic compounds. The princi-
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pal flavanol compounds in tea are called catechins. Of
the green tea catechins, the primary compounds include
catechin, epicatechin, epicatechin gallate, epigallocatechin, and eipgallocatechin gallate (EGCG), the last two
being most predominant.126 EGCG is thought to be the
primary anticancer agent in green tea.
In a clinical setting, the most practical form for EGCG
administration is within decaffeinated, freeze-dried
green tea solids, commonly referred to as green tea extract (GTE). Green tea extract standardized for EGCG
is available commercially. Standardized green tea extract is more useful than green tea itself, since the EGCG
dose can be precisely monitored and the extract allows
greater doses without excessive intake of liquids or caffeine. The potential anticancer actions of EGCG are
listed in Table 19.4.

In-vitro Activity of EGCG
EGCG has inhibited proliferation of many cancer cell
lines in vitro. Some of these studies are summarized in
Table 19.5. A density analysis of the data shown suggests that the IC50 for most cell lines is 50 to 80 µM and
that a smaller number of cell lines have an IC50 of about
900 µM. The differences between cells lines may simply reflect that some cancer cell lines are more sensitive
to EGCG than others. They may also reflect, at least in
part, differences in experimental procedures, which can
affect sensitivity. For example, EGCG is slowly transported across the plasma membrane, and relatively long
treatment periods are required to ensure adequate EGCG
uptake. Some in-vitro tests may have been too short to
allow adequate uptake.
Combinations of green tea catechins appear to be more
effective than EGCG or other single catechins alone. A
combination of epicatechin and EGCG was about 2.6fold more effective at reducing the proliferation of human lung cancer cells than EGCG.127

In-vivo Activity of EGCG
Both EGCG alone and green tea extract appear to have
cancer preventive effects in vivo, largely due to inhibition of free radical damage and improved carcinogen
metabolism. Dozens of studies have reported that topical, oral, or intravenous administration of EGCG or
GTE inhibited development of rodent neoplasms in a
variety of tissues (tongue, lung, stomach, skin, for example) by a variety of chemical inducers and promoters.128–140,_160 In the mouse studies, the typical dose was
a 1 to 2 percent tea (from tea leaf) as the sole source of
drinking water.141–145 This provided the equivalent of
about 330 to 660 mg/kg of GTE. The equivalent human
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Apart from any preventive effect,
EGCG and GTE can inhibit cancer
progression in vivo. This was seen
in most but not all animal studies.152,_153 Some successful studies
are summarized below:
• Oral administration of GTE
(about 110 mg/kg of EGCG)
inhibited metastasis of transplanted lung cancer cells in
mice, an effect possibly due to
the extract’s ability to inhibit
invasion through the collagenrich basement membrane.120
• Oral administration of approximately 100 mg/kg of
EGCG in drinking water inhibited metastasis of transplanted
melanoma cells in mice by
about 72 percent.121
• Oral administration of 400
mg/kg of green tea extract
(about 48 mg/kg EGCG) inhibited the growth of sarcoma
cells transplanted into mice by
50 percent.122

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
x
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
Inhibit PKC
x
—
Induce p21 or p27 activity
x
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
varies
x
x
x
x
Inhibit NF-κB activity
Inhibit AP-1 activity
x
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
x
Improve gap junction
x
communication
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
x
x
Inhibit bFGF effects
Inhibit histamine effects
x
x
x
Inhibit eicosanoid effects
x
x
—
Inhibit TNF effects
x
x
x
Inhibit VEGF effects
x
x
x
x
x
Inhibit insulin resistance
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betax
glucuronidase, or elastase
Inhibit collagenase effects
x
x
x
x
Inhibit GAG synthesis
x
Inhibit cell migration
x
x
Inhibit metastasis
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Inhibit tumor-induced
x
immunosuppression
Chapter 19: Flavonoids
Inhibit telomerase activity
x

• Oral administration of 500 mg/kg per day of green
tea extract (about 60 mg/kg EGCG) inhibited the

AS A
COLLAGENASE
INHIBITOR, MAY:

AS AN
EICOSANOID
INHIBITOR, MAY:

AS A PKC
INHIBITOR, MAY:

AS A PTK
INHIBITOR, MAY:

ACTIVITY

AS AN ANTIOXIDANT, MAY:

Epidemiologic studies sought to
determine if tea drinkers have
lower rates of cancer. Although a
number have reported some reduction in risk for various cancers, in
general green tea drinking does not
seem to reduce cancer rates, except
possibly for colorectal and pancreatic cancer.146–149 One reason for
lack of risk reduction may be that
green tea drinkers do not usually
ingest enough of it to be effective.
Green tea may still be useful in
some cases, however, for increased
consumption prior to diagnosis has
been correlated with improved
prognosis of stage I and II breast
cancer patients in Japan.150 GTE
is currently being investigated as a
cancer preventive agent by the
National Cancer Institute.151

TABLE 19.4 POTENTIAL ANTICANCER ACTIONS OF EGCG
KNOWN EFFECTS

dose is about 3.2 to 6.4 grams per
day of GTE, or about 380 to 760
grams per day of EGCG.
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x
x

x

—

x

proliferation of Ehrlich carcinoma cells by 32 percent in mice.123
• Intraperitoneal administration of 40 mg/kg EGCG
inhibited growth of androgen-sensitive and andro-
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TABLE 19.5 INHIBITION OF TUMOR CELLS BY EGCG IN VITRO
CELL LINE
Human acute leukemia blast cells

EFFECT
Inhibited proliferation at 50 µM and
above. Complete inhibition at 500 µM.154
IC50 = about 50 µM.117
82% inhibition at about 220 µM.164
Inhibited proliferation by 18% at 50 µM
and 93% at 100 µM.155,_156
IC50 = 100 µM.157,_158
IC50 = 22 µM. EGCG was two- to
threefold less effective against another
human lung cancer line and human colon
cancer cells.118
Inhibited proliferation by 36% at 1,000
µM.159
IC50 = 35 and 42 µM.160
IC50 = about 100 to 150 µM.161

triene LTB4 release from stimulated rat cells at concentrations of
about 10 µM.168

EGCG may show other effects in
vivo that it does not readily show
in vitro. For example, its ability to
reduce telomerase activity in cancer cells may be more apparent in
vivo than in most in-vitro studies.
Human lung cancer cells
Telomerase is an enzyme that preTwo human lung cancer cell lines
serves the tips of chromosomes
during cell division and allows
cells to maintain a high proliferative capacity. EGCG at 15 µM
Mouse lung cancer cells
markedly reduced telomerase activity in human leukemia and adeTwo mouse lung cancer lines
nocarcinoma cells. At this low
Human melanoma and human breast,
concentration, however, the prolifcolon, and lung cancer cell lines
eration rate reached a plateau only
Human oral cancer cells
IC50 = 18 µM.162
after treatment for 40 to 60 days;
Human epidermoid cancer cells
IC50 = about 130 µM.163
in-vitro cytotoxicity tests are rarely
164
carried out this long.169 FurtherRat liver cancer cells
IC50 = about 220 µM.
more, although EGCG inhibited
Three human prostate cancer cell lines
IC50 between 1 and 25 µM.165
chemically induced TNF producTwo mouse breast cancer cell lines
IC50 = 770 and 925 µM.160
tion and NF-κB activity in vitro
Virally transformed human fibroblast
IC50 = 10 µM for cancer cells and 120 µM
only at high concentrations (100
166
cells
for normal cells.
mM), oral administration of 500
mg/kg in mice, which produced a
gen-insensitive human prostate cancer cells and es- total EGCG plasma concentration of only about 22 µM,
trogen-dependent human breast cancer cells trans- reduced TNF by more than 80 percent.170
planted into mice.125
Human and mouse leukemia cell lines
Mouse erythroleukemia cells
Human lymphoid leukemia cells

• Although not a study on tumors, 1.3 percent green
tea as drinking water (about 140 mg/kg EGCG) inhibited VEGF-induced corneal angiogenesis in
mice.124
The oral doses used in the mouse studies ranged from
48 to 140 mg/kg of EGCG. The equivalent human dose
is about 0.46 to 1.3 grams per day. This range is somewhat higher than the dose range of 380 to 760 milligrams as scaled from the mouse cancer prevention
studies above. This difference is expected, since for
most compounds the doses required for antitumor effects
are larger than those needed to prevent cancer.
As listed in Table 19.4, a number of mechanisms may
be responsible for the in-vivo effects of EGCG. As
mentioned, cytotoxic effects were generally seen at concentrations greater than 50 µM. In some cases, however, EGCG may impede cancer through indirect means
at doses lower than those required for direct cytotoxic
effects. EGCG inhibited collagenases produced from
mouse lung cancer cells at an IC50 of about 9 µM.167
Invasion of mouse lung cancer cells was inhibited at an
IC50 of about 25 µM.120 Also, EGCG inhibited leuko-

Estimated Therapeutic and LOAEL Doses
of EGCG
The estimated required dose of EGCG as scaled from
animal antitumor studies is not in close agreement with
that calculated from pharmacokinetic and in-vitro data.
This discrepancy suggests the target human dose is still
highly uncertain; it can be estimated only within a large
range. The required dose as scaled from antitumor experiments in animals is about 460 milligrams to 1.3
grams per day, but the dose based on pharmacokinetic
calculations is much higher. Using a target in-vivo concentration of 15 µM of EGCG (30 µM after adjustment
for conjugates), the required EGCG dose is about 12
grams per day. The reasons for this large difference are
not clear. As discussed in Appendix J, the difference in
doses reflects a number of inconstancies between the
human, rat, and mouse data, and further study is necessary. Lacking additional data, we can estimate a target
human dose between 460 milligrams and 12 grams per
day.

Flavonoids

The LOAEL dose for EGCG also is
not certain but is estimated to be between 210 and 550 milligrams per
day (see Appendix J). The lower
range of this dose is about equal to
commonly prescribed doses; the dose
of EGCG for noncancerous conditions recommended on some standardized green tea products is about
200 milligrams per day.
The therapeutic dose estimates are
summarized in Table 19.6, with the
tentative dose recommendation 460
to 550 milligrams per day. The 460milligram value is based on the low
end of the antitumor dose scaled
from animals, and the 550-milligram
on the estimated high end of the
LOAEL dose range.
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TABLE 19.6 ESTIMATED THERAPEUTIC AND LOAEL
DOSES FOR EGCG*
DESCRIPTION
Required dose as scaled from animal antitumor studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

DOSE (g/day)
0.46 to 1.3
12
0.46 to 12
0.031 to 0.8
0.2
0.21 to 0.55
0.46 to 0.55
uncertain

See Appendix J for details.

Since the target dose is uncertain, it is also not clear if
synergistic interactions are required to produce an anticancer effect in humans, or if such effect could take
place even with the benefits of synergism. Consider a
worst-case scenario, where the target dose is 12 grams
and the LOAEL dose is only 210 milligrams. The full
15-fold allowable increase in potency from synergism
would lower the target dose to 800 milligrams, which is
still above the LOAEL dose. Thus, a dose of 210 or
even 550 milligrams may not produce an anticancer effect if the required dose is 12 grams.
Although the required dose is uncertain and EGCG
may not be effective even with synergism, dose details
are still given in the table for the sake of completeness
and because the tentatively recommended dose is not
expected to cause harm and a beneficial effect cannot be
ruled out.
As with most natural compounds, the EGCG daily
dose is best divided into at least three equally spaced
administrations, if it is used. Since it has a relatively
short half-life, a dose given more than three times a day
may be desirable. Single EGCG doses greater than
about 220 milligrams may not have their intended effect,
since one study reported that doses above that (as part of
GTE) begin to saturate uptake mechanisms, resulting in
little additional gain in EGCG plasma concentrations.171
Other investigators place the saturation dose closer to
380 milligrams of EGCG in GTE.172
A dose of 460 milligrams per day is equal to about 12
cups of green tea per day, or about 3.8 grams of GTE.
Note that some manufacturers make a green tea polyphenol extract that is more concentrated than the aver-

age GTE, and therefore lower doses of these products
would suffice.

ANTHOCYANIDINS AND
PROANTHOCYANIDINS
Summary of Research and Conclusions
At least six in-vitro studies have been conducted on
the cytotoxic effects of anthocyanidins.173–178 Overall,
these studies suggested that anthocyanidins or their glycosides, anthocyanins, inhibited proliferation of cancer
cell lines at concentrations between 5 and 100 µM, with
anthocyanins being somewhat less potent than anthocyanidins. At least two animal studies have been performed, which reported that oral administration of
anthocyanins inhibited growth of lymphoma cells transplanted into mice.176,_179
Some five in-vitro studies have been done on proanthocyanidins, suggesting they reduced cancer cell proliferation or induced differentiation at concentrations
between 8 and 86 µM.180–184
Although in-vitro and in-vivo studies have been conducted on cyanidins and proanthocyanidins, most looked
for direct cytotoxic effects, which were in fact seen in
the in-vitro studies but only at relatively high concentrations. Because of the unfavorable pharmacokinetic
characteristics of these compounds, such high concentrations could not be achieved in human plasma after oral
dosing. This book is among the first to suggest anthocyanidins and proanthocyanidins may be useful in cancer treatment for their indirect and not their direct
effects. Indirect effects such as protection of the vascu-
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TABLE 19.7 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR ANTHOCYANINS*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as scaled from animal anti-edema
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
*

DOSE (g/day)
0.12 to 0.28
0.4 to 3
250
0.06 to 0.12
2.2
0.12 to 1.8 grams†

See Appendix J for details.

†

Upper value based on the general linear bioavailability limit of 1.8 grams per
day.

lature occur with reasonable oral doses. So, while the
following discussions show that excessive doses are
necessary to produce cytotoxic effects, this is not a problem since the compounds could still inhibit cancer
through indirect effects at lower doses.

Anthocyanidins
Anthocyanidins are red-blue pigments in plants, and
they are especially high in fruits such as blueberries,
bilberries, and other berries. Like many other flavonoids, anthocyanidins exist in nature almost exclusively
in their glycoside (anthocyanin) forms. Although the
glycosides are found in many plants, the primary commercial source of anthocyanins is Vaccinium myrtillus
(bilberry), in which they occur at about 3 percent.185
Bilberries are eaten as food and have also been used
medicinally to treat scurvy, urinary infections, diarrhea
(due to their astringent characteristics), and varicose
veins, as well to improve night vision and treat other eye
disorders.186
Anthocyanins are available commercially as bilberry
extract standardized for 25 percent anthocyanins and as
standardized elderberry extracts. The common dose of
standardized bilberry extract is 240 to 480 milligrams
per day in divided doses, which provides an actual anthocyanin dose of 60 to 120 milligrams per day.187
Anthocyanins may have a protective effect on the vasculature due to their high affinity for connective tissue.
This affinity has been demonstrated in a rat study, where
concentrations were higher in connective tissue (skin)
than in the plasma, and the half-life in connective tissue
was prolonged. Four hours after administration, connective tissue concentrations were fivefold higher than

plasma concentrations.188 In rabbits, the
standardized bilberry extract at an oral
dose of 200 to 400 mg/kg prevented
chemically induced increases in skin capillary permeability.189 The human equivalent of the 400 mg/kg dose is about 3
grams of anthocyanins. In rats, oral administration of 25 to 100 mg/kg was effective in inhibiting increased skin
capillary permeability due to dietary deficiencies.189 The human equivalent of 100
mg/kg of bilberry extract in rats is about
400 milligrams of anthocyanins. Oral
administration of about 500 mg/kg of bilberry extract blocked increases in bloodbrain barrier permeability caused by surgery in rats.190 The equivalent human
dose is about 2 grams per day of anthocyanins.

Anthocyanins and their aglycone have reduced cancer
cell proliferation in vitro, as summarized below. Anthocyanidins (the aglycones) inhibited proliferation at concentrations between 5 and 100 µM, with glycosides
being somewhat less potent:
The IC50 for a variety of mixed anthocyanins from different plants against human colon cancer and lymphoma
cells averaged about 13 µM. This same concentration
was cytotoxic to normal human fibroblast cells. The
aglycones were about 1.5-fold more potent than the glycosides, and about 2 to 6 times more potent than genistein and other flavonoid aglycones.191
• Various anthocyanins (apparently the glycoside
form) inhibited proliferation of human colon cancer
cells at roughly 220 µM. Lower concentrations were
not tested.177
• Anthocyanins from red wine inhibited proliferation
of human stomach cancer cells at an IC50 of about 5
µM and human colon cancer cells at an IC50 between
5 and 28 µM.175
• Various anthocyanidins (apparently the aglycone
form) inhibited the proliferation of human colon cancer cells at an IC50 between roughly 0.3 and 70
µM.178
• Anthocyanidins from grape rinds and red rice inhibited proliferation of human colon cancer cells at an
IC50 between 70 and 100 µM. Anthocyanins (glycosides) were less potent.174
• Anthocyanidins from red soybeans and red beans
inhibited proliferation of human colon cancer cells at
an IC50 of roughly 87 µM.176

Flavonoids

Estimated Therapeutic and
LOAEL Doses of
Anthocyanidins
The estimated required doses
based on animal studies and pharmacokinetic calculations are not in
close agreement. The antitumor
dose as scaled from mouse studies
is 120 to 280 milligrams, but the
dose based on pharmacokinetic calculations is higher. Using a target
in-vivo concentration of 15 µM (30
µM after adjustment for conjugates)
for anthocyanins, the required anthocyanin dose is about 250 grams
per day, which is prohibitive. The
large difference in doses is expected
and not problematic, however; it
merely reiterates that anthocyanidins would function as indirectacting, not direct-acting cytotoxic
compounds. Cytotoxic concentrations will not be produced in the
plasma after oral dosing.

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
x
—
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
x
x
Inhibit NF-κB activity
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit bFGF effects
x
Inhibit histamine effects
x
Inhibit TNF effects
x
Impede increased vascular
x
x
permeability
Inhibit VEGF effects
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betax
glucuronidase, or elastase
Inhibit collagenase effects
x
x
x
—
Inhibit cell migration
Inhibit metastasis
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Stimulate the immune system
x
Inhibit tumor-induced
x
immunosuppression

The estimated LOAEL dose for anthocyanins in humans is 2.2 grams per day (see Appendix J), which is
just below the average LOAEL dose (2.9 grams) for all
flavonoids discussed. The 2.2-gram value is much
higher than the commonly prescribed daily dose of 120
milligrams.
Therapeutic dose estimates are summarized in Table
19.7, with the tentative recommended range at 120 milligrams to 1.8 grams per day. The 120-milligram value
is based on the low end of the effective range in animal
antitumor studies. The 1.8-gram value is equal to the
general linear bioavailability limit of 1.8 grams per day
(see Appendix J). Higher doses, up to the estimated
LOAEL dose, could be used, but it is uncertain whether

AS HYALURONIDASE
INHIBITORS, MAY:

AS COLLAGENASE
INHIBITORS, MAY:

AS ANTIOXIDANTS,
MAY:

ACTIVITY

KNOWN EFFECTS,
PROANTHOCYANIDINS

TABLE 19.8 POTENTIAL ANTICANCER ACTIONS OF
ANTHOCYANIDINS AND PROANTHOCYANIDINS
KNOWN EFFECTS,
ANTHOCYANIDINS

Two animal studies have reported
that anthocyanins reduced tumor
growth in vivo.176,_179 At a dose of
roughly 12 to 29 mg/kg (in drinking
water), anthocyanins from red
beans, red soybeans, Camellia species, or Hibiscus species increased
the survival of mice with transplanted lymphoma cells. The percent of those surviving after 30 days
was generally about double that of
control mice. The equivalent human dose is about 120 to 280 milligrams per day.
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x
x

x
—

x
x

they would be fully absorbed or produce metabolites
similar to those from lower doses.
One more advantage of anthocyanidins, though probably not a major one, appears when we look at their metabolism. Anthocyanidins appear to be unstable in vivo
and quickly metabolized to protocatechuic acid.192 The
plasma concentration of protocatechuic acid may be
about sevenfold greater than that of anthocyanins. Protocatechuic acid is a simple phenolic compound that
appears as a metabolite of many different flavonoids. It
is cytotoxic in vitro to human lung and stomach cancer
cells, but only at high concentrations (approaching 650
µM).193 Nevertheless, some studies have reported it
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TABLE 19.9 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR PROANTHOCYANIDINS*
DESCRIPTION
Required dose as scaled from animal anti-edema
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research

DOSE (g/day)
0.49 to 6.5
87
0.05 to 0.3
2.2
0.49 to 1.8 grams†

*

See Appendix J for details.

†

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

could produce antioxidant and cancer preventive effects.194,_195

Proanthocyanidins
Proanthocyanidins are dimers composed of one flavanol compound joined with a flavan-3,4-diol compound (see Figure 19.1). They apparently share many
qualities with anthocyanidins, including potential antitumor actions, as listed in Table 19.8. Note that most of
these actions would inhibit cancer progression through
indirect means rather than through direct cytotoxic effects.
Like anthocyanidins, proanthocyanidins are also active
in vitro against cancer cells. Proanthocyanidins from
barley induced differentiation in human leukemia cells
at about 8 µM. The same study reported that proanthocyanidins potentiated the ability of retinoic acid to induce differentiation. In combination with low levels of
retinoic acid, proanthocyanidins were about twice as
potent as when used alone.181 Proanthocyanidins from
grape seed were cytotoxic to human breast, lung, and
stomach cancer cells in vitro; the IC50 was about 86 µM,
although nearly similar effects (43 percent inhibition)
were seen at 43 µM. In this study, no cytotoxicity was
observed with leukemia cells, and the proliferation of
normal human stomach cells and rat macrophage cells
was actually enhanced.196 It seems then that proanthocyanidins may have some selective inhibitory effects
against certain cancer cells. In three other in-vitro studies, proanthocyanidins (at 75 to 86 µM) inhibited proliferation of human breast cancer cells and human prostate
cancer cells. Again, selective effects against cancer
cells were noted.

Estimated Therapeutic and
LOAEL Doses of
Proanthocyanidins
The estimated required doses based
on animal studies and pharmacokinetic calculations are not in close
agreement. As with anthocyanins,
this difference in doses is not surprising or problematic. Proanthocyanidins are not considered cytotoxic
compounds here. Like anthocyanins,
proanthocyanidins inhibit edema,
protect the vasculature, and are regarded as indirect-acting compounds.

Although proanthocyanidins have
not been tested in antitumor experiments, they have been for vascular conditions as listed
in Table 8.1 (see also Table F.1 of Appendix F). The
required dose as scaled from animal experiments is 490
milligrams to 6.5 grams per day. Doses up to 300 milligrams per day have been used in human noncancer studies.
The anticancer dose based on pharmacokinetic calculations is higher, but again this is not problematic since
proanthocyanidins are not viewed here as direct-acting
cytotoxic compounds. Using a target in-vivo concentration of 15 µM (30 µM after adjustment for conjugates),
the required proanthocyanidin dose is about 87 grams
per day. This is probably a low estimate, since most invitro studies suggested that concentrations greater than
15 µM are required.
The estimated human LOAEL dose is 2.2 grams per
day, similar to anthocyanidins (see Appendix J). This
value is higher than the dose of 300 milligrams per day
used in some human studies.
The therapeutic dose estimates are summarized in Table 19.9. The tentative recommended dose range is 490
milligrams to 1.8 grams per day, with the 490-milligram
value based on the low end of the effective dose range in
animal anti-edema studies. The 1.8-gram value is equal
to the assumed general linear bioavailability limit of 1.8
grams per day (see Appendix J). Higher doses, up to the
estimated LOAEL dose, could be taken, but whether
they would be fully absorbed or produce similar metabolites to those from lower doses is unknown.

CONCLUSION
Phenolic compounds represent a diverse group of compounds with anticancer potential. As a whole, they may
inhibit cancer progression through cytotoxic means, as
well as a variety of indirect ones. Although a number
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of questions remain regarding their effects in vivo, their
use in cancer treatment seems promising, especially
when used in synergistic combinations. Even flavonoids
such as anthocyanidins and proanthocyanidins, which
are unlikely to inhibit cancer progression through direct
cytotoxicity, may be more effective when used in combinations. Their use in combinations could increase the
overall anticancer effect by increasing the number of
procancer events targeted.
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NONFLAVONOID PHENOLIC COMPOUNDS
In this chapter we continue our discussions of phenolic
compounds by examining several nonflavonoids: CAPE
(from propolis), curcumin, lignans (from Arctium seed
and flaxseed), the stilbene resveratrol, and the quinones
emodin and hypericin. As with the flavonoids, questions remain regarding the metabolism and pharmacokinetics of these phenolics in vivo, as well as their in-vivo
antitumor effects. Still, the in-vitro and limited in-vivo
studies available suggest that most could play a role in
cancer treatment, especially if used in synergistic combinations. For flaxseed and hypericin, however, the uncertainties are particularly strong, and they require more
study than others. The structures of all compounds discussed here are illustrated in Figures A.41 to A.58 of
Appendix A.

CAPE AND PROPOLIS
Summary of Research and Conclusions
At least 11 in-vitro studies have reported that propolis
extract and/or CAPE inhibited proliferation of a variety
of cancer cell lines.1–5 In many cases, inhibition was
more pronounced on cancer cells than normal cells. For
cancer cells, the effective concentrations were generally
between 1 and 35 µM (for CAPE itself). In addition to
the in-vitro studies, propolis also produced antitumor
effects in one animal study.6
Although relatively few in-vitro and in-vivo studies
have been conducted on propolis or CAPE, the results
look promising. In addition, the ability of propolis and
CAPE to inhibit inflammation in animals also suggests
they produce biological effects in vivo and could inhibit
tumor progression. The metabolism and pharmacokinetics of CAPE are still uncertain, however. Based on the
limited information available, there are inconsistencies
between the dose found effective in animal studies and
the dose estimated from in-vitro and pharmacokinetic
data; because of these the required target dose can only
be estimated within a large range. Nonetheless, even in
a worst-case scenario (a target dose in the high end of
this range), propolis could still be effective at the maximum safe human dose, with the benefits of synergism.

Introduction
Caffeic acid phenethyl ester (CAPE) is an active component of bee propolis. Propolis also contains several
other related compounds that are cytotoxic to cancer

cells. For this reason, the most clinically useful source
of CAPE is likely to be a propolis extract standardized
for CAPE and containing additional caffeic acid esters.
Crude propolis itself is not an ideal source because the
concentration of CAPE in propolis can vary greatly.
Such a standardized extract is not yet available commercially, however, and so crude propolis is discussed here
as a source of CAPE. Aside from CAPE and related
caffeic acid esters, propolis also has a number of flavonoids present at a total concentration of 10 to 30 percent
or more.7 In 15 different samples the most abundant
flavonoid was apigenin (about 5 percent).8 While apigenin may be useful in cancer treatment (see Chapter
19), we focus on CAPE and related compounds here.
Propolis, or “bee glue,” is a complex resinous mixture
gathered from plants and used by honeybees as a general-purpose sealer and antibiotic in their hives. In
North and South America, Europe, and western Asia the
dominant source for propolis is the bud exudate of the
poplar tree (Populus sp.), although other species are frequently used.8,_9 The name propolis comes from the
Greek pro (for) and polis (city), referring to its function
in the construction of hives.
Propolis has a long history of use in the herbal medicine traditions of many cultures and currently is utilized
in dermatological products to treat burns, wounds, leg
ulcers, herpes simplex, sprains, and other conditions,
and in dentistry as an anesthetic and in toothpaste and
mouthwash preparations. It is also marketed in tablets
and capsules for internal use. Studies have reported that
propolis extracts exhibit antibacterial, antiviral, antifungal, liver protective, anti-inflammatory, and other properties.10–16
CAPE and related caffeic acid esters are present in
propolis at a total concentration of about 19 percent. In
propolis, the major ester is caffeic acid benzyl ester,
which accounts for about 14 percent of the ester fraction.7 CAPE concentrations in propolis can vary greatly
depending on the source of the propolis; it is commonly
present at 1 to 5 percent, but some propolis samples appear to contain none.17,_18
The oral dose recommended by manufacturers of propolis products is generally from 200 milligrams to 3
grams per day. Animal studies suggest this range may
be effective for inhibiting some types of inflammation.
For example, oral administration of 100 to 150 mg/kg
decreased acute and chronic inflammation in rats.19 The
equivalent human dose is about 1.6 to 2.4 grams per
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Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Induce apoptosis
x
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
Inhibit PKC
x
—
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
weak
x
x
x
Inhibit NF-κB activity
Inhibit AP-1 activity
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
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Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
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Inhibit histamine effects
x
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Inhibit eicosanoid effects
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Inhibit VEGF effects
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Inhibit insulin resistance
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Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
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Inhibit cell migration
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Inhibit metastasis
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Stimulate the immune system
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day. Oral administration of 100 mg/kg per day decreased vascular permeability in mice.19 The equivalent
human dose is about 960 milligrams per day. Oral administration (about 650 mg/kg) of an aqueous propolis
extract
markedly
reduced
the
inflammatory
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TABLE 20.1 POTENTIAL ANTICANCER ACTIONS OF CAPE

x

x

x

x
—
x

x
x

response in rats treated with radiation.20 The equivalent human dose
is about 11 grams daily.

In-vitro and In-vivo
Anticancer Effects
Both propolis and CAPE inhibit
cancer cell proliferation in vitro.
In one study, crude extracts of
propolis were cytotoxic to transformed mouse fibroblast cells.
Proliferation was completely inhibited at about 220 µM, while
CAPE alone was roughly six times
more potent (90 percent inhibition
at 35 µM).21,_a In another study,
the IC50 of a propolis extract
against human nasopharyngeal and
cervical cancer cells was about 13
to 33 µM.2 CAPE alone inhibited
a large number of rodent and human cell lines; the IC50 for most
was 1 to 35 µM.3–5,_21–24 The effects of CAPE seem to be specific
to cancer cells. For example, it
was selectively toxic to transformed fibroblast and melanocyte
cells as compared to normal
cells.21
At least one animal antitumor
study has been conducted. In this
study, intraperitoneal administration of an ethanol extract made
from roughly 60 mg/kg of propolis
markedly increased the survival of
mice injected with Ehrlich carcinoma cells.6 The equivalent human oral dose is about 1.3 grams
per day of propolis.

CAPE may also have some cancer preventive effects. An oral
dose of about 180 mg/kg inhibited
tumor formation in mice genetically prone to cancer.25
The
equivalent human dose is about 1.7
grams. In addition, out of 25 natural compounds tested for cancer
preventive activity, CAPE and genistein were the most
effective in a series of in-vitro tests.26
This 220 µM value assumes that the average molecular weight
of the active caffeic acid derivatives is about 300 grams/mole.
a

Nonflavonoid Phenolic Compounds

The cytotoxic effects of CAPE may
actually come from its metabolite, caffeic acid, which is also found in high
quantity in a number of plants, including
artichokes. Caffeic acid itself was not
effective at inhibiting proliferation of
various cell lines in vitro, probably because it is poorly transported across the
cell membrane; however, esterification
of caffeic acid with a lipophilic alcohol
(i.e., CAPE) facilitates its uptake. Once
inside the cell, CAPE may be hydrolyzed to caffeic acid, where it subsequently reduces cell proliferation.21 In
addition, although caffeic acid is not
particularly cytotoxic, it can sensitize
cancer cells to chemotherapy drugs and
possibly natural cytotoxic compounds.
Caffeic acid (at 10 µM) increased the
sensitivity of human breast cancer cells
to doxorubicin in vitro, and importantly,
this effect was particularly pronounced
in multi-drug-resistant cancer cell variants.27
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TABLE 20.2 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR PROPOLIS*
DESCRIPTION
Required dose as scaled from an animal
antitumor study
Required dose as scaled from animal antiinflammatory study
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal
antitumor studies and pharmacokinetic
calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

DOSE (g/day)
1.3
0.96 to 11
72
1.3 to 72

0.087 to 4.8
0.2 to 3
15
3 to 15
uncertain

See Appendix J for details.

Besides CAPE, other caffeic acid esters in propolis
may have biological effects. Intraperitoneal administration of 10 mg/kg per day of methyl caffeate inhibited
growth of injected sarcoma cells in mice by 21 percent.28 In addition, oral administration of 45 mg/kg of
methyl caffeate decreased chemically induced PTK
membrane activity in the colon and liver of rats, as well
as chemically induced leukotriene production in the liver
of rats.29 Another caffeic acid derivative, phenylethyl
dimethylcaffeate (PEDMC), was more potent than
CAPE in inhibiting proliferation of human colon cancer
cells in vitro (IC50s of 36 µM and 55 µM, respectively).
PEDMC also decreased PTK activity in these cells.30
The potential anticancer actions of CAPE are listed in
Table 20.1. In addition to these, at least one in-vitro
study reported that the cytotoxic effects of CAPE were
due to a prooxidant effect.23 As discussed in Chapter
15, many antioxidant compounds can produce prooxidant effects in vitro but antioxidant effects in vivo.

Estimated Therapeutic and LOAEL Doses
of Propolis
The estimated required dose of propolis scaled from
animal antitumor studies is not in close agreement with
that calculated from pharmacokinetic and in-vitro data.
This discrepancy suggests an uncertain target human
dose that can be estimated only within a large range.
The required dose scaled from an animal antitumor ex-

periment is about 1.3 grams daily, similar to the 0.96 to
11 grams scaled from animal anti-inflammatory experiments. The dose based on pharmacokinetic calculations
is much higher, however. Using a target in-vivo concentration of 15 µM (30 µM after adjustment for conjugates), the required propolis dose is about 72 grams per
day. The reasons for this large difference are not clear,
but a number of questions exist regarding the metabolism and pharmacokinetics of CAPE and other active
propolis compounds. It seems likely, however, that the
72-gram dose is overestimated. Lacking additional data,
we can only estimate that the target human dose is between 1.3 and 72 grams per day. Since the target dose is
uncertain, it is also unclear whether synergistic interactions will be required to produce an anticancer effect in
humans. At the low end of this target range, synergism
would not be needed, but it would be at the high end.
The commonly prescribed human dose in noncancerous
conditions is from 200 milligrams to 3 grams per day;
the LOAEL dose is higher at about 15 grams per day
(see Appendix J).
The therapeutic dose estimates of propolis are summarized in Table 20.2; the tentative dose recommendation
is given as 3 to 15 grams per day. The 3-gram value is
based on the high end of the commonly prescribed dose
range, while the 15-gram value is based on the estimated
LOAEL dose.
Although the target dose is uncertain, even in a worstcase scenario an anticancer effect may still be possible
within the recommended dose range with the benefits of

Natural Compounds in Cancer Therapy

278

TABLE 20.3 INHIBITION OF TUMOR CELLS BY CURCUMIN IN VITRO
CELL LINE
Breast cancer cells

Leukemia cells
Leukemia cells

Leukemia and
lymphoma cells
Ehrlich ascites and
lymphoma cells
Oral cancer cells

EFFECT
Curcumin (at 3 µM) inhibited the proliferation of 7 different
human breast cancer cell lines by 74% or more. These
included multi-drug-resistant, TNF-resistant, estrogendependent, and estrogen-independent cell lines. Normal cells
were relatively resistant to curcumin treatment.31 Other
studies on drug-resistant human breast cancer cells reported
that normal cells are 3.5-fold less sensitive than cancer cells
to curcumin treatment.32
IC50 = about 20 µM for human chronic myeloid leukemia
cells.33
Curcumin (at 6 to 50 µM) inhibited proliferation in 5
leukemia cell lines, but also inhibited proliferation in 3
normal lines.34
Curcumin caused 100 percent cell death in normal and
leukemic lymphocytes at 22 µM, and in lymphoma cells at 11
µM.47
Curcumin inhibited the proliferation of Ehrlich ascites cells
and mouse lymphoma cells at IC50s of 27 and 16 µM.42
IC50 = 5.2 µM in human oral cancer cells.38

synergism. Consider a scenario where the target dose is
72 grams and the LOAEL dose is 15 grams. The full
15-fold allowable increase in potency due to synergism
would lower the target dose to 4.8 grams, which is below the LOAEL dose. Thus a 15-gram dose could well
produce an anticancer effect, even in the extreme case.
(A 4.8-fold increase in potency would be required,
which is similar to that for other direct-acting compounds, as listed in Table 13.1.)
Propolis can cause allergic dermatitis after topical contact in sensitive individuals, and oral administration may
sensitize a person to this. Accordingly, it is contraindicated in persons with known allergies to bee products.
There is also some concern about potential carcinogenic
effects of caffeic acid, a metabolite of CAPE. The propolis doses considered here, however, are unlikely to
produce such an effect (see Appendix J).

CURCUMIN
Summary of Research and Conclusions
Some 19 in-vitro studies have reported that curcumin
inhibited proliferation of a variety of cancer cell lines.35–39
In most cases, the active concentration was between 3
and 50 µM. Several of these also found that curcumin
could decrease invasion and angiogenesis of cancer
cells. In three animal antitumor studies, curcumin increased the life span of rodents with transplanted
tumors, inhibited tumor growth, or inhibited metasta-

sis.40,_41,_42 One human study reported that topical application of a
curcumin ointment provided symptomatic relief for patients with external cancerous lesions.43
Other animal studies suggested
that curcumin could reduce side
effects or increase the antitumor
action of some chemotherapy
drugs (see Chapter 23). Lastly, a
number of other animal studies
indicated that curcumin has cancer
preventive effects.44,_45,_46

Although relatively few animal
or human antitumor studies have
been conducted on curcumin, those
that have look promising. In addition, curcumin’s ability to decrease
inflammation in animals also suggests it has biological effects in
vivo and could inhibit tumor progression. As with its relatives caffeic acid and CAPE, however, the pharmacokinetics and
metabolism of curcumin are poorly understood. Based
on the limited information available, there are inconsistencies between the doses effective in animal studies and
those estimated from in-vitro and pharmacokinetic studies. Due to the inconsistencies, the required target dose
can be estimated only within a large range. Nevertheless, even considering a target dose in the high end of
this range, with synergism curcumin could still be effective at the maximum safe human dose.

Introduction
Curcumin (from Curcuma longa) is the orange-yellow
pigment that gives the spice turmeric its unique color.
Curcuma, a perennial herb of the ginger family, is
widely cultivated in tropical areas. Turmeric is the major component of curry powder and has been safely used
for centuries as a spice; the curcumin content of turmeric
is 1 to 5 percent.47,_48,_49 Curcuma extracts are also used
medicinally in both Chinese and Indian herbal medicine.
Curcumin has a number of biological effects. It is a
potent antioxidant, stronger than vitamin E in preventing
lipid peroxidation in vitro.50,_51 It increases bile flow in
dogs and rats and lowers plasma cholesterol levels in
rats.52,_55 Its ability to increase bile flow is reminiscent
of caffeic acid, to which it has some structural similarities.
Curcumin also produces anti-inflammatory effects in
vivo after oral administration. Approximately 50 and
100 mg/kg reduced acute inflammation by 50 percent in
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Curcumin also retains its antioxidant effects after oral administration; 74 mg/kg protected rats
against free radical damage induced by whole body irradiation.57
Curcumin at 200 mg/kg reduced
inflammation and lipid peroxidation and increased antioxidant defense mechanisms in the lung
tissue of rats treated with the chemotherapy
agent
cyclophos58
phamide. The equivalent human
dose is about 3.2 grams. Similar
effects were observed in the lung
tissue of bleomycin-treated rats
after oral doses of 200 mg/kg of
curcumin.59
Furthermore, 200
mg/kg given orally reduced lipid
peroxidation and protected against
chemically induced myocardial
infarction in rats.60

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
x
x
Increase TGF-beta
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
Inhibit PKC
x
—
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
x
x
x
x
x
—
x
Inhibit NF-κB activity
Inhibit AP-1 activity
x
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
x
x
x
Inhibit bFGF effects
Inhibit histamine effects
x
x
x
Inhibit eicosanoid effects
x
x
x
—
Inhibit TNF effects
x
x
x
x
Inhibit VEGF effects
x
x
x
x
x
Inhibit insulin resistance
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betax
glucuronidase, or elastase
Inhibit collagenase effects
x
x
x
x
Inhibit GAG synthesis
x
Inhibit cell migration
x
x
Inhibit metastasis
x
Inhibit platelet aggregation
x
x
Chapters 11 and 12: Immune System
Inhibit tumor-induced
x
immunosuppression

In-vitro and In-vivo
Anticancer Studies
Curcumin’s potential as a cancer preventive agent is
supported by several studies.61,_62 In addition to prevention, it may also be useful in cancer treatment. Many
studies have noted that it decreased proliferation of cancer cells in vitro. Selected studies are summarized in
Table 20.3; the IC50 for these typically ranged from 3 to

AS A COLLAGENASE
INHIBITOR, MAY:

AS AN EICOSANOID
INHIBITOR, MAY:

AS A NF-κ
κB
INHIBITOR, MAY:

AS A PKC
INHIBITOR, MAY:

AS A PTK
INHIBITOR, MAY:

ACTIVITY

AS AN
ANTIOXIDANT, MAY:

TABLE 20.4 POTENTIAL ANTICANCER ACTIONS OF CURCUMIN
KNOWN EFFECTS

rats and mice, respectively, and
acute inflammation in rats was
decreased by an intraperitoneal
dose of 2.1 mg/kg.53 The human
equivalent of a 100-mg/kg dose in
mice is about 960 milligrams and
the human oral equivalent of the
intraperitoneal dose is about 230
milligrams. Chronic inflammation
was reduced by 20 to 30 percent in
rats after an oral dose of 160
mg/kg; the equivalent human dose
is about 2.6 grams. In the acute
inflammation tests, curcumin’s
effect was comparable to that of
phenylbutazone,
an
antiinflammatory drug.54,_55 Human
studies also reported an antiinflammatory effect; oral administration of 1.2 grams daily produced a greater anti-inflammatory
response than placebo in patients
with postoperative inflammation.56
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x
x

x

—

x

50 µM. Curcumin may inhibit cancer progression
through a number of mechanisms, listed in Table 20.4.
A small number of animal antitumor studies have been
conducted. In two of them, oral administration of 74
mg/kg on alternate days decreased lung metastasis of
melanoma cells injected into mice and increased mouse
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TABLE 20.5 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR CURCUMIN*
DESCRIPTION
Required dose as scaled from animal antitumor studies
Required dose as scaled from animal antiinflammatory studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (g/day)
0.36 to 3.2
0.23 to 3.2
8.7
0.36 to 8.7
0.024 to 0.58
0.75 to 1.5
greater than 43
1.5 to 1.8†
uncertain

*

See Appendix J for details.

†

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

life span.40,_41 The equivalent human dose is about 360
milligrams per day. Intraperitoneal administration of 50
mg/kg reduced tumor volume and increased the life span
of mice injected with Ehrlich ascites cancer cells by 50
percent.42 The equivalent human oral dose is about 3.2
grams daily. Curcumin has also demonstrated some
antitumor activity in conjunction with cisplatin.
Twenty-eight mg/kg per day given orally with cisplatin
reduced the progression of fibrosarcoma in rats better
than cisplatin alone.63 The equivalent human dose is
about 450 milligrams per day.

Curcumin is a very safe compound,
the LOAEL dose likely being greater
than 43 grams per day (see Appendix
J). The commonly prescribed human
dose in noncancerous conditions is
750 milligrams to 1.5 grams per day.
Therapeutic dose estimates for curcumin are summarized in Table 20.5;
the tentative dose recommendation is
1.5 to 1.8 grams daily. The 1.5-gram
value is based on the high end of the
commonly prescribed dose range,
while the 1.8-gram value is the general linear bioavailability limit (see
Appendix J). Higher doses up to the
estimated LOAEL dose could be used,
but they may not be fully absorbed or
produce metabolites similar to those
generated by lower doses.

In looking at a worst-case scenario,
even though the target dose is uncertain an anticancer effect may still be
possible within the recommended dose range. Consider
a target dose of 8.7 grams and a maximum allowable
dose of 1.8 grams. The full 15-fold allowable increase
in potency from synergism would lower the target dose
to 580 milligrams, well below the 1.8-gram dose. Thus,
the latter could produce an anticancer effect. A 4.8-fold
increase in potency would be required, which is similar
to that needed for other direct-acting compounds (see
Table 13.1).

LIGNANS
Estimated Therapeutic and LOAEL Doses
of Curcumin
The estimated required dose of curcumin scaled from
animal antitumor studies is different than the estimated
dose as calculated from pharmacokinetic and in-vitro
data, thus the target human dose is still uncertain and
can be estimated only within a large range. The required
dose as scaled from animal antitumor experiments is 360
milligrams to 3.2 grams per day; similar doses were effective in animal anti-inflammatory experiments. The
anticancer dose based on pharmacokinetic calculations
is larger. Using a target in-vivo concentration of 15 µM
(30 µM after adjustment for conjugates), the required
curcumin dose is about 8.7 grams daily. The reasons for
this large difference are not clear, and lacking additional
data, we can only estimate a target human dose of between 360 milligrams and 8.7 grams per day.

Lignans are widely distributed in the plant kingdom,
with several hundred lignan compounds isolated in
about 70 different families.64 Lignans may produce a
number of medicinal effects. For example, many appear
to have liver-protective properties, including silybin
from milk thistle (Silybum marianum) and schizandrin
from Schizandra chinensis, both of which are used in
herbal medicine. Some lignans have caused cytotoxic
effects in cancer cells, an example being podophyllotoxin, obtained from the mayapple plant (Podophyllum
peltatum). In fact, the FDA has approved its semisynthetic derivatives teniposide and etoposide as anticancer
drugs. In this section, we focus on two lignancontaining plants, Arctium lappa (burdock), which is
used in Chinese herbal medicine, and flaxseed, which is
used as a food and a bulking agent for treating constipation. Arctium seed contains the plant lignan arctigenin,
and flaxseed contains secoisolariciresinol (SECO), a
precursor for the production of mammalian lignans in
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vivo. See Appendix J for dose
information on silybin from milk
thistle, which also may have some
anticancer properties.

Arctium Seed
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TABLE 20.6 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
ARCTIGENIN AND ARCTIUM SEED*
DESCRIPTION
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on pharmacokinetic
calculations
Minimum required antitumor dose assuming
15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for
further research
Minimum degree of synergism required

ARCTIGENIN
DOSE (g/day)
1.4

ARCTIUM SEED
DOSE (g/day)
27

1.4

27

Summary of Research and
0.093
1.7
Conclusions
Relatively few in-vitro and no
0.5
9
rodent or human studies have been
conducted on Arctium seed or its
0.65
12
lignan arctigenin. Six in-vitro
0.65
12
studies reported that arctigenin
induced differentiation in or inhib2.3-fold potency increase
ited the proliferation of various
*
See
Appendix
J
for
details.
cancer cell lines.65–69 In addition,
cytotoxic effects against two cancer cell lines have been observed by our research 3.5 µM for arctigenin and 4.9 µM for arctiin.67 In addigroup.70 Since few studies have been done, the discus- tion to producing cytotoxic effects and inducing differsions on Arctium seed are necessarily brief; this does not entiation, arctigenin has also regulated immune response
mean it should be discounted, however. For one thing, in human lymphocytes in vitro, and it could act either as
results from in-vitro studies have been promising. In an immune stimulant (under some conditions) or as an
some studies, arctigenin was active at relatively low inhibitor of TNF production.71
concentrations and was more potent than many other
lignans tested. For another, lignans in general appear
Estimated Therapeutic and LOAEL Doses of
promising for cancer treatment. One advantage arctiArctigenin and Arctium Seed
genin has over other lignans is that its pharmacokinetic
Since animal antitumor data are lacking, the doses of
characteristics are relatively favorable, which should
make it effective at oral doses lower than those needed arctigenin or Arctium seed needed to produce an antifor other lignans. In addition, arctigenin occurs in rela- cancer effect can be estimated only by making calculatively high concentrations in Arctium seed, and the seed tions based on pharmacokinetic and in-vitro data.
has a long history of safe use in Chinese herbal medi- Therefore, the resulting estimates cannot be confirmed
with an independent source of data. Using a target incine.
vivo concentration of 15 µM (30 µM after adjustment
for conjugates), the required arctigenin dose is about 1.4
Discussion
grams per day. The corresponding Arctium seed dose is
The seed of Arctium lappa is widely used in Chinese about 27 grams per day. We will use these values as our
herbal medicine to treat colds, sore throats, coughs, and target human doses. If animal studies were available,
other conditions, usually in combination with other the doses scaled from them would likely be lower than
herbs. It contains a number of lignans, including arcti- the arctigenin dose of 1.4 grams, since for most natural
genin and its glycoside arctiin.
compounds discussed the doses scaled from animal
As discussed in Appendix D (Table D.1), arctigenin studies are lower than those based on pharmacokinetic
induced differentiation and inhibited proliferation of and in-vitro data.
leukemia cells at concentrations less than 10 µM, and it
The commonly prescribed dose of Arctium seed for
was nontoxic to normal lymphocytes. In an additional noncancerous conditions in Chinese herbal medicine is
study, arctigenin inhibited the proliferation of two hu- about 9 grams per day, which provides about 500 milliman leukemia cell lines at IC50s of 0.2 and 1.4 µM.66 grams of arctigenin. The LOAEL dose for arctigenin is
Arctigenin’s cytotoxic effects are not limited to leuke- uncertain, but based on predictions for the LD50, we will
mia cell lines, however; in a study on five nonleukemic estimate it at 650 milligrams, or 12 grams of Arctium
cancer cell lines, the average IC50 for arctigenin was 4.3 seed (see Appendix J); this is the tentative dose recomµM, and that for arctiin, its glycoside, was 8.9 µM.65 In mendation listed in Table 20.6.
another study, the IC50 for human liver cancer cells was
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It appears that synergistic interactions will be required
for arctigenin to produce an anticancer effect in humans.
In comparing the 27-gram target dose for Arctium seed
to the 12-gram maximum dose, synergistic interactions
will be needed to produce a minimum 2.3-fold increase
in potency. This should be possible, since a 2.3-fold
increase is well below the allowable 15-fold increase
(see Chapter 13).

Flaxseed
Summary of Research and Conclusions
When ingested, the active flaxseed lignan SECO (secoisolariciresinol) and a variety of other plant lignans
are acted on by gut bacteria to produce the mammalian
lignans enterodiol and enterolactone, which then circulate in the plasma. Enterolactone appears to be more
potent than enterodiol against cancer cells and it has
been the subject of at least seven in-vitro studies.66,_72–77
As a whole, these studies found that enterolactone inhibited proliferation of several cancer cells lines at concentrations of 10 to 50 µM.
Three animal antitumor studies and one review reported that flaxseed or SECO decreased metastasis of
melanoma cells in mice and reduced the growth of
chemically induced breast cancer at a late stage of carcinogenesis in mice.78–81
Like some of the flavonoids discussed in the previous
chapter, enterolactone can act as a phytoestrogen in vitro; it has been reported to stimulate proliferation of estrogen-dependent cell lines at concentrations below
about 10 µM and to inhibit proliferation at higher concentrations. Its estrogenic effect does not appear to be
as great as that of genistein, and like some flavonoids it
has antiestrogenic effects in the presence of estrogen.
More work is needed to fully characterize its estrogenic
potential, but for these reasons it does not seem that
flaxseed would be contraindicated in patients with estrogen-dependent cancers, especially if used in combination with other anticancer compounds.
Although the few in-vitro and animal studies conducted on flaxseed look promising, questions remain
about the pharmacokinetics and metabolism of enterolactone and enterodiol after flax administration. As
discussed in Appendix J, there are inconsistencies between the flaxseed doses found effective in animal studies and the dose estimated from in-vitro and
pharmacokinetic data, and so the required target dose of
flaxseed can be estimated only within a large range. If
the effective target dose is at the high end of this range,
flaxseed would probably not be effective at the maximum safe human dose, even with synergism. For these
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reasons, a relatively large amount of study is needed
before the required dose and clinical potential of flaxseed is understood (see Table 13.2), but it is discussed in
detail since future studies may resolve the inconsistencies.

Introduction
Flaxseed, the seed of Linum usitatissimum, is widely
used as food and as a bulking agent in treating constipation. It is also a rich source of dietary plant lignans.
After ingestion, flaxseed lignans are metabolized by
colonic bacteria to produce the two major mammalian
lignans, enterodiol and enterolactone. In one human
study, oral administration of 10 grams per day of flaxseed increased urinary excretion of enterodiol and enterolactone in women by about 18-fold and 9-fold,
respectively.82 These mammalian lignans are structurally similar to estrogens, and like isoflavones, they produce weak estrogenic or antiestrogenic activities,
depending on estrogen availability. Their production
may serve to protect women against breast cancer, presumably by competing with estrogen for estrogenbinding sites.83 High urinary excretion of enterolactone
has been associated with reduced risk of breast cancer in
Australian women.84 One study also observed that enterolactone competed for type II estrogen-binding sites
(discussed in Chapter 19) in rat uterine tissues.85
Enterolactone may also produce an antiestrogenic effect by stimulating the production of sex hormone binding globulin (SHBG) in the liver.85 In a study on 30
postmenopausal women taking flaxseed, higher levels of
plasma SHBG were observed in women with high urinary excretion of diphenols, of the kind produced from
flax lignans.85 SHBG is a plasma protein that binds and
transports sex hormones (estrogens and androgens);
through its binding actions, it regulates the concentration
of free sex hormones in the plasma. Sex hormone responsive cells exhibit receptors for SHBG. At least in
estrogen-dependent human breast cancer cells, binding
between estrogen, SHBG, and the SHBG receptor has
caused an antiproliferative, antiestrogenic effect.86 The
flax lignan SECO also binds directly to SHBG and competes with sex hormones for binding sites. This action
too may inhibit cell proliferation in some tissues.
In addition to these antiestrogenic mechanisms, flaxseed contains a high amount of fiber, which can increase
estrogen excretion and SHBG levels.87 Lastly, similar to
flavonoids, enterolactone and enterodiol inhibit the enzyme aromatase, which is involved in estrogen synthesis.88,_89
The content of mammalian lignan precursors in flaxseed varies with plant variety and growing conditions.
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The range of total mammalian
lignan precursors in different flaxseed samples (measured after invitro fermentation of whole flaxseeds to produce enterodiol and
enterolactone) varied from 0.03 to
0.1 percent, the average of these
values being 0.052 percent. This
average was roughly 29-fold
greater than the lignan precursor
content of lentils, which is the next
richest source known.90 The primary mammalian lignan precursor
in flax is SECO, which is present
in its diglycoside form (SD). The
SECO content in flaxseed is about
0.1 percent, and the SD content is
about 0.2 percent.93
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TABLE 20.7 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR FLAXSEED*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

FLAXSEED DOSE (g/day)
60
3,500
60 to 3,500
4 to 230
10 to 30
greater than 60
30 to 60
uncertain

See Appendix J for details.

In-vitro and In-vivo
Anticancer Studies
A small number of in-vitro studies have investigated
the cytotoxic effects of enterodiol and enterodiol on
cancer cells. In one study, enterolactone inhibited proliferation of human breast cancer cells by about 75 percent at 33 µM.77 In another, enterolactone decreased
proliferation of four human colon cancer cells lines at 50
to 100 µM, and it was more than twice as effective as
enterodiol.72 One other study reported that enterodiol
was not effective against two human leukemia cell
lines.66 From these two studies, it would appear that
enterolactone might be more potent than enterodiol in
some situations. At least one in-vitro study reported that
normal cells were not adversely affected by mammalian
lignans; only high concentrations (about 330 µM) of
enterolactone were cytotoxic to normal human lymphocytes.91
At lower concentrations, enterolactone stimulated proliferation of estrogen-dependent cancers, as seen in three
studies on human breast cancer cells at concentrations
below about 10 µM; above 10 to 20 µM, enterolactone
inhibited cell proliferation.73,_74,_76 It is uncertain if this
stimulatory effect would appear in vivo, since one study
reported that enterolactone, in the presence of estrogen,
did not stimulate the proliferation of estrogen-dependent
human breast cancer cells.75 This is not unlike the effects of flavonoids discussed in Chapter 19, and it seems
likely that the estrogenic effect of enterolactone and enterodiol is weaker than that of genistein. More research
is needed, but it does not appear that flaxseed would be
contraindicated in patients with estrogen-dependent cancers, especially if combined with other anticancer compounds.

Animal studies have reported that flaxseed can reduce
cancer risk as well as the volume of established tumors.
In one study, a 5 percent flaxseed diet given to rats decreased the number of breast tumors induced by a high
fat diet and a carcinogen; urinary enterodiol and enterolactone excretion increased.83 In another study, oral
administration of SD at about 8 mg/kg (equivalent to a 5
percent flaxseed diet) inhibited growth of established
breast cancer in rats during the late stages of carcinogenesis (greater than 50 percent reduction in tumor volume). This inhibitory effect correlated with the degree
of urinary lignan excretion, indicating that flax lignans
may have been partly responsible.92,_93 A 5 percent flaxseed diet also reduced the lung metastasis of melanoma
cells injected into mice, as well as tumor volumes.94 In
another study with melanoma cells, oral administration
of SD also reduced the number of lung metastases in
mice. Again, tumor volumes were decreased.79 The 5
percent flaxseed diet used in these studies (3.8 g/kg in
rats and 6 g/kg in mice) is roughly equivalent to a human flaxseed dose of 60 grams per day, which provides
about 60 milligrams of SECO.

Estimated Therapeutic and LOAEL Doses of
Flaxseed Lignans
The estimated required dose of flaxseed scaled from
animal antitumor studies does not agree with the estimated dose calculated from pharmacokinetic and invitro data; therefore, the target human dose can be estimated only within a large range. The anticancer dose
based on pharmacokinetic calculations is much higher
than the one from animal studies. Using a target in-vivo
concentration of 15 µM of mammalian lignans (30 µM
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after adjustment for conjugates), the required flaxseed
dose is about 3,500 grams per day, which is far higher
than 60 grams. Possible reasons for such a large difference are discussed in Appendix J. Lacking additional
data, we estimate a target human dose between 60 and
3,500 grams per day.
The commonly prescribed flaxseed dose in noncancerous conditions is 10 to 30 grams per day, while the
LOAEL dose is likely to be greater than 60 grams. In
Table 20.7, the tentative dose recommendation is 30 to
60 grams, with the former value based on the high end
of the commonly prescribed dose range and the latter on
the estimated minimum LOAEL dose.
Because the target dose is uncertain, it is not clear
whether synergistic interactions will be required to produce an anticancer effect in humans or if an anticancer
effect could be produced even with synergism. In a
worst-case scenario, where the target dose is 3,500
grams and the LOAEL dose is 60, the full 15-fold allowable increase in potency due to synergism would
lower the target dose only to 230 grams, which is still
above the LOAEL dose. Thus a dose of 60 grams may
not produce an anticancer effect if the effective target
dose is high.
Although the use of flaxseed is not recommended at
this time due to uncertainties in the required dose and
the possibility that even with synergism it may not be
effective, dose details are still provided in the table.
Because of the uncertainties, a beneficial effect cannot
be ruled out. Moreover, the tentatively recommended
dose would not be expected to cause harm.

centrations. For example, arctigenin belongs to a
different family of lignans than SECO (dibenzyl
butyrolactones versus dibenzyl butanes) and is not as
likely to increase enterolactone concentrations.

STILBENES—RESVERATROL
Summary of Research and Conclusions
At least 18 in-vitro studies have reported that resveratrol produces cytotoxic effects against a variety of cancer cell lines.96–100 In these studies, resveratrol was
generally active at concentrations of 10 to 100 µM, with
most studies showing activity at 10 to 30 µM. One review has also been published, as well as a number of
studies on its cancer prevention effects.101 In the one
animal antitumor study conducted, resveratrol decreased
the growth of ascites liver cancer cells transplanted into
rats.102
Although the few in-vitro and in-vivo studies look
promising, the pharmacokinetics and metabolism of resveratrol are uncertain. Based on the limited information
available, there are inconsistencies between the dose
found effective in the animal study and that calculated
from in-vitro and pharmacokinetic data. Again, the required target dose can be estimated only within a large
range. Even if the effective target dose were at the high
end, however, resveratrol should still be effective at the
maximum safe human dose with synergism.

Discussion

A 60-gram flaxseed dose would contain about 12
grams per day of alpha-linolenic acid, which could be of
some concern (see Chapter 17). Although alphalinolenic acid is an omega-3 fatty acid, it is not reliably
converted to EPA in vivo and may not be as effective as
EPA. If the two fatty acids were administered together,
alpha-linolenic acid might compete for cellular uptake
and reduce the effectiveness of EPA. Therefore, if high
doses of flaxseed are used, it may be prudent to use a
defatted form. Alternatively, a semi-purified SECO or
SD extract could be used.

Stilbenes are related to flavonoids in their biosynthesis
and are often referred to as stilbenoids for this reason.
Unlike many of the other phenolics discussed in Chapters 19 and 20, they occur naturally in both their free and
glycoside forms. The stilbene resveratrol is produced by
plants in response to stress conditions. Its role in plant
physiology is apparently to fight fungal infections; thus
it is considered a phytoalexin, which is a class of antibiotics of plant origin. Other stilbenes besides resveratrol
are also recognized phytoalexins.

Lastly, note that plant lignans other than those found in
flaxseed may increase plasma enterolactone concentrations and inhibit tumor growth. For example, in a rat
study, hydroxymatairesinol, a lignan from Norway
spruce trees, was converted to enterodiol. At a dose of
240 milligrams (as scaled to humans) this lignan inhibited the growth of chemically induced breast cancer.95
This lignan dose is higher than the 60-milligram dose of
SECO in 60 grams of flaxseed. Not all lignans, however, can be expected to increase enterodiol plasma con-

Research on resveratrol was stimulated in 1992 when
it was detected in wine and grapes. About 54 percent of
the resveratrol in wine is in the aglycone form, and 46
percent occurs as piceid, its glycoside. The total resveratrol content in wine varies, but the average (including glycosides and isomers) is about 6.2 mg/L.103,_104
Red wines tend to have much higher concentrations than
white wines. Resveratrol is thought to be one of the
compounds responsible for the decreased risk of cardiovascular disease seen in wine drinkers (the so-called
French Paradox). It may do this by acting as an antioxi-
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The possible anticancer actions
of resveratrol are listed in Table
20.8, and Table 20.9 summarizes
some representative in-vitro studies that have been conducted. As
shown in Table 20.9, most studies
indicate that resveratrol is active in
vitro at concentrations between
about 10 and 30 µM.

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
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Induce apoptosis
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Increase TGF-beta
x
Chapter 4: Growth Factors and Signal Transduction
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Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
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Inhibit NF-κB activity
Chapter 6: Cell-to-Cell Communication
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Inhibit angiogenesis
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Inhibit bFGF effects
Inhibit histamine effects
x
x
Inhibit eicosanoid effects
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Inhibit insulin resistance
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Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betax
x
glucuronidase, or elastase
Inhibit collagenase effects
x
x
x
Inhibit cell migration
x
Inhibit metastasis
x
Inhibit platelet aggregation
x

In the one animal antitumor
study completed, intraperitoneal
administration of 1 mg/kg significantly reduced tumor
growth in rats injected with ascites liver cancer cells.
Resveratrol treatment did enhance tumor-induced
cachexia even while decreasing tumor growth, but it is
unclear whether the cachetic effect is limited to the
rapid-growing, cachexia-inducing rat tumor used in the
study. Healthy control mice showed no side effects of
treatment.109 The equivalent human oral dose is about
68 milligrams.

AS A
HYALURONIDASE
INHIBITOR, MAY:

AS AN EICOSANOID
INHIBITOR, MAY:

AS A NF-κ
κB
INHIBITOR, MAY:

AS A PKC
INHIBITOR, MAY:

ACTIVITY

AS AN ANTIOXIDANT, MAY:

Resveratrol acts as a phytoestrogen in vitro at concentrations of 3
to 25 µM.106,_107 As with other
phytoestrogens discussed, at low
concentrations it stimulated proliferation of estrogen-dependent
breast cancer cells but inhibited
them at higher ones. When estrogen was present, however, as it
would be in vivo, stimulation did
not occur. Moreover, some studies
have indicated that its estrogenic
effect is weaker than that of
genistein. For example, one reported that resveratrol did not
stimulate proliferation of estrogendependent pituitary cancer cells,
whereas genistein did.108 For these
reasons, it does not seem that resveratrol is contraindicated in patients with estrogen-dependent
cancers, especially if combined
with other anticancer compounds,
but more work is needed to fully
understand its estrogenic potential.

TABLE 20.8 POTENTIAL ANTICANCER ACTIONS OF RESVERATROL
KNOWN EFFECTS

dant and inhibiting platelet aggregation, both of which may also
make it useful in cancer treatment.
Resveratrol has also reduced inflammation and inhibited chemically induced carcinogenesis in
rodents.105,_109
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x
x

x
—

x
x

Estimated Therapeutic and LOAEL Doses
of Resveratrol
The estimated required dose of resveratrol scaled from
animal antitumor studies is not close to the estimated
dose calculated from pharmacokinetic and in-vitro data,
again suggesting that the target human dose can be estimated only within a large range. The required dose
scaled from an animal antitumor experiment is about 68
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TABLE 20.9 IN-VITRO CYTOTOXIC EFFECTS OF RESVERATROL
CELL LINE
Human breast cancer

Human leukemia

Human lung cancer
Human oral cancer
Human prostate cancer

COMMENT
Inhibited proliferation of estrogen-dependent and -independent cell
lines at 22 to 175 µM.110
Inhibited proliferation by 60% to 80% at 25 µM. Highly invasive
breast cancer cells were inhibited more than less-invasive cells.111
IC50 = 15 to 30 µM. Normal lymphocytes were not affected.112
Complete inhibition of proliferation at 30 µM.113
IC50 = about 20 µM.96
IC50 = about 10 µM.114
Cell proliferation was inhibited at 10 to 100 µM.115
Proliferation of three different cell lines was inhibited at 25 µM.98
Proliferation was inhibited and prostate-specific antigen (PSA)
levels decreased at 25 µM.116

TABLE 20.10 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR RESVERATROL*
DESCRIPTION
Required dose as scaled from an animal antitumor study
Required cytotoxic dose as determined from pharmacokinetic
calculations
Target dose based on range from animal antitumor study and
pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold synergistic
benefits
Commonly prescribed human dose in noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further research
Minimum degree of synergism required
*

See Appendix J for details.

milligrams per day, and the one based on in-vitro and
pharmacokinetic data is higher. Using a target in-vivo
concentration of 15 µM (30 µM after adjustment for
conjugates), the required resveratrol dose is about 770
milligrams per day. Without additional data, we estimate the target human dose at between 68 and 770 milligrams daily. Whether synergistic interactions would
be needed to produce an anticancer effect in humans is
not clear; at the low end of this range, synergism would
not be needed, but it would be at the high end.
The commonly prescribed resveratrol dose in noncancerous conditions is about 20 milligrams per day. Based
on LD50 predictions, the LOAEL dose is estimated to be
about 410 milligrams per day, but this is a rough approximation; the high end of the tentative recommended
range is based on this value (see Table 21.10). The low
end, 68 milligrams, comes from the dose effective in the
animal study.

DOSE (mg/day)
68
770
68 to 770
4.5 to 51

Although the target dose
is uncertain, even in a
worst-case scenario an anticancer effect may still be
possible within the recommended dose range, with
the benefits of synergism.
Given a target dose of 770
milligrams and a LOAEL
dose of 410 milligrams, the
full 15-fold allowable increase in potency due to
synergism would lower the
target dose to 51 milligrams, which is below the
LOAEL dose. Thus, a 410milligram dose could produce an anticancer effect.
A 1.9-fold increase in potency would be necessary,
which is similar to that required for other directacting compounds (see Table 13.1).

QUINONES

Quinones are a group of
over 1,200 naturally occurring compounds.
Many
quinones have been reported to possess antibacterial and fungicidal properties. Quinone-rich plants
have also been used as dyes
(for example, henna), and as laxatives (rhubarb root,
aloe resin, senna leaf, and Cascara sagrada bark). In
this section, we discuss two anticancer quinones,
emodin and hypericin.
20
410
68 to 410
uncertain

Quinones are phenols that are comprised of a quinone
nucleus conjugated to various oxidized aromatic structures. In the case of emodin, the aromatic structure is an
anthracene group. Hence, emodin is known as an anthraquinone. Anthraquinones exist mainly as glycosides
in nature and can join to form dimers (dianthrones). The
aromatic structure of hypericin is a naphthodianthrone.
Hypericin and emodin are closely related in that hypericin is biosynthetically derived from emodin. Structures for emodin, hypericin, the quinone nucleus, and
other related compounds are illustrated in Figures A.53
to A.58 of Appendix A.
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TABLE 20.11 CYTOTOXICITY OF EMODIN
CELL LINE
Ehrlich ascites cells
Human cervical cancer cells
Human breast cancer cells
Mouse breast cancer cells
Human leukemia cells

IC50 CONCENTRATION

Summary of Research
74 µM.125
and Conclusions
2 µM.126
In 14 in-vitro studies, emodin
5 to 40 µM.118,_127
inhibited proliferation of a va4 to 37 µM.120
riety of cancer cell lines, usu19 µM.128
ally at concentrations of 2 to 76
49 µM.129
µM, often below 40 µM.117–121
Human lung cancer cells
37 µM.130
Only three animal antitumor
Six different human cell lines
6 to 33 µM.121
studies have been conducted;
in these, emodin inhibited tu54 nonhuman cell lines
4 to 68 µM; average is 23 µM.132
mor growth and/or increased
ras-transformed human bronchial 15 µM; normal human bronchial epithelial cells were
the survival of mice with
epithelial cells
inhibited only at high concentrations (370 µM).131,_132
transplanted leukemia, melaFive HER-2/neu overexpressing 19 to 76 µM; normal cells were not affected.132
noma, and breast cancer
human breast cancer cell lines
cells.122,_123,_124 In one, emodin
acted synergistically with the
chemotherapy drug Taxol, besides inhibiting tumor and 4.9 grams daily, respectively. The average of all
growth on its own. In-vitro studies have also reported these doses is 2.2 grams per day.
synergistic effects with chemotherapy drugs (see ChapHerbs containing emodin have been used in cancer
ter 23).
therapy in China. In one study, 67 patients with leukopenia who received radiotherapy also received crude
extracts of Polygonum cuspidatum or its anthraquinones.
Discussion
Both agents significantly increased leukocyte counts.138
As mentioned, emodin is an anthraquinone. Other anthraquinone compounds have been approved by the
Estimated Therapeutic and LOAEL Doses of
FDA as anticancer drugs, including mitoxantrone and
Emodin
doxorubicin. Studies indicate that emodin has vasorelaxive, immunosuppressive, immunostimulatory, antiThe estimated required dose scaled from animal studbacterial, antitumor, anti-inflammatory, anti-ulcer, and ies agrees with the required dose calculated from pharhypolipidemic properties.133–137
macokinetic and in-vitro data, with the former at 330
Table 20.11 gives a few details on the in-vitro cytotox- milligrams to 4.9 grams per day (average of 2.2 grams
icity of emodin. In some cases, the inhibitory effects of per day) and the latter within this range. Using a target
emodin may be selective to cancer cells, in-vivo concentration of 15 µM (30 µM after adjustment
especially ras-transformed cells and HER-2/neu- for conjugates), the required emodin dose is about 2.5
overexpressing cells (common in breast cancer). As grams per day. We use the average of 2.2 and 2.5, or
shown in the table, emodin is active in vitro at concen- 2.4 grams per day, as a target human dose.
trations between 2 and 76 µM. Its potential anticancer
The commonly prescribed dose of emodin (as found in
actions are listed in Table 20.12.
Polygonum cuspidatum extracts) in noncancerous condiThree animal antitumor studies have been published. tions is about 20 milligrams. The LOAEL dose is estiIntraperitoneal administration of 40 mg/kg per day in- mated to be much larger, about 810 milligrams per day.
creased the survival time of leukemia-bearing mice by Dose estimates are summarized in Table 20.13, with the
47 percent.122 The equivalent human oral dose is about tentative recommended range from 160 to 810 milli2.6 grams per day. Intraperitoneal administration of 40 grams daily. The 160-milligram value assumes a full
mg/kg twice a week significantly reduced tumor growth 15-fold increase in potency due to synergistic interacand increased survival of mice with transplanted HER- tions, while the 810-milligram value is based on the es2/neu-overexpressing human breast cancer cells.123 The timated LOAEL dose.
equivalent human oral dose is about 750 milligrams per
It appears that synergistic interactions will be required
day. Intraperitoneal administration of 5 mg/kg de- for emodin to produce an anticancer effect in humans.
creased melanoma growth in mice by 73 percent, and 75 In comparing the 2.4-gram target dose to the 810mg/kg inhibited breast cancer in them by 45 percent.124 milligram maximum dose, synergistic interactions will
Equivalent human oral doses are about 330 milligrams be needed to create about a 3-fold increase in potency.
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AS A PKC
INHIBITOR,
MAY:

AS A PTK
INHIBITOR,
MAY:

KNOWN
EFFECTS

ACTIVITY

Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Induce apoptosis
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
Inhibit PKC
x
—
Chapter 5: Transcription Factors and Redox Signaling
weak
x
x
Inhibit NF-κB activity
Inhibit AP-1 activity
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit bFGF effects
Inhibit histamine effects
x
x
Inhibit eicosanoid effects
x
Inhibit TNF effects
x
x
Inhibit VEGF effects
x
x
Inhibit insulin resistance
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit collagenase effects
x
x
Inhibit GAG synthesis
x
Inhibit cell migration
x
x
Inhibit metastasis
x
Inhibit platelet aggregation
x
x
Chapters 11 and 12: Immune System
Inhibit tumor-induced
x
immunosuppression

This should be possible, since a 3-fold increase is well
below the allowable 15-fold increase (see Chapter 13).
In some studies, emodin and other related anthraquinones were mutagenic in vitro.120,_139,_140 The
National Toxicology Program recently challenged the
scientific community to predict the carcinogenicity potential of 30 chemicals currently under study in rodents,
one of which was emodin. Most responses have predicted emodin will be carcinogenic.139,_141,_142 On the
other hand, several suggested that the evidence of carcinogenicity is weak and/or that its effects on DNA are
secondary, rather than intrinsic to the chemical.143,_144
Despite positive predictions and in-vitro tests then, some

AS A
COLLAGENASE
INHIBITOR,
MAY:

TABLE 20.12 POTENTIAL ANTICANCER ACTIONS OF EMODIN

x
x

x
—

x

investigators proposed it is
unlikely to be of high risk in humans.145 The mutagenic effect is
diminished by the presence of
plasma in vitro and is not seen at
high oral doses (and at high plasma
concentrations) in mice.146,_147 The
carcinogenicity of emodin-rich
plant extracts must be further investigated, but at this point it
seems improbable they will be
carcinogenic, especially if used
with other natural (antioxidant)
compounds.
Note that other anthraquinones
closely related to emodin have also
shown antitumor activity. For example, aloe-emodin, found in Aloe
vera, blocked proliferation of various cancer cell lines in-vitro at an
IC50 of 1 to 13 µM. The effects
were selective to cancer cells,
since the IC50 for normal cells was
much higher. An intraperitoneal
dose of 50 mg/kg per day inhibited
transplanted neuroectodermal cells
in mice but not transplanted human colon cancer cells.148 The
equivalent human oral dose is
about 3.3 grams per day, which is
similar to the human dose scaled
from animal antitumor studies for
emodin (see Table 20.13).

Hypericin

Summary of Research and
Conclusions
Approximately nine in-vitro
studies have been conducted on
the cytotoxic effects of hypericin against cancer
cells.149–153 In studies where it was effective, the concentration was generally under 25 µM.
Hypericin is a photoactive compound, and additional
in-vitro studies have been done on the cytotoxic effects
of photoactivated hypericin.154,_155,_156 At least one review has been published, and at least three studies reported that photoactivated hypericin caused antitumor
effects in animals.157–160 Photoactivated hypericin has
also been effective in human patients with skin cancer
when injected intralesionally.161 As a whole, these studies suggest that photoactivated hypericin is more potent

Nonflavonoid Phenolic Compounds

and can affect a greater variety of
cancer cell lines than nonphotoactivated hypericin.
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TABLE 20.13 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR EMODIN*
DESCRIPTION

DOSE (g/day)

There are inconsistencies beRequired dose as scaled from animal antitumor
0.33 to 4.9
tween the doses that were effecstudies
(average 2.2)
tive in animal studies (for
Required cytotoxic dose as determined from
2.5
photoactivated hypericin) and the
pharmacokinetic calculations
dose estimated from in-vitro and
Target dose based on an average from animal
2.4
pharmacokinetic studies (for nonantitumor studies and pharmacokinetic calculations
photoactivated hypericin). Thus
Minimum required antitumor dose assuming 15-fold
0.16
synergistic benefits
we can estimate the required target dose only within a large range.
Commonly prescribed human dose in noncancerous
0.02
conditions
Moreover, for a target dose in the
high end of this range, it is possiEstimated LOAEL dose
0.81
ble hypericin would not be effecTentative dose recommendation for further
0.16 to 0.81
research
tive at the maximum safe human
dose, even with synergism. For
Minimum degree of synergism required
3-fold potency increase
*
these reasons, a relatively large
See Appendix J for details.
amount of study is needed before
the required dose and clinical potential of hypericin can be understood (see Table 13.2). tive antiviral agent than the nonphotoactivated
We discuss it here because future studies may resolve compound.
the inconsistencies. It is also of interest since photoactiHypericin inhibits proliferation of a number of cancer
vated hypericin, especially when used for superficial cell lines, with photoactivated hypericin being more pocancers, does hold some promise. In addition, an anti- tent. Cytotoxic studies on nonphotoactivated hypericin
cancer effect from orally administered nonphotoacti- are listed in Table D.2 of Appendix D. Normal laboravated hypericin cannot yet be ruled out.
tory lighting could have been used in some of these
studies, however, which may have affected results.
Discussion
The potential anticancer actions of hypericin are listed
Hypericin seems most useful in its photoactivated in Table 20.14. Several animal studies have reported an
form. In fact, most animal antitumor studies on hy- antitumor effect from photoactivated hypericin. For
pericin used it in combination with laser light focused example, in two mouse studies, the growth of transon the tumor. It effectively inhibits PTK and PKC ac- planted human epidermoid carcinoma cells decreased
tivity and cancer cell proliferation in vitro, and exhibits after intraperitoneal doses of 2.5 to 20 mg/kg.158,_165 The
other properties that could produce anticancer effects in equivalent human oral dose is about 120 to 920 millivivo. Photoactivated hypericin appears to act via a grams per day (average of 520 milligrams); we can asprooxidant mechanism, causing oxidative damage to sume the required dose of nonphotoactivated hypericin
lipid membranes and proteins. In one in-vitro study, would be greater than this.
treatment with photoactivated hypericin killed mouse
breast cancer cells and induced an antioxidant enzyme
Estimated Therapeutic and LOAEL Doses of
response.162 Oxygen was necessary for the cytotoxic
Hypericin
effect to occur. Nonphotoactivated hypericin may not
The estimated required dose of hypericin scaled from
be as useful; depending on the cell line, in-vitro cancer
animal
antitumor studies is not in close agreement with
cell proliferation can be decreased or unaffected by hy163,_164
that
calculated
from pharmacokinetic and in-vitro data.
pericin under dark conditions.
This discrepancy implies the target human dose can be
Hypericin and its related compound pseudohypericin estimated only within a large range. The required dose
are derived from the plant St. John’s wort (Hypericum scaled from animal antitumor experiments (on photoacperforatum); its extract has been used in humans to treat tivated hypericin) is about 520 milligrams per day
depression. It has also produced antiviral effects and (range of 120 to 920 milligrams), whereas the anticancer
improved wound healing, and it has been tested as anti- dose based on pharmacokinetic calculations is much
HIV agent because of its ability to block NF-κB activ- lower. Using a target in-vivo concentration of 15 µM
ity.157 Again, photoactivated hypericin is a more effec- (30 µM after adjustment for conjugates), the required
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Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
Inhibit PKC
x
—
Chapter 5: Transcription Factors and Redox Signaling
x
x
x
—
Inhibit NF-κB activity
Inhibit AP-1 activity
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
x
Inhibit bFGF effects
Inhibit histamine effects
x
x
x
Inhibit eicosanoid effects
x
x
Inhibit TNF effects
x
x
x
Inhibit VEGF effects
x
x
Inhibit insulin resistance
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit collagenase effects
x
x
Inhibit GAG synthesis
x
Inhibit cell migration
x
x
x
Inhibit metastasis
x
Inhibit platelet
x
aggregation
Chapters 11 and 12: Immune System
Inhibit tumor-induced
x
immunosuppression

dose (of nonphotoactivated hypericin) is about 130 milligrams daily. This relatively low dose is in conflict
with the 520-milligram dose scaled from animal studies;
we would expect the dose for photoactivated hypericin
to be lower, not higher, than that of nonphotoactivated
hypericin. Lacking additional data, we estimate a target
human dose between 130 and 520 milligrams per day.
The commonly prescribed dose in noncancerous conditions is about 2.7 milligrams per day as contained in
standardized Hypericum extracts. Commercial extracts
are commonly standardized for 0.3 percent hypericin.
The LOAEL dose is estimated to be 5.6 to 11

AS A
COLLAGENASE
INHIBITOR, MAY:

AS A NF-κ
κB
INHIBITOR, MAY:

AS A PKC
INHIBITOR, MAY:

AS A PTK
INHIBITOR, MAY:

ACTIVITY

KNOWN EFFECTS

TABLE 20.14 POTENTIAL ANTICANCER ACTIONS OF HYPERICIN

x
x

x
—

x

milligrams daily, with the primary
adverse effect being photosensitivity (see Appendix J).
Dose calculations for hypericin
are summarized in Table 20.15.
The tentative recommended dose
range is listed as 5.6 to 11 milligrams daily, based on the estimated
LOAEL dose.
Whether synergistic interactions
will be needed to produce an anticancer effect in humans, or if such
effect could be produced even with
synergism is uncertain. If the target
dose is 520 milligrams and the
LOAEL dose is 11 milligrams, the
full 15-fold allowable increase in
potency from synergism would
lower the target dose to 35 milligrams, which is still above the
LOAEL dose. Thus a dose of 11
milligrams may not produce an
anticancer effect if the target dose is
high.
Although the use of hypericin is
not recommended at this time due to
uncertainties in the required dose
and the possibility that even with
synergism hypericin may not be
effective, dose details are still provided in the table. The tentatively
recommended dose would not be
expected to cause harm and because
of the uncertainties, a beneficial
effect cannot be ruled out.

CONCLUSION

Nonflavonoid phenolic compounds represent a diverse group of
potential anticancer compounds that could inhibit cancer
progression through several means. For many of these
compounds, the metabolism and pharmacokinetics are
uncertain in vivo, and doses scaled from animal studies
and those calculated from pharmacokinetic and in-vitro
data do not match. In most of these cases, the latter is
higher, suggesting that other active metabolites might
occur in the plasma that are not accounted for in the
pharmacokinetic dose calculations. That discrepancies
exist does not mean the compounds will not be useful;
the dose calculations indicate that most could be effective with synergism. A few compounds, particularly
flaxseed and hypericin, do not seem as promising as the
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TABLE 20.15 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR HYPERICIN*
DESCRIPTION
Required dose as scaled from animal antitumor studies
(photoactivated)
Required cytotoxic dose as determined from pharmacokinetic
calculations (nonphotoactivated)
Target dose based on range from animal antitumor studies and
pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold synergistic
benefits
Commonly prescribed human dose in noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further research
Minimum degree of synergism required
*

DOSE (mg/day)
120 to 920
(average 520)
130
130 to 520
9 to 35
2.7
5.6 to 11
5.6 to 11
uncertain

See Appendix J for details.

others; based on preliminary data, they may not be effective when target doses are high, even with the benefits of synergism.
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TERPENES
This chapter and the next discuss terpenes and related
compounds. We focus here on three groups of terpenes:
monoterpenes, triterpenes, and sesquiterpenes, each of
which is composed of multiple isoprene units. The
monoterpenes discussed are limonene, perillyl alcohol,
and geraniol; the triterpenes discussed are asiatic acid
and boswellic acid; and the sesquiterpene discussed is
parthenolide.
The isoprene unit and the production of different terpenoids from it are illustrated in Figure 4.5. As shown
there, the isoprenoid pathway is also the source for steroids. On the basis of that link, a number of steroidlike
compounds are also discussed in this chapter. These are
saponins, special glycosides of triterpene or steroidlike
compounds. The saponins discussed are those from
horse chestnut, butcher’s broom, and ginseng. Structures for all compounds covered in this chapter are illustrated in Figures A.59 to A.74 of Appendix A.

MONOTERPENES
Summary of Research and Conclusions
Fifteen in-vitro studies have reported that monoterpenes inhibit a variety of cancer cell lines.1–5 The minimum effective concentration varied greatly between
different monoterpenes and between different studies,
with the total range being roughly 50 to 5,000 µM and
the average range being 160 to 1,300 µM. These concentrations are high relative to the effective concentrations for most other natural compounds. Nevertheless,
due to favorable pharmacokinetics and relatively low
toxicity, these high concentrations and the doses required to achieve them are not prohibitive.
At least seven antitumor studies on monoterpenes have
been conducted in animals.5–11 Two reviews discussing
animal studies have also been published.12,_13 As a
whole, these studies suggest that orally administered
monoterpenes are capable of causing the regression of
several types of established tumors. In many cases,
these regressions were complete (100 percent).
Two human phase I studies were done; these were designed to determine pharmacokinetic parameters and the
highest safe dose in cancer patients, not efficacy.14,_15
In addition to the above, a number of other animal
studies have reported that monoterpenes have cancer
preventive effects.16,_17,_18

Introduction
Orally administered monoterpenes have produced
some dramatic anticancer effects in tumor-bearing rodents. A variety of monoterpenes have this capacity,
differing only by their potency. Three promising
monoterpenes are limonene, perillyl alcohol, and geraniol.
Monoterpenes are the simplest compounds of the terpene series. These and other low-molecular-weight terpenes tend to be highly volatile and often constitute the
primary components of essential oils, the fragrant principles of plants. Essential oils are used in perfumes and
as flavoring agents for foods; an example of the latter is
orange oil, which contains a high amount of the
monoterpene limonene. Essential oils are generally antiseptic, and some, like limonene, are local irritants.
Most monoterpenes occur naturally as aglycones, but
glycosides have also been reported.
The monoterpenes limonene, perillyl alcohol, and geraniol decrease the proliferation of a variety of tumor
cell lines both in vitro and in vivo; although the exact
method for this is still not certain, many possibilities
have been postulated. The potential anticancer actions
of monoterpenes are listed in Table 21.1.
The first activity listed in the table is inhibition of isoprene synthesis. As a reminder, the lipid tail needed to
make the ras protein functional is a product of the isoprene synthesis pathway. Plant monoterpenes can block
this pathway by inhibiting HMGR, the rate-limiting enzyme in isoprene synthesis (see Figure 4.5).
The relative ability of monoterpenes to inhibit cell proliferation in six different cell lines in vitro is shown in
Figure 21.1 (not all compounds were tested in all
lines).3,_19,_20 Included in the figure is perillic acid, the
primary active metabolite of limonene and perillyl alcohol, and possibly geraniol. Of the three monoterpenes,
perillyl alcohol is most efficiently converted to perillic
acid. The geometric averages shown are 160 µM for
perillyl alcohol, 200 µM for geraniol, 520 µM for perillic acid, and 1,300 µM for limonene. Perillyl alcohol
would appear to be the most effective, but again, it is
metabolized primarily to perillic acid in vivo. The ability of these compounds to inhibit HMGR is directly correlated with their ability to inhibit cancer cell
proliferation.19
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TABLE 21.1 POTENTIAL ANTICANCER ACTIONS
OF MONOTERPENES
ACTIVITY
KNOWN EFFECTS
Chapter 3: Results of Therapy at the Cellular Level
Inhibit isoprene synthesis
x
Chapter 4: Growth Factors and Signal Transduction
Induce differentiation
x
Induce apoptosis
x
Improve TGF-beta signaling
x
Chapters 11 and 12: Immune System
Inhibit tumor-induced immunosuppression
x

Figure 21.1 Geometric Average and High-Low Values for
Inhibition of Cancer Cell Proliferation by Monoterpenes

IC50 (µM)

5500
5000
4500

as long as limonene was continued, and
little or no toxicity was observed.22 The
human equivalent of a 5.6 g/kg per day
dose in rats is about 91 grams daily. Although little or no toxicity was seen in
rats at this dose, it may still produce adverse effects in humans.
At lower doses (less than 1 percent of
diet), limonene inhibited breast cancer
development induced by a variety of carcinogens in rats. The anticarcinogenic
effects of limonene and other monoterpenes are probably due to their ability to
stimulate drug metabolism in the liver,
thereby effectively detoxifying carcinogens. Drug detoxification is discussed in
more detail in Chapter 23. Monoterpenes
induce a wider spectrum of detoxification
enzymes than does the classic enzyme
inducer, phenobarbital.23

Perillyl Alcohol
1000

500

0
perillyl alcohol

geraniol

perillic acid

Monoterpenes

Limonene
As mentioned, limonene is the primary constituent of
orange oil. Midseason sweet orange oil may contain 80
to 96 percent limonene, with the remainder being other
terpenes. The concentration can vary, however, and
analysis of some commercial orange oil has revealed
zero limonene content.21 The anticarcinogenic and antitumor effects of limonene and other monoterpenes have
been extensively studied at the University of Wisconsin,
where limonene has been reported to hinder stomach,
lung, skin, and liver cancers in rodent models. Oral administration of limonene at 10 percent of diet (about 7.5
g/kg per day) for three weeks caused regression of tumors in 89 percent of rats with chemically induced
breast cancer. A minimum dose of 7.5 percent of diet
(about 5.6 g/kg per day) was required for complete regression. This effect was observed in rats with both
small and advanced tumors, and the majority of tumor
regressions were complete. Regression was maintained

limonene

Because a high dose of limonene is required for tumor regression, other related
monoterpenes have been investigated.
Perillyl alcohol, a common chemical
used in the perfume industry, is a limonene analog that is more potent than
limonene itself in inducing tumor regression—5 to 10 times more so in inhibiting
breast cancer in rats.8

Both limonene and perillyl alcohol are
rapidly metabolized in vivo to active terpene derivatives. One derivative in particular, perillic
acid, appears to be responsible for most of the antitumor
effects from oral administration of either limonene or
perillyl alcohol. Within one hour after limonene administration to rats, more than 80 percent is metabolized
to derivatives, the most common being perillic acid and
dihydroperillic acid.24,_25 In humans, approximately 40
percent of limonene is metabolized to perillic acid.26
Perillyl alcohol is also metabolized to perillic acid, but
the conversion is more complete than that for limonene.8
At high doses (2 to 2.5 percent of diet), perillyl alcohol
induced regression of 81 percent of small breast tumors
and 75 percent of advanced, chemically induced breast
tumors in rats. The majority of these regressions were
complete, and secondary tumors were prevented. Although no toxic effects occurred at a 2 percent diet, a 2.5
percent diet caused weight loss in rats, which may have
been due to food aversion. (The human equivalent of a
2 percent diet, 1.5 g/kg, is 24 grams per day.) A 3 per-

Terpenes

cent diet resulted in several deaths. A minimum of 1
percent (about 750 mg/kg per day) was required to produce a significant number of complete tumor regressions
(55 percent).8 The equivalent human dose is about 12
grams per day.
Other studies have confirmed the effect of these doses
in rodents. At 2 percent of diet (about 1.5 g/kg), perillyl
alcohol reduced tumor mass by a factor of 10 in rats
with chemically induced liver tumors. Cell proliferation
was not affected, but the rate of apoptosis was markedly
increased.27 This effect on apoptosis may be specific to
cancer cells. For example, one study reported that perillyl alcohol was much more effective at inducing apoptosis in pancreatic cancer cells than in normal pancreas
cells.28 At 1.5 g/kg per day, perillyl alcohol reduced
growth of pancreatic tumors in hamsters by more than
50 percent, and in 16 percent, complete regressions were
seen. No regressions happened in controls.29 The
equivalent human dose is about 21 grams per day.
Much lower doses of perillyl alcohol (75 to 150
mg/kg) were effective at inhibiting the incidence of
chemically induced colon cancer in rats.30 As with
limonene, the cancer preventive dose is lower than the
antitumor one.

Geraniol
The monoterpene geraniol may be slightly more effective than perillyl alcohol in treating established tumors.
In one study, a maximum response to geraniol was seen
at approximately 740 mg/kg in rats, whereas a minimum
response to perillyl alcohol took place at 750 mg/kg.31
Even at doses as low as 360 mg/kg, geraniol was effective in decreasing transplanted liver cancer cells in rats.
The equivalent human dose is about 5.8 grams per day.
An oral dose of roughly 250 mg/kg reduced growth of
transplanted melanoma and leukemia cells in mice.32,_33
The equivalent human dose is about 2.4 grams per day.
A larger geraniol dose of approximately 2.4 g/kg per day
(2 percent of diet) completely inhibited the growth of
transplanted pancreatic cancer cells in hamsters, without
adverse effects.34 The equivalent human dose is about
34 grams per day.

Estimated Therapeutic and Tolerated
Doses of Monoterpenes
The estimated required limonene and perillyl alcohol
doses scaled from animal antitumor studies roughly
agree with those calculated from pharmacokinetic and
in-vitro data. The former is about 91 grams for limonene and 12 to 24 (average 19 grams) grams for perillyl
alcohol; doses based on pharmacokinetic data are 120
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grams for limonene and 19 grams for perillyl alcohol.
As discussed in Appendix J, however, the doses calculated from pharmacokinetic and in-vitro data do not provide a true corroboration of the animal data.
Nonetheless, we still estimate target human doses by
using an average of the values from both types of studies, or 110 grams for limonene and 19 grams for perillyl
alcohol. Although pharmacokinetic data are not available for geraniol, the animal antitumor data indicate a
dose of 2.4 to 34 grams would be required (average of
4.1 grams based on the two studies with the lowest
dose).
The estimated maximum tolerated dose of limonene is
about 14 grams per day, while the estimated LOAEL
doses for perillyl alcohol and geraniol are 9 and 5.7
grams per day, respectively (see Appendix J). The doselimiting adverse effects of monoterpenes are gastrointestinal problems like nausea, vomiting, and diarrhea. The
three monoterpenes are not commonly used as therapeutic agents in noncancerous conditions, so a commonly
prescribed dose cannot be determined.
The therapeutic dose estimates are summarized in Table 21.2. For all three monoterpenes, the low end of the
tentative recommended dose range is equal to the dose
calculated by assuming a full 15-fold increase in potency due to synergistic interactions. The high end of
the range is the LOAEL dose or, in the case of limonene,
the maximum tolerated dose. These are above the 1.8gram general linear bioavailability limit, but this is not a
problem for these compounds, since they were tested in
pharmacokinetic studies at high doses.
Synergistic interactions are probably necessary for
limonene and perillyl alcohol to produce an anticancer
effect in humans. In comparing the target doses in Table
21.2 to the maximum tentative recommended doses,
synergistic interactions will be needed to yield a minimum 7.9-fold and 2.1-fold increase in potency for these
two compounds. This should be possible, since such
increases are well below the allowable 15-fold increase.
The 7.9-fold value for limonene is the highest of all direct-acting compounds (see Table 13.1). From this perspective, limonene is among the weakest direct-acting
compounds discussed, and it may be prudent to place a
low priority on its use relative to other compounds.
As with other drugs and natural compounds, tumor
cells may develop resistance to monoterpenes. For example, resistance has been reported with other HMGR
inhibitors in vitro.35 Therefore, it may be helpful to
combine monoterpenes with agents that reduce multidrug resistance (see Chapter 23). Lastly, because tumor regression due to monoterpenes is reversible,
continual treatment may be necessary. It is not known,
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TABLE 21.2 ESTIMATED THERAPEUTIC AND TOLERATED DOSES FOR MONOTERPENES*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

LIMONENE DOSE
(g/day)
91
120‡

PERILLYL ALCOHOL GERANIOL DOSE
DOSE (g/day)
(g/day)
12 to 24
2.4 to 34
(average 19)
(average 4.1)†
‡
uncertain
19

110

19

4.1

7.3

1.3

0.27

14§
7.3 to 14

9

5.7

1.3 to 9

0.27 to 5.7

2.1-fold potency increase

none

7.9-fold potency
increase

See Appendix J for details.

†

The highest of the three available doses was omitted to calculate the average.

‡

Assumes that other monoterpenes in the plasma besides perillic acid allow a threefold dose reduction.

§

Maximum tolerated dose.

however, if treatment will still be reversible if synergistic combinations are used.
As a practical point, monoterpenes are highly volatile
and are local irritants. Therefore, adverse effects might
be minimized if they are diluted with oil and placed in
capsules. Monoterpenes are best stored in a closed, dark
container to prevent evaporation and degradation. Like
other compounds we discuss, monoterpenes will be most
effective when taken in at least three divided doses per
day. Additive toxicities can be avoided if different
monoterpenes are not taken together.

TRITERPENOIDS
Although many triterpenoids inhibit cancer cell proliferation in vitro, they are not generally thought of as anticancer compounds. Rather, triterpenoid-rich plants have
been used in herbal medicine traditions more for their
anti-inflammatory effects and their protective effects on
the vascular system. We included them here partly for
these characteristics, which may inhibit angiogenesis
(see Chapters 7 and 8) as well as invasion and metastasis
(see Chapters 9 and 10). In addition, some triterpenoids,
including those from the Centella and Boswellia species,
produce cytotoxic effects against cancer cells. Like all
triterpenoids, they contain six isoprene units, and their
structure is quite similar to the steroids.

Centella asiatica
Summary of Research and Conclusions
The single study conducted on Centella reported that
its extracts inhibited cancer cell growth in vitro and in
animals.36 Other in-vitro and animal studies on related
compounds corroborate these results. The compounds
include ursolic, oleanolic, and boswellic acids, all triterpenes related to asiatic acid, a primary triterpene in Centella. Moreover, additional mechanistic studies suggest
that Centella triterpenoids have the capacity to fight
cancer (for example, they counteract collagenase activity); thus Centella does have potential as an anticancer
agent even though more studies are necessary to better
define its effects and usefulness.
Discussion
Centella asiatica (gotu kola, Indian pennywort) is a
tropical herb used in traditional medicines for a wide
variety of conditions, including burns, venous disorders,
and skin ulcers.37 Studies have confirmed that oral or
topical administration promotes wound healing, including surgical and nonhealing wounds, ulcerations, and
leprosy sores.38–42 Centella is used internally for venous
insufficiency conditions such as varicose veins and
edema. The most common formulation for oral administration is the standardized total triterpenic fraction of
Centella asiatica (TTFCA), which contains about 30
percent asiatic acid, 30 percent madecassic acid, and 40
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percent asiaticoside, a glycoside of asiatic acid.a Oral
doses of TTFCA are commonly 60 to 180 milligrams
per day, and the dose is generally well tolerated.
The content of total triterpenoids in the whole plant
varies from 1.1 to 8 percent. Most samples yield a concentration between 2.2 and 3.4 percent.43 A dose of
about 2.1 grams of plant material is therefore needed to
provide 60 mg of TTFCA.
Centella triterpenoids may be cytotoxic in vitro, but
only one study has reported this so far. Although it indicated that fractions of Centella were cytotoxic in vitro
to Dalton’s lymphoma and Ehrlich ascites cancer cells,
the content of terpenoids in the fractions was not specified.36 The cytotoxic effects of the related ursane-type
triterpenoids, ursolic and oleanolic acid, have received
more attention, as has the triterpene boswellic acid.b It
is likely that asiatic acid acts similarly to these compounds. In-vitro studies on ursolic and oleanolic acid
indicate they are able to inhibit proliferation of a variety
of cancer cell lines at an IC50 of 1 to 20 µM.44–47 In addition, both oleanolic acid and ursolic acid decreased
endothelial cell proliferation at an IC50 of 5 to 20 µM.48
Therefore, these triterpenoids may be useful in preventing angiogenesis, which requires endothelial cell proliferation for building new blood vessels.
Oleanolic and ursolic acids have also produced antitumor effects in vivo. Intraperitoneal administration of
50 to 100 mg/kg of oleanolic or ursolic acid inhibited
growth of established sarcoma tumors in mice by 30
percent. Lower doses were not effective. The compounds also protected the immune system of mice from
radiation damage.49 The equivalent human oral dose of
a 100-mg/kg intraperitoneal dose in mice is about 1.3
grams per day. Because of its antitumor effects, a
pharmaceutical preparation containing oleanolic acid is
patented in Japan for treating nonlymphatic leukemia,
although no data have been published on its clinical efficacy. Again, asiatic acid probably acts in a similar way
to ursolic and oleanolic acids and could produce antitumor effects at similar doses and concentrations. We
focus on Centella triterpenoids here rather than ursolic
and oleanolic acids, in part because of the commercial
availability of Centella and its history of safe use in hu-
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mans. Nevertheless, ursolic and oleanolic acids remain
potential treatment agents.
The possible anticancer actions of Centella are summarized in Table 21.3. Direct cytotoxic actions are not
included because so little research on them exists, but
such effects are certainly possible.
In the single animal antitumor study, oral administration of a terpenoid-rich extract (probably not as concentrated as TTFCA) at 1 g/kg on five alternate days
inhibited tumor growth and increased survival in mice
injected with lymphoma cells. Inhibition was most significant when mice were treated with the extract before
tumor injection, and it was not significant when treatment was started 10 days after injection.36 The equivalent human dose is about 4.8 grams per day. In this
study, the inhibitory effect apparently was not due to
cytotoxicity but to indirect antitumor effects (e.g., reduced vascular permeability).

Estimated Therapeutic and LOAEL Doses of
Centella Triterpenoids
The estimated required dose scaled from animal studies is in rough agreement with that calculated from
pharmacokinetic and in-vitro data. The dose for asiatic
acid from animal studies is about 1.3 grams per day
(based on studies for oleanolic and ursolic acids), and
the one from pharmacokinetic calculations is somewhat
higher; using a target in-vivo concentration of 15 µM,
the required asiatic acid dose is about 2.1 grams per day.
We use the average of 1.3 and 2.1, or 1.7 grams per day
as our target human dose, which is equal to a TTFCA
dose of about 3.1 grams daily. The commonly prescribed dose of asiatic acid in noncancerous conditions
is 33 to 99 milligrams of asiatic acid (60 to 180 milligrams of TTFCA). The LOAEL dose for asiatic acid is
roughly 2.7 grams per day (see Appendix J).
Dose calculations for asiatic acid are summarized in
Table 21.4. The tentative recommended dose is 1.7
grams per day, a value equal to the target human dose
calculated above. Because the target dose is achievable,
synergistic interactions may not be required for asiatic
acid to have an anticancer effect in humans. Nonetheless, asiatic acid may greatly benefit from synergistic
interactions, and it makes sense to test it in combination
with other compounds.

a

Because only about 62 percent of the glycoside is asiatic acid
by weight (the rest being the sugar group), and because almost all
of the glycoside can be cleaved in humans to produce asiatic acid
and its sugar, TTFCA actually contains the equivalent of about 55
percent asiatic acid.
b

Ursolic and oleanolic acid are isomers of one another, meaning
they have the same chemical formula but a slightly different
chemical structure.

Side effects are possible at high doses. The juice of
fresh Centella plants produced antifertility effects in
mice at oral doses equivalent to about 10 grams of
whole plant.50 This amount of plant contains about 280
milligrams of triterpenoids. Antifertility effects were
also caused by oleanolic acid in male rats (sperm production was inhibited).51 Oleanolic acid and other
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TABLE 21.3 POTENTIAL ANTICANCER ACTIONS OF CENTELLA
KNOWN
AS A
AS A
EFFECTS COLLAGENASE HYALURONIDASE
INHIBITOR,
INHIBITOR, MAY:
MAY:
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit bFGF effects
x
x
Impede increased vascular
x
permeability
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
x
Inhibit hyaluronidase,
x
—
beta-glucuronidase, or
elastase
Inhibit collagenase effects
x
—
Inhibit cell migration
x
Inhibit metastasis
x
x

Boswellic Acid

ACTIVITY

TABLE 21.4 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
ASIATIC ACID*
DESCRIPTION
Required dose as scaled from animal antitumor studies
(for oleanolic and ursolic acids)
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further research
Minimum degree of synergism required
*

See Appendix J for details.

triterpenoids also hinder the enzyme testosterone 5 alpha-reductase, an action that can produce antifertility
effects but may also make these compounds useful in
prostate cancer treatment.52 In addition to such antifertility effects, TTFCA applied topically to sensitive individuals can cause contact dermatitis.53
Since other ursane-type triterpenes reverse the inhibitory effects of boswellic acid on 5-lipoxygenase synthesis, it may be wise to avoid using TTFCA in
combination with boswellic acid. Additional in-vitro
and in-vivo studies are needed, however, to verify this
inhibitory interaction.

DOSE (g/day)
1.3
2.1

Summary of Research and
Conclusions
Seven in-vitro studies have reported that boswellic acid inhibited proliferation and/or induced
differentiation in leukemia or
central nervous system cancer
cell lines.54–60 In addition, cytotoxic effects against two cancer
cell lines have been observed by
our research group.61 At least
three animal antitumor studies
have been published, which
found that boswellic acids inhibited the growth of transplanted
brain cancer cells and leukemia
cells in rodents.62,_63,_64 Two
human studies have also been
conducted.65,_66 These indicated
that Boswellia extracts or boswellic acid could reduce brain
edema or otherwise have a palliative effect in brain cancer patients.

1.7

Discussion
Frankincense is the gum resin
0.11
secreted by the tree Boswellia
serrata (or B. carteri). Frankin0.03 to 0.09
cense and its close relative
myrrh (Commiphora species.)
2.7
have a history of use dating to
1.7
ancient Egyptian civilizations
none
5,000 years ago.67,_68 Both plants
are used in Chinese herbal medicine for treating pain from
trauma and other swellings.
Frankincense is also applied topically to promote healing of sores. A primary active compound in frankincense is boswellic acid, which occurs naturally in both
an alpha and beta form (see Figures A.65 and A.66 in
Appendix A).
Numerous studies documented that boswellic acid
and/or Boswellia extracts produce anti-inflammatory
effects. For example, the alcohol extract of Boswellia
produced anti-inflammatory effects in rats at oral doses
of 50 mg/kg.69 Mitigation of chronic arthritis (including
a reduction in collagen degradation) was observed at an
oral dose of 100 mg/kg in rats; in this study, alcohol
extracts were just slightly more effective than boswellic
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acid alone.70 Oral doses of 50 to
200 mg/kg of the alcohol extract
reduced leukocyte migration at
inflammatory sites in rats.71 Oral
administration of boswellic acid at
25 to 100 mg/kg improved chronic
arthritis in rabbits.72 The human
equivalents to these animal doses
range from about 0.73 to 3.2 grams
per day.
Anti-inflammatory effects have
also been observed in human studies. In arthritic patients, daily oral
doses of about 600 milligrams of
boswellic acid for eight weeks
reduced symptoms and improved
clinical parameters.72 Oral doses
of about 1.1 grams per day of
Boswellia resin for six weeks reduced signs and symptoms in patients with ulcerative colitis (82
percent went into remission),
while daily oral doses of about 900
milligrams for six weeks reduced
symptoms in patients with bronchial asthma (70 percent showed
improvement).73,_74
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TABLE 21.5 POTENTIAL ANTICANCER ACTIONS OF
BOSWELLIC ACID
ACTIVITY

AS AN
AS A
EICOSANOID HYALURONIDASE
INHIBITOR,
INHIBITOR, MAY:
MAY:
Chapter 2: Mutations, Gene Expression, and Proliferation
Inhibit topoisomerases
x
Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Induce apoptosis
x
x
Chapter 5: Transcription Factors and Redox Signaling
x
Inhibit NF-κB activity
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit bFGF effects
x
Inhibit eicosanoid effects
x
—
Inhibit VEGF effects
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase,
x
x
—
beta-glucuronidase, or
elastase
Inhibit collagenase effects
x
Inhibit GAG synthesis
x
Inhibit cell migration
x
x
Inhibit metastasis
x

Boswellic acid has induced differentiation and/or decreased proliferation of leukemia or central
nervous system cancer cells in
vitro. The effective concentrations ranged from 2 to 40
µM:
• Boswellic acid inhibited proliferation of four human
brain cancer cell lines at an IC50 of 30 to 40 µM.55
• Boswellic acid inhibited proliferation of 11 lines of
meningiomas obtained from patients at an IC50 of 2
to 8 µM.60
• Boswellic acid induced differentiation in human leukemia cells at 11 to 22 µM.63,_75
• Boswellic acid induced apoptosis in human leukemia
cells at an IC50 of 30 µM.58
• Boswellic acid inhibited proliferation of human leukemia cells by 72 percent at 4 µM.54
• Boswellic acid acetate at concentrations of less than
24 µM induced differentiation in three of five leukemia cell lines; the proliferation of all five cell lines
was inhibited at concentrations of about 40 µM or
less.57

KNOWN
EFFECTS

In addition to the above, at least one in-vitro study has
reported that boswellic acid interacts synergistically
with other natural compounds. In that study, boswellic
acid was a weak inducer of differentiation in human leukemia cells, but its action greatly increased in the presence of daidzein.56 The potential anticancer actions of
boswellic acid are listed in Table 21.5.
Three animal studies reported that boswellic acid produced antitumor effects. In the first, oral doses of 75,
150, and 300 mg/kg per day reduced the growth of
transplanted brain cancer cells in rats.62 The human
equivalent of 150 mg/kg per day in rats is 2.4 grams per
day. In the second study, intraperitoneal administration
of 25 to 50 mg/kg inhibited growth and induced the differentiation of transplanted leukemia cells in mice.63,_75
The equivalent human oral dose is about 340 to 680 milligrams per day. In the third, oral administration of 720
mg/kg of Boswellia extract increased the survival of rats
injected with brain cancer cells.64 This extract contained
20 percent boswellic acid.76 The dose of boswellic acid
was then about 144 mg/kg, or about 2.3 grams as scaled
to humans.
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TABLE 21.6 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
BOSWELLIC ACID*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as scaled from animal antiinflammatory studies
Doses used in human anticancer studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly studied human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (g/day)
0.34 to 2.4
0.73 to 3.2
3.6 to 5.4
as Boswellia extract†
2.3
1.8
0.12
0.6 (boswellic acid)
0.9 to 1.1 (Boswellia extract)
2.7
1.8

3.6-gram per day dose of Boswellia
extract used in the human study on
brain tumor patients; the actual
boswellic acid content in the extract
was not given.
The commonly prescribed dose of
Boswellia resin for noncancerous
conditions in Chinese herbal medicine is 3 to 9 grams per day, although the actual content of
boswellic acid in the resin has not
been reported.
Human antiinflammatory studies have used
doses of 600 milligrams per day of
boswellic acid and 0.9 to 1.1 grams
of resin per day. The LOAEL dose
for boswellic acid is estimated at 2.7
grams daily (see Appendix J).

Dose calculations for boswellic
acid are summarized in Table 21.6,
none
with the tentative recommended
*
See Appendix J for details.
dose listed as 1.8 grams per day.
†
The concentration of boswellic acid in the Boswellia extracts used is uncertain.
This value is equal to the target human dose. Boswellia extract is the
most common source of boswellic
At least two human studies have also been conducted.
acid, and dose estimates for it will differ, depending on
In the first, oral administration of about 3.6 grams daily
its boswellic acid content.
of Boswellia extract tablets reduced brain edema in brain
tumor patients.65 This effect could be attributed largely
Because the target dose is achievable, synergistic into its anti-inflammatory action. In another study, on 19 teractions may not be required for boswellic acid to prochildren with brain cancer, a boswellic acid product duce an anticancer effect in humans. Still, it may
given orally at a daily average dose of 77 mg/kg for nine greatly benefit from synergistic interactions and is best
months produced palliative benefits, including relief of tested in combinations.
general symptoms and transient or sometimes longerThe dose of 1.8 grams recommended in Table 21.6
lasting regression of neurological symptoms.66 The
might produce analgesic or sedative effects, which could
equivalent adult dosage would be about 5.4 grams. Bebe useful in some situations. Such effects occurred at an
cause the concentration of boswellic acid in the products
intraperitoneal dose of 55 mg/kg in rats but were slight
used in the human studies is uncertain, the doses of
at 20 mg/kg.77 The equivalent human oral dose of a 55boswellic acid used are also uncertain.
mg/kg dose in rats is about 1.2 grams.

Estimated Therapeutic and LOAEL Doses of
Boswellic Acid
The required dose scaled from animal studies is similar
to the one calculated from pharmacokinetic and in-vitro
data. The former is 340 milligrams to 2.4 grams per
day, and doses scaled from anti-inflammatory experiments are similar. Using a target in-vivo concentration
of 15 µM, the required boswellic acid dose from pharmacokinetic calculations is about 2.3 grams per day.
We use an average of 0.34, 2.4, 2.3, and 2.3 grams, or
1.8 grams per day as our target human dose, which is
nearly the same target dose estimated for asiatic acid.
This dose also seems reasonable in comparison to the

SAPONINS
Saponins are a special category of isoprenoid glycosides that form colloidal solutions with water and
foam when shaken. Removing the glycoside fraction
yields aglycones known as sapogenins, which have either a terpenoid or steroid structure.
In this section, we discuss two groups of saponin-rich
plants: those generally used to treat vascular or inflammatory problems and those generally used as immune
stimulants. Compounds from the first group are not
commonly regarded as anticancer agents, but they seem
to have promise as part of a multicompound approach.
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Their vasoactive characteristics
give them the potential for inhibiting angiogenesis, metastasis, and
invasion. The two saponins reviewed from this first group come
from horse chestnut and butcher’s
broom. The second group of
saponin-rich plants, the immune
stimulants, have been more widely
studied as cancer treatment agents
(see Chapter 12); saponins discussed from this group are from
Panax ginseng.

Horse Chestnut
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TABLE 21.7 POTENTIAL ANTICANCER ACTIONS OF ESCIN AND
HORSE CHESTNUT EXTRACT
ACTIVITY

KNOWN
AS A HYALURONIDASE
EFFECTS
INHIBITOR, MAY:
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
Inhibit bFGF effects
x
Impede increased vascular
x
permeability
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betax
—
glucuronidase, or elastase
Inhibit cell migration
x
Inhibit metastasis
x

Summary of Research and
Conclusions
Although horse chestnut has not generally been considered an anticancer agent, one in-vitro study found that
horse chestnut saponins are cytotoxic to cancer cells.78
In this book, we include horse chestnut not as a cytotoxic compound but as one that can protect the vasculature and reduce edema. Through these actions, it should
be able to inhibit angiogenesis, metastasis, and invasion.
Even though anticancer studies on animals and humans
have not yet been done, it seems likely that horse chestnut has a role in cancer treatment.
Discussion
Horse chestnut (Aesculus hippocastanum) is used in
Western herbal medicine to treat diseases of the venous
system. In Germany, preparations of horse chestnut are
approved to treat diseases such as thrombophlebitis,
varicose veins, and many types of edema. Aesculus extracts are the second most prescribed herbal monopreparation in Germany, with annual retail sales of $103
million (U.S. dollars).79 In Chinese herbal medicine, the
seed of a related plant, A. chinensis, is used to treat malnutrition and other digestive difficulties at a dose of 3 to
9 grams in decoction. Japanese herbal medicine prescribes the seed of A. turbinata, another related plant, to
treat digestive difficulties and promote absorption.80
Horse chestnut extract is effective against many forms
of edema, including brain edema (see Tables 8.1 and
F.1). For example, oral administration of 50 to 200
mg/kg in rats and 100 to 200 mg/kg in mice inhibited
chemically induced increases in vascular permeability.81
The human equivalents are about 810 milligrams to 3.2
grams. In a recent meta-analysis of placebo-controlled
human trials, horse chestnut extract was superior to placebo in alleviating signs and symptoms of chronic ve-

nous insufficiency.82 The primary active compound in
horse chestnut extract is the saponin escin, although
other compounds such as flavonoids and the coumarin
derivative esculin may add to its effects. The common
dose of escin itself is 100 to 150 milligrams per day.
For example, an oral dose of 100 milligrams per day
decreased leg edema in humans.83 In animal experiments, escin was 600 times more potent than the flavonoid rutin in reducing edema.84
Escin is actually a group of related complex saponins.
These saponins contain additional acids and a greater
number of sugar molecules than other saponins or glycosides we discuss. The yield of escin from dried horse
chestnut seeds is roughly 1.9 to 3.8 percent.85,_86 Commercial standardized horse chestnut extracts usually
contain 16 to 21 percent escin.87
The potential anticancer actions of escin are listed in
Table 21.7. At least one in-vitro study reported that
escin directly inhibited cancer cell proliferation. In that
study, the IC50 for Ehrlich ascites cells was about 10
µM; normal cells were affected only at much higher
concentrations.78 Although escin is known to cause direct cytotoxicity, the actions in the table are those that
may inhibit cancer by indirect, noncytotoxic means.
Such actions will likely be the most prominent in vivo.

Estimated Therapeutic and LOAEL Doses of
Escin
Because of the poor pharmacokinetic characteristics of
escin, cytotoxic concentrations can probably not be
achieved in the plasma. Indeed, based on pharmacokinetic and in-vitro data, the cytotoxic dose appears to be
about 100 grams, which is 1,000-fold higher than the
dose commonly prescribed in noncancerous conditions.
Therefore, escin is best used for its potential to inhibit
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TABLE 21.8 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR ESCIN*
DESCRIPTION
Required dose as scaled from animal anti-edema
studies
Required dose as determined from human antiinflammatory or anti-edema studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
*

DOSE (mg/day)
150 to 600
100 to 150
100 grams
100 to 150
150
150

See Appendix J for details.

TABLE 21.9 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR RUSCOGENINS*
DESCRIPTION
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research

DOSE (mg/day)
1,500†
100
130
100 to 130

*

See Appendix J for details.

†

Based on an average clearance value obtained from other simple triterpenoids and
saponins.

cancer progression by indirect means. The commonly
prescribed escin dose in noncancerous conditions is 100
to 150 milligrams per day. This dose might be sufficient
to cause anticancer effects through indirect actions, if
horse chestnut is used with other anticancer compounds.
Although the LOAEL dose is uncertain, adverse effects
may occur at doses significantly above 150 milligrams
(see Appendix J).
Dose estimates for escin are summarized in Table
21.8. The tentative dose recommendation of 150 milligrams is based on the upper range of the commonly prescribed dose.

Butcher’s Broom
Summary of Research and Conclusions
Like horse chestnut, butcher’s broom has not generally
been thought of as an anticancer agent. However, at
least one in-vitro study suggested that saponins from
butcher’s broom are cytotoxic to cancer cells.88 Here we

are interested in its ability to protect
the vasculature and reduce edema,
and thus its potential to inhibit angiogenesis, metastasis, and invasion.
As with horse chestnut, the efficacy
of butcher’s broom in cancer treatment remains to be proven in animals
or humans.

Discussion
Butcher’s broom (Ruscus aculeatus) is an evergreen bush native to
the Mediterranean region. It has
been used extensively in herbal
medicine to treat varicose veins,
hemorrhoids, and edema, although it
has not received as much research in
this area as horse chestnut. The active ingredients include a group of
saponins known as ruscogenins,
which have vasoconstrictive and
anti-inflammatory effects in vivo
(see Tables 8.1 and F.1).
The potential anticancer actions of
butcher’s broom are the same as
those for horse chestnut (see Table
21.7). In addition, cytotoxic effects
are possible. Some ruscogenins inhibited proliferation of human leukemia cells in vitro, with an IC50 of
about 4 µM.88

Estimated Therapeutic and
LOAEL Doses of Butcher’s Broom
As stated, butcher’s broom is regarded here as an indirect-acting, rather than a cytotoxic compound. Nonetheless, there is a possibility ruscogenins could induce
direct cytotoxic effects, with the benefits of synergism.
Using a target in-vivo concentration of 15 µM, the required ruscogenin dose needed to cause cytotoxic effects
would be about 1.5 grams per day. This dose is greater
than the approximate 100-milligram dose commonly
prescribed in noncancerous conditions. It is also above
the estimated LOAEL dose of 130 milligrams (see Appendix J). Accordingly, at least a 12-fold increase in
potency due to synergism would be required to produce
direct inhibitory effects. Although this size of increase
is theoretically possible, the 1.5-gram target dose is
based on very limited pharmacokinetic and in-vitro data.
Therefore, while direct effects may be possible in synergistic combinations, it is best at this stage to think of
ruscogenins as indirect-acting compounds.

Terpenes

Dose estimates for ruscogenins
are summarized in Table 21.9.
The tentative dose recommendation is listed as 100 to 130 milligrams, where the lower value is
equal to the commonly prescribed
dose and the higher is the estimated LOAEL dose.
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TABLE 21.10 POTENTIAL ANTICANCER ACTIONS OF GINSENG
ACTIVITY
KNOWN EFFECTS
Chapters 9 and 10: Invasion and Metastasis
Inhibit cell migration
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Stimulate the immune system
x

Ginseng
Summary of Research and Conclusions
Some 33 in-vitro studies have been conducted on the
effects of ginseng extracts or isolated saponins on cancer
cells.89–93 As a whole, these suggest that ginseng or its
isolated saponins can inhibit cancer cell proliferation
and invasion, usually at 10 to 180 µM (for the saponins).
Fifteen animal studies have been conducted on the antitumor effects of ginseng extracts or its isolated saponins.94–98 These studies suggest that the extracts and
saponins can decrease tumor growth and metastasis and
improve survival. The active constituent in the plasma
apparently is a metabolite of ginseng saponins, rather
than the saponins themselves.
Four anticancer studies have been done with humans
using ginseng extracts.99–102 All were published in the
Chinese literature and were not available for review, and
all used ginseng in combination with other herbs. Based
on the abstracts, these herbal combinations helped cancer patients who were also treated with chemotherapy.
In addition to the above, a number of other animal and
human studies have indicated that ginseng can reduce
cancer risk.103,_104,_105 Animal studies reported that it
improved the effects of chemotherapy drugs. These will
be discussed in Chapter 23.
Ginseng is characterized in this book as an immune
stimulant, but it also has the capacity to operate as a
direct-acting compound. It could be effective at safe
doses when used alone as an immune stimulant or when
used in synergistic combinations as a direct-acting compound. The pharmacokinetics and metabolism of ginseng are not well defined, and there are inconsistencies
between the doses found effective in animal studies and
those calculated from in-vitro and pharmacokinetic data.
Due to the inconsistencies, we can estimate the target
dose (for direct actions) only within a large range.
Nonetheless, even if the effective target dose is at the
high end of this range, ginseng could still have direct
inhibitory effects at the maximum safe human dose, with
the benefits of synergism.

Discussion
Panax ginseng is a commonly used medicinal herb. It
is categorized as a qi (vital energy) tonic in Chinese
herbal medicine, and its use dates back more than 3,000
years. The main active constituents of ginseng are ginsenoside saponins. Although at least 28 ginsenosides
have been identified, these can be classified into one of
three groups, Ro, Rb, and Rg.a The quantity of these
saponins in four-year-old roots is about 0.4, 2.3, and 1.1
percent respectively, for a total saponin content of about
3.8 percent.106 However, in another study on different
ginseng samples obtained from herb shops in Taiwan,
the average total saponin content was about half this
amount, or 1.6 percent.107
In addition to the saponins, ginseng also contains a
high-molecular-weight polysaccharide (ginsan), which
has an immunostimulant effect, and an alcohol (panaxytriol), which causes a reversible cytotoxic effect against
various cancer cell lines at about 45 µM.108,_109 The latter also reduced melanoma growth in mice when administered at 40 mg/kg intramuscularly.110,_111
Pharmacological studies have reported that ginseng
produces a variety of effects in animals and humans.
These include antishock, immune stimulation, sedation,
and antifatigue effects, as well as enhancement of memory, inhibition of platelet aggregation, and modulation
of the endocrine system.112–118,_126
The potential anticancer actions of ginseng are listed in
Table 21.10. In addition to these indirect actions, ginseng saponins, and especially a metabolite of ginseng
saponins called M1, may cause direct cytotoxic effects
against cancer cells.
Several in-vitro studies have reported that ginsenosides
inhibited proliferation and invasion of a variety of cell
lines at concentrations of roughly 10 to 180 µM, although some cell lines were not affected.119–123 The metabolite M1 was effective at somewhat lower concena

Ginsenosides are triterpenoid glycosides of the dammaran series. Ro ginsenosides are oleanolic-based glycosides, Rb ginsenosides are panaxadiol-based glycosides, and Rg ginsenosides
are panaxatriol-based glycosides.
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TABLE 21.11 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR GINSENG*
DESCRIPTION

Required dose as scaled from animal
antitumor studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal
antitumor studies and pharmacokinetic
calculations
Minimum required antitumor dose assuming
15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for
further research
Minimum degree of synergism required
for direct inhibition of cancer
*

GINSENOSIDE
DOSE
(mg/day)
120 to 610

GINSENG
ROOT DOSE
(g/day)
3.2 to 16

1,800

47

120 to 1,800

3.2 to 47

8 to 120

0.21 to 3.1

110 to 340

3 to 9

340
110 to 340

9
3 to 9

uncertain

See Appendix J for details.

trations (one- to fivefold lower) and appeared to be effective on more cell lines. Based on data from three
studies, M1 or a related metabolite decreased proliferation or invasion of six different cell lines at an average
concentration of roughly 25 µM.90,_124,_125 Normal cells
were affected only at concentrations greater than 130
µM.
Ginseng extracts also inhibited tumor growth in animals. Oral administration of crude ginseng extracts (at
50 to 500 mg/kg) for 10 days significantly reduced tumor growth in melanoma- and sarcoma-bearing mice.126
The actual content of saponins in these extracts was not
specified. If we assume that these were crude extracts
yielding 30 percent material (as discussed in Chapter
13), the equivalent human dose of 500 mg/kg in mice is
about 16 grams of whole root per day.
Isolated ginseng saponins have also decreased tumor
growth and/or metastasis in animals. In sarcomabearing mice, intraperitoneal administration of 20 mg/kg
of ginsenosides for 8 days reduced tumor weights by as
much as 75 percent and increased natural killer cell activity. Inhibition decreased when tumor loads were
large.127,_a The equivalent human oral dose is about 350
milligrams of ginsenosides, or 9.1 grams of root (assuming that the whole root contains about 3.8 percent ginsenosides and that all ginsenosides are equally active).
a

This article stated only that the ginsenosides were injected; we
assume this refers to intraperitoneal injection.

Daily oral administration of 12
mg/kg of Rb2 reduced tumor size,
metastasis, and angiogenesis in
melanoma-bearing mice.119 The
equivalent human dose is about
120 milligrams of Rb2 per day, or
about 3.2 grams of root. Daily
oral administration of Rb1 (at 20
mg/kg) blocked metastasis but not
tumor growth in mice injected
with lung cancer cells.128 The
equivalent human dose is about
190 milligrams of Rb2 per day, or
5.1 grams of root.
The in-vivo antitumor effects of
ginseng saponins appear due to
M1, the primary metabolite of
ginsenosides. In one study, orally
administered ginseng saponins
(Rb1, Rb2, Rc) at 20 mg/kg were
slightly more effective than 20
mg/kg of M1 in reducing lung
metastasis of melanoma cells injected into mice.124

Ginseng may also reduce cancer risk. In one study,
ginseng extracts inhibited cancer formation in hamster
lung cells exposed to carcinogenic chemicals, apparently
by inducing DNA repair.129 Similar effects may occur
in vivo. In a study of 4,600 people, those who consumed ginseng regularly had a decreased risk of most
cancers.115,_130 Those who took it more frequently had a
lower risk than those taking it less frequently.

Estimated Therapeutic and LOAEL Doses of
Ginseng
As discussed, in addition to immune effects ginseng
may cause direct cytotoxic effects against cancer cells.
Therefore, it is interesting to compare doses scaled from
animal experiments to those calculated from pharmacokinetic and in-vitro data. The doses estimated by
these two methods are not in close agreement. The required ginseng root dose from the former is 3.2 to 16
grams per day, while that from pharmacokinetic calculations is higher. Using a target in-vivo concentration of
25 µM of ginsenosides, the required ginseng root dose is
about 47 grams per day. Considering the differences,
we can estimate a target human dose between 3.2 and 47
grams per day. Since the target dose is uncertain, we are
also unsure if synergism is necessary to create a direct
anticancer effect in humans. At the low end of this
range, it would not be, but it would be needed at the
high end.

Terpenes

Although the target dose is uncertain, a direct anticancer effect
may still be possible within the
recommended dose range, with the
benefits of synergism. Consider a
scenario where the target dose is
47 grams of ginseng root and the
LOAEL dose is 9 grams. The full
15-fold allowable increase in potency due to synergism would
lower the target dose to 3.1 grams,
which is below the LOAEL dose.
Thus a 9-gram dose could produce
a direct anticancer effect, even in a
worst-case scenario. A 5.2-fold
increase in potency would be required, which is similar to that
needed for other direct acting
compounds (see Table 13.1).

SESQUITERPENES

Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PTK
x
—
x
x
—
Inhibit NF-κB activity
Chapter 5: Transcription Factors and Redox Signaling
Inhibit AP-1 activity
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit histamine effects
x
x
Inhibit eicosanoid effects
x
x
x
Inhibit TNF effects
x
x
Inhibit VEGF effects
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit hyaluronidase, betaglucuronidase, or elastase
Inhibit collagenase effects
Inhibit GAG synthesis
x
Inhibit cell migration
x
Inhibit platelet aggregation
x
x
Chapters 11 and 12: Immune System
Inhibit tumor-induced
x
immunosuppression

Sesquiterpenes are compounds
composed of three isoprene units. Like monoterpenes,
some sesquiterpenes are found in the essential oils of
plants, and like stilbenes, some are phytoalexins (antibiotics of plant origin).
A number of sesquiterpene lactones are cytotoxic in
vitro, and some have shown antitumor effects in vivo.
In this section, however, we focus exclusively on the
sesquiterpene lactone parthenolide, because feverfew,
the plant source of parthenolide, has a safe history of use
in herbal medicine and commercial feverfew extracts are
available that are standardized for parthenolide. In the
future, other sesquiterpene lactones may be found promising for cancer treatment.
Many sesquiterpenes, including parthenolide from
feverfew, contain a lactone element. One of medicinal

AS AN
EICOSANOID
INHIBITOR,
MAY:

AS A NF-κ
κB
INHIBITOR,
MAY:

ACTIVITY
AS A PTK
INHIBITOR,
MAY:

The therapeutic dose estimates
are summarized in Table 21.11.
The tentative dose recommendation is 3 to 9 grams per day of ginseng root, which is based on the
commonly prescribed dose and the
estimated LOAEL dose.

TABLE 21.12 POTENTIAL ANTICANCER ACTIONS
OF PARTHENOLIDE

KNOWN
EFFECTS

The commonly prescribed dose
in noncancerous conditions is
about 3 to 9 grams per day of ginseng root. The LOAEL dose is
uncertain but, based on the LD50,
is estimated to be about 9 grams
per day (see Appendix J).
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x

x

x
x
—
x
x
x

interest is artemisinin, from Artemisia annua (sweet
wormwood), which has been used successfully in treating malaria. There are approximately 3,000 known sesquiterpene lactones, many of which are antibacterial or
antifungal.

Feverfew
Summary of Research and Conclusions
At least three in-vitro studies have reported that
parthenolide inhibited the proliferation of multiple cancer cell lines.131,_132,_133 In these studies, parthenolide
was active at concentrations between 3 and 9 µM. In
addition, cytotoxic effects against two cancer cell lines
have been observed by our research group.61 At least
one animal antitumor study has been conducted; in it,
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TABLE 21.13 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR PARTHENOLIDE*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

DOSE (mg/day)
96
57
77
5.1
0.54 to 5.8
17
17

In the one animal antitumor study
conducted, oral doses of sesquiterpene lactones (at 10 mg/kg) extracted
from the related plant Parthenium
hysterophorus markedly increased
the life span and reduced tumor size
in leukemia-bearing mice.134 Given
what we know about the makeup of
P. hysterophorus, it is likely that
parthenolide was a primary constituent in the extract. The equivalent
human dose is about 96 milligrams
per day of lactones.
The potential anticancer actions of
parthenolide are listed in Table
21.12.

4.5-fold potency increase

See Appendix J for details.

sesquiterpene lactones from Parthenium hysterophorus
inhibited leukemia in mice.134 Although their composition was not identified, we can assume the sesquiterpene
lactones tested included parthenolide.

Discussion
Feverfew (Tanacetum parthenium) has been used for
centuries as a treatment for migraines and arthritis. The
primary active constituents are sesquiterpene lactones,
the most important of which appears to be parthenolide.
A small number of human clinical studies support the
contention that the herb is useful for preventing migraines.135,_136 In addition to parthenolide, feverfew also
contains apigenin and luteolin glycosides.137
The parthenolide concentration in feverfew varies with
geography and growing conditions.
In addition,
parthenolide itself is an unstable compound. Therefore,
it is not surprising that the parthenolide content of commercial preparations varies greatly; in fact, one analysis
of more than 26 feverfew preparations reported that
about half contained very low or no parthenolide.138
Clinical trials with this plant should use standardized
extracts, and even then it might be wise to verify the
concentration independently.
Although the mechanisms for its cytotoxic action are
not well understood, parthenolide does inhibit proliferation of cancer cells in vitro. At concentrations above 5
µM, it irreversibly decreased proliferation of mouse fibrosarcoma and human lymphoma cell lines.132
Parthenolide also reduced proliferation of human cervical cancer cells at an IC50 of 3 µM and nasopharyngeal
cancer cells at an IC50 of 9.3 µM.131,_133

Estimated Therapeutic and
LOAEL Doses of Parthenolide
The estimated required dose of parthenolide as scaled
from animal antitumor studies is in rough agreement
with that calculated from pharmacokinetic and in-vitro
data, with the dose from animal experiments about 96
milligrams per day and that from pharmacokinetic calculations somewhat lower. Using a target in-vivo concentration of 5 µM, the required daily parthenolide dose is
about 57 milligrams. We use an average of these two
values, or 77 milligrams per day, as our target human
dose.
The commonly prescribed dose in noncancerous conditions is about 5.8 milligrams, based on the labels of
some feverfew products that are standardized for
parthenolide. Lower doses of 0.54 milligrams were used
in some successful studies on migraine patients.138 At
commonly prescribed doses, only mild adverse reactions
to parthenolide have been reported, the most common
being mouth ulcers, which seems to be a systemic effect.
Allergic reactions also occur in some people.139 The
LOAEL dose is uncertain, but based on the LD50 of related compounds it is estimated to be about 17 milligrams daily (see Appendix J).
Therapeutic dose estimates for parthenolide are summarized in Table 21.13. The tentative recommended
dose range is listed as 17 milligrams per day, which is
based on the estimated LOAEL dose.
It appears that synergistic interactions will be required
for parthenolide to have an anticancer effect in humans.
In comparing the 77-milligram target dose to the 17milligram one, synergistic interactions are needed to
produce about a 4.5-fold increase in potency. This
should be possible, since a 4.5-fold increase is well below the allowable 15-fold increase (see Chapter 13).

Terpenes

CONCLUSION
This chapter has focused on a number of terpene compounds. Some of these, such as monoterpenes, tend to
inhibit isoprenoid synthesis via feedback inhibition of
HMGR, and others, such as boswellic acid, tend to produce anti-inflammatory effects. Others may cause anticancer effects through other direct or indirect actions.
As a whole, the terpenes do not suffer some of the
drawbacks of the phenolic compounds discussed in the
previous two chapters. Because they are lipid-soluble,
they are more easily absorbed, and therefore lower doses
can be used to reach the plasma target concentration.
We see then that of the terpenes, only monoterpenes
have a recommended dose as high as the 1.8-gram general bioavailability limit, whereas doses this high were
common among the phenolics. The reason the monoterpene doses are higher than 1.8 grams is not that they are
poorly absorbed, but rather that high plasma concentrations are necessary for cytotoxicity. Moreover, since
terpenes are not metabolized to conjugates to the same
degree that phenolic compounds are, there are fewer
ambiguities regarding their pharmacokinetic characteristics, and therefore dose estimates may be more reliable.
Terpenes are not favored over phenolic compounds,
however; the use of both together will provide certain
advantages. Phenolics and terpenes, because of their
different structures and characteristics, will affect different targets in different cellular compartments, thereby
helping to assure cancer cells are inhibited through diverse means.
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LIPID-SOLUBLE VITAMINS
Three lipid-soluble vitamins, A, D3, and E, are discussed here. Each is related to the terpene (isoprenoid)
compounds covered in the previous chapter; vitamins A
and E contain isoprene side chains, and vitamin D3 is a
hormone with a steroidlike structure. This chapter also
reviews melatonin, another natural hormone. The structures of all four compounds are illustrated in Figures
A.75 to A.81 of Appendix A.

VITAMIN A
Summary of Research and Conclusions
The active metabolite of vitamin A, all-trans retinoic
acid, or ATRA, has received a fair amount of research as
an anticancer compound. In fact, ATRA is now a prescription drug approved by the Food and Drug Administration for the treatment of some types of cancers.
Because this book concentrates on compounds not yet
approved as drugs (see Chapter 1), our discussions focus
on vitamin A (retinol), covering ATRA only in its role
as a metabolite. More specifically, we focus on the form
of retinol commonly found in foods and supplements,
the retinyl ester form (i.e., retinyl palmitate). ATRA
remains a viable treatment compound, however, and it
may be preferable in some situations. For information
on the use of ATRA, the reader is referred to drug reference books and manufacturer’s literature.
Each of the three forms of vitamin A—retinyl esters,
retinol, and ATRA—can inhibit cancer cells in vitro and
in vivo, and each is produced in the plasma after oral
administration of retinyl esters; of the three, the retinyl
ester form occurs at the highest concentration after retinyl ester administration, and seems to have the greatest
inhibitory effect on cancer. Once taken up by the cancer
cell, retinyl esters are metabolized to ATRA, and in that
form they subsequently decrease proliferation.
Some 23 in-vitro studies have investigated the cytotoxicity of retinol or its retinyl ester forms against cancer
cells.1–5 These studies reported that concentrations between 1 and 30 µM of either compound inhibited proliferation of a variety of cell lines. At least 12 animal
studies have also been conducted, and as a whole, they
reported that oral or intraperitoneal administration of
retinol or retinyl esters reduced tumor growth.6–10
Seven human studies have been conducted.11–17 One
of these was a phase I trial, and was therefore designed

to determine the maximum safe dose. One reported that
retinol was ineffective in late-stage cancer, but the remaining 5 found that oral retinol or retinyl esters inhibited acute non-lymphocytic leukemia or improved
disease-free survival in patients previously treated for
lung cancer.
A much larger number of in-vitro, animal, and human
studies have investigated the anticancer effects of
ATRA; overall, these reported that ATRA inhibited the
growth of a variety of cancers. Several hundred such
studies have been conducted in total.18–22
Roughly 10 animal and human studies examined the
effects of retinol or retinyl esters in combination with
immunotherapy and/or chemotherapy. These are discussed in Chapter 23.
A large number of in-vitro and animal studies have investigated the cancer-preventive effects of retinol or
retinyl esters. In addition, several human cancer prevention trials have been conducted, and many more are in
progress or being planned.23–26 These have indicated
that retinol or retinyl esters can reduce cancer risk, but
many unknowns remain.
Because of inconsistent results between studies and a
large variation in the maximum tolerated dose between
individuals, the target and safe doses of retinyl esters
can be estimated only within large ranges. Nevertheless,
they could still be effective if used synergistically.

Introduction
To be precise, the term vitamin A refers to a group of
compounds that possess the biologic activity of all-trans
retinol, the fundamental dietary form of vitamin A. Actually, all-trans retinol (referred to hereafter simply as
retinol) exists naturally in food as retinyl esters (retinol
combined with a fatty acid), such as retinyl palmitate.
The supplement forms of vitamin A are also composed
of retinyl esters, usually retinyl acetate or retinyl palmitate. The metabolites of retinol are much more biologically active than retinol itself. The two primary groups
of retinol metabolites are retinal, which is involved with
vision and reproduction, and retinoic acid compounds,
which are important in many other functions, including
cell proliferation, differentiation, and immune function.27,_28,_a The two primary retinoic acids are all-trans
a

The name retinol is derived from retina, signifying its effects on
the eye.
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TABLE 22.1 CYTOTOXIC EFFECTS OF RETINOL
CELL LINE
Human breast cancer
cells

Human leukemia cells

Human myeloid
leukemia cells

Human melanoma cells

Human retinoblastoma
cells
Mouse liver cancer cells

Osteosarcoma cells

COMMENTS
Retinol inhibited proliferation at an IC50 of about 1 µM.
Resistant clones of these cells were only marginally
inhibited.29
Retinol inhibited proliferation at an IC50 of about 3 µM.
ATRA was less effective.6
Retinol inhibited proliferation by 35 percent at 10 µM.
ATRA inhibited proliferation by 50 percent at the same
concentration.30
At physiologic concentrations of retinol (1 to 3 µM),
bound to its carrier protein, cell proliferation was inhibited
after three to four days. At higher concentrations (10
µM), differentiation was induced in 40% of the cells.41
Retinol was as effective as ATRA at inhibiting
proliferation (about 40% inhibition at 1 µM), but clones of
the melanoma cells exhibited variable sensitivity to both
retinol and ATRA.31
Retinol inhibited proliferation at an IC50 of about 25 µM,
whereas ATRA was only marginally effective.32
Retinol at 1 and 10 µM inhibited proliferation by about 38
and 50 percent, respectively. Retinol was less effective on
human adenocarcinoma cells.33
Retinol at 10 µM inhibited proliferation and invasion.
Lower concentrations (10 nM) appeared to enhance
invasion.5

retinoic acid (ATRA) and 9-cis-retinoic acid. Because
of their effects on proliferation and differentiation, the
retinoic acids, especially ATRA, have been studied as
anticancer agents.
In this book, we focus on the potential of retinyl esters
as anticancer compounds. Oral administration of retinyl
esters results in elevated plasma concentrations of retinyl esters, retinol, and ATRA, as already mentioned.
The metabolism, plasma transport, and tissue uptake of
these vitamin A compounds is complex and occurs by
mechanisms quite different from those of almost all
other compounds we discuss (although there are some
similarities with vitamin E). The details of these mechanisms are discussed in Appendix J. Briefly, orally administered retinyl esters are incorporated along with
other fatty substances, such as triglycerides and cholesterol, into a group of fatty substances called chylomicrons. Chylomicrons, in turn, are transported into the
general blood circulation via the lymphatic system.
Once in the circulation, chylomicron remnants can be
absorbed by the liver and other tissues. In many tissues,
the uptake of chylomicron remnants is mediated by the
low-density lipoprotein (LDL) receptor. After entering
the tissues, and especially the liver, retinyl esters can be
further metabolized to retinol and then to ATRA or other
retinoic acids. Retinol and ATRA in turn leave the liver

and reenter the circulation bound
to specific carrier proteins.
In recent years, cancer research
on vitamin A has concentrated on
the use of ATRA or other forms of
retinoic acid. One reason is that
direct administration of ATRA
bypasses the need for its metabolism from retinol. Nonetheless,
administration of retinyl esters can
also be effective; these have
shown cytotoxic effects in vitro at
physiological concentrations as
well as antitumor effects in animals and humans. Retinyl esters
are attractive anticancer compounds for the following reasons:34

• They are present at much
higher concentrations than
ATRA in vivo. Furthermore,
plasma concentrations of retinyl esters are consistently increased by oral administration.
In contrast, when ATRA is
administered, its bioavailability (as measured by the area
under the concentration-time curve) tends to decrease with repeated administration, since detoxification enzymes are induced.
• Cancer cells, such as some leukemic cells, express
specific uptake mechanisms for retinyl esters in chylomicrons.35

• In some cancer cell lines, retinyl esters in chylomicrons are at least as potent as ATRA in inhibiting
proliferation and inducing differentiation.
• Retinyl esters are less likely to cause adverse effects
than ATRA.

In-vitro Effects of Retinol and Retinyl
Esters
Most in-vitro studies on vitamin A do not closely
mimic in-vivo conditions.34 In vivo, healthy tissues and
cancer cells uptake retinyl esters in chylomicrons, but
uptake retinol and ATRA as bound to carrier proteins.
In most in-vitro studies, however, retinol, retinyl esters,
and ATRA are generally dissolved in a solvent before
being added to the culture. Thus most in-vitro systems
do not account for the specific transport and uptake that
occurs in vivo. In addition, the concentration of serum
or albumin in the culture medium can greatly affect the
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results of the study.36 For these
reasons, results from most in-vitro
studies should be interpreted carefully.
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TABLE 22.2 CYTOTOXIC EFFECTS OF RETINYL ESTERS
CELL LINE
Human leukemia cells

COMMENTS

At 10 µM, retinyl palmitate in chylomicron remnants
induced differentiation and inhibited proliferation.37
Human leukemic cells
At 10 µM, retinyl esters in chylomicron remnants almost
completely inhibited proliferation.38
Human myeloid and
At 5 to 10 µM, retinyl esters in chylomicron remnants
lymphoid leukemic cells inhibited proliferation of three myeloid cell lines.
Differentiation was induced in two of these lines. The
same concentration inhibited proliferation of one of four
lymphoid lines, and it also inhibited proliferation of three
of six cell lines obtained from patients with leukemia.
Acute lymphocytic leukemia cells were not inhibited, but
myeloid leukemia cells were.39
Leukemic blast cells
At 1 µM, retinyl palmitate bound to chylomicron
taken from a patient with remnants was far more effective in inhibiting cell
acute promyelocytic
proliferation than retinol bound to its carrier protein (at 3
leukemia
µM) or retinyl esters bound to LDL (at 0.3 µM).45
Human lung cancer cells Retinyl acetate inhibited invasion at a nontoxic IC50 of
0.27 µM and inhibited proliferation at an IC50 of about 30
µM. On a molar basis, retinyl palmitate was equally or
more effective.40

Well over a dozen studies have
investigated the in-vitro cytotoxicity of retinol, some of which are
summarized in Table 22.1. Note
that the sensitivity of tumor clones
to retinol varies, which is in keeping with the discussions in Appendix J. In general, the studies
suggested that retinol concentrations of 1 to 25 µM (average of
about 7 µM) inhibited proliferation of a variety of cancer cell
lines. Although this average concentration is only slightly larger
than normal retinol plasma concentrations of 1 to 3 µM, such
cytotoxic concentrations are not
easily achieved with oral administration. For example, one study
reported that daily oral administration of 300,000 I.U. of
retinol increased plasma concentrations only by about 20
percent.41–44 For this and other reasons, the elevated
plasma retinyl ester concentrations produced after oral
administration of retinyl esters may be more effective
than the retinol concentrations produced.
A smaller number of studies have noted the cytotoxic
effects of retinyl esters (see Table 22.2). As shown, retinyl ester concentrations of 1 to 30 µM (average of
about 10 µM) are effective in inhibiting cell proliferation. This is similar to the concentrations reported effective for retinol. After administration of retinyl esters,
however, retinyl esters are present in much higher
plasma concentrations than retinol. For example, one
study reported that after a test meal containing about
90,000 I.U. of retinyl esters, peak concentrations were
about 25 µM, whereas retinol concentrations remained
at about 1 to 3 µM.45
The fourth study listed is of particular interest, since it
suggests that retinyl esters bound to chylomicron remnants may be more effective than retinol bound to its
carrier protein for some cell lines. In this study, the authors obtained chylomicron remnants from a patient who
had been taking 50,000 I.U. of retinol daily for four
years. At the concentration present in plasma, the chylomicrons induced differentiation and almost completely
inhibited the proliferation of human leukemia cells in
vitro.

Vitamin A, in whatever form, may inhibit cancer progression through a number of mechanisms; its potential
anticancer actions are listed in Table 22.3.

In-vivo Effects
A number of animal studies have reported that administration of retinol or retinyl esters can inhibit tumor
growth. For example, oral administration of 38,000 I.U.
and above of retinol (as scaled to humans) decreased
growth of transplanted human breast cancer cells in
mice by more than 50 percent.6,_a In another experiment,
oral administration of 32,000 I.U. of retinol (as scaled to
humans) produced a complete remission in 20 percent of
rats with transplanted squamous cell carcinoma and a
partial response in the other 80 percent.7 (Oral retinol
will also increase plasma retinyl ester concentrations.)
Retinol was also effective when administered intraperitoneally.9
Oral or intraperitoneal administration of retinyl esters
have been tested in at least three animal studies.46,_47,_48
In all cases, however, only low doses were used (the
human oral equivalent of about 190, 440, and 1,700
I.U.). Two of the studies reported reduced tumor
One I.U. is equal to 0.3 µg of retinol, 0.344 µg of retinyl acetate, and 0.550 µg of retinyl palmitate. Retinyl esters in the
plasma, as well as in supplements, tend to be primarily retinyl
palmitate. We use a value of 0.49 µg per I.U. here for mixed
retinyl esters.
a
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in previous years.13 The original chemotherapy protocol proACTIVITY
KNOWN
AS A
duced an event-free rate of
EFFECTS
COLLAGENASE
about 20 percent at six years.
INHIBITOR, MAY:
The revised protocol, which
Chapter 2: Mutations, Gene Expression, and Proliferation
contained a change in chemoInhibit topoisomerases
x
therapy and daily administraChapter 3: Results of Therapy at the Cellular Level
tion of 50,000 I.U. of retinyl
Induce differentiation
x
palmitate during remission, reInduce apoptosis
x
sulted in an event-free rate of
Improve TGF-beta signaling
x
about 60 percent at six years.
Chapter 4: Growth Factors and Signal Transduction
The authors speculated that
Induce p21 or p27 activity
x
adding retinyl esters to the
Chapter 6: Cell-to-Cell Communication
treatment protocol contributed
Affect CAMs
x
to the improved results. No
side effects were seen at this
Improve gap junction communication
x
dose.
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Other human studies indicated
Inhibit bFGF effects
x
that retinol or retinyl esters may be
effective in preventing recurrence.
Chapters 9 and 10: Invasion and Metastasis
In a 14-month trial in 181 patients
Inhibit invasion
x
with postsurgical non-small-cell
Inhibit collagenase effects
x
—
lung cancer, recurrence rates were
Inhibit metastasis
x
lower in the group receiving retinyl esters (at 300,000 I.U. per day)
growth, an effect probably due to enhanced immune as compared to controls (18 percent versus 28 percent).
response.
Mild signs of toxicity were seen in some patients at this
Human studies have also suggested that retinol or reti- dose. After 46 months, the rates for tumor recurrence or
nyl esters may have anticancer effects; most of these the development of new primary tumors were 37 percent
50, 51, 52
were conducted on patients with acute nonlymphocytic in the treated group and 48 percent in controls. _ _
leukemia. Four studies are summarized below:
Lastly, one phase II trial suggested that oral retinol
TABLE 22.3 POTENTIAL ANTICANCER ACTIONS OF VITAMIN A

• Administration of retinyl palmitate (at 16,000 I.U.
per day) induced differentiation of bone marrow cells
in five patients with acute nonlymphocytic leukemia.
In three of the four patients who underwent conventional chemotherapy, the sequential treatment with
retinyl palmitate resulted in complete remission.49
• In a case report, administration of retinyl palmitate
(about 270,000 I.U. per day, or 150,000 I.U. per
square meter) to one woman with acute myelogenous
leukemia induced differentiation of her bone marrow
cells.17
• In a case report, a woman with advanced promyelocytic leukemia showed a dramatic decrease in clinical symptoms (for example, a reduced leukocyte
count) during daily administration of 210,000 I.U. of
retinyl palmitate.12 Her condition remained improved for six weeks of treatment until it was discontinued due to side effects, after which the
proliferation of leukemic cells greatly increased.
• In a series of studies on children with acute myelogenous leukemia, a revised treatment protocol
was compared against a protocol used by the authors

may have no effect on cancer progression. Oral administration of about 360,000 I.U. (200,000 I.U. per square
meter of surface area) did not appreciably affect tumor
progression in 65 patients with a variety of advanced
cancers (mostly lung cancer, melanoma, and colon cancer).16 Side effects occurred in 38 percent, and although
most of these were mild, 20 percent did develop acute
central nervous system symptoms. In all cases, the side
effects were reversible with discontinued treatment. The
360,000 I.U. dose was determined to be the maximum
tolerated dose in a previous phase I trial.15 The fact that
retinol was not effective in this study is not of great concern. Both retinol and retinyl esters are likely to require
synergistic interactions if they are to be consistently useful in humans. What is significant is that anticancer effects were observed in some human trials, even without
synergism.
A larger number of human studies have been conducted on ATRA. It has undergone more than a dozen
phase I and phase II trials for different cancers, both as a
single agent and as a component of a multidrug regime.53–58 ATRA is in fact approved for treating acute

Lipid-Soluble Vitamins

promyelocytic leukemia (PML) and is
being evaluated as a treatment for a
variety of other human cancers. In
PML, orally administered ATRA produced complete remissions in as many
as 80 percent of patients.59

Estimated Therapeutic and
Tolerated Doses of Retinyl
Esters
Of the three forms of vitamin A discussed here, we focus on retinyl esters. Retinyl esters are the form least
toxic to the liver, and they occur naturally in foods, have unique means for
plasma transport and tissue uptake,
possess antitumor activity, and can be
metabolized in vivo to retinol and
ATRA.
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TABLE 22.4 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
RETINYL ESTERS*
DESCRIPTION
Required dose based on human anticancer studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from human and
animal studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated maximum tolerated dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

DOSE (I.U./day)
16,000 to 270,000
(average of 140,000)
740,000
140,000 to 740,000
9,300 to 49,000
2,500 to 5,000
50,000 to 600,000
50,000 to 600,000
uncertain

See Appendix J for details.

At low doses, retinyl esters can support immune function or produce anticancer effects in other indirect ways.
Antitumor effects were observed in two of three animal
studies that used low doses (about 190 to 1,700 I.U. per
day, as scaled to humans). Our calculations, however,
are concerned with the dose needed to directly inhibit
cancer, so we will not discuss the animal data further.
The estimated required dose of retinyl esters based on
human anticancer studies does not closely agree with
that calculated from pharmacokinetic and in-vitro data.
Furthermore, the doses used in human studies cover a
very wide range (16,000 to 270,000 I.U. per day, average of 140,000 I.U.). Again, the doses at the low end of
this range would tend to have indirect, rather than direct
effects on cancer. The required dose based on pharmacokinetic calculations is higher. Using a target in-vivo
concentration of 10 µM for retinyl esters, the required
retinyl ester dose is about 740,000 I.U. per day. Because the target human dose is uncertain, it can be estimated only within a large range—140,000 I.U. to
740,000 I.U. per day. It is also uncertain whether synergistic interactions will be needed for an anticancer effect
in humans. At the low end of this range, synergism
would not be needed but would be at the high end.
The commonly prescribed retinyl ester dose in noncancerous conditions (for general health maintenance) is
2,500 to 5,000 I.U. The maximum tolerated dose is estimated from 50,000 to 600,000 I.U. per day, which
again is a large range. Therapeutic dose estimates are
given in Table 22.4. The tentative dose recommendation is 50,000 to 600,000 I.U. daily of retinyl esters,
which is based on the estimated maximum tolerated
dose.

An anticancer effect may be possible within the recommended dose range, if synergism is employed. If the
target dose is 740,000 I.U. and the maximum tolerated
dose is only 50,000 I.U., the full 15-fold allowable increase in potency due to synergism would lower the target dose to 49,000 I.U., which is below the maximum
tolerated dose. Thus a 50,000-I.U. dose could produce
an anticancer effect, with the benefits of synergism.
Still, a 15-fold increase in potency would be required,
which is higher than that required for other direct-acting
compounds, as listed in Table 13.1.
Signs of toxicity after retinyl ester supplementation include chapped lips and dry skin, followed later by headache, fatigue, joint pain, and emotional lability. Liver
damage can occur with high doses, and children are
more susceptible to toxicity than adults. Chronic doses
greater than 5,000 I.U. per day are best monitored by a
physician to assure safety. Although some references
caution that women at risk of becoming pregnant should
not take retinol supplements because of its potential to
cause birth defects, others suggest that up to 30,000 I.U.
could be safe for pregnant women.60

Beta-Carotene and Cancer
Even though beta-carotene is not fully covered in this
book, it is of interest for several reasons: it can be converted to vitamin A in vivo, it may have an effect on
cancer risk, and it is widely used as a supplement.
However, the results of human trials using beta-carotene
are conflicting. Although high plasma levels of betacarotene from dietary intake tend to be associated with
reduced cancer risk, studies also indicated that betacarotene supplements may actually increase cancer risk,
at least in smokers. The reasons are not clear but could
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be due to beta-carotene’s effects on carcinogen metabolism, free radical production from oxidized betacarotene, or both. Until more information is available, it
seems reasonable for cancer patients, especially those
who smoke, to avoid beta-carotene supplementation (especially as a sole supplement) but to continue eating
beta-carotene-rich foods as usual. Selected studies on
beta-carotene and cancer are summarized below:
• In a review of prediagnostic plasma levels of betacarotene, selenium, vitamin A, and vitamin E from
10 study populations for 10 cancer sites, plasma levels were slightly lower for all four micronutrients
among those diagnosed with cancer. The strongest
association was between low levels of beta-carotene
and the subsequent development of lung cancer. Results indicated it is unlikely that any single one of
these micronutrients is associated with protection
against all cancer types.61
• In a study of 5,200 Italians, breast cancer risk was
lower for those eating diets rich in beta-carotene, vitamin E, and calcium.62
• In a study of 15,000 women, the risk of cervical cancer was nearly triple in those women with a low concentration of total plasma carotenoids (e.g., betacarotene, lycopene) as compared to women with high
levels.63
• A review of epidemiologic studies associated high
plasma levels of beta-carotene with a reduced risk
for a number of human cancers, especially epithelial
cancers.64
• Analysis of blood samples of 26,000 adults in Maryland found that high levels of beta-carotene and vitamin E were associated with decreased cancer risk
of oral and pharyngeal cancer. Persons with the
highest levels of total carotenoids exhibited an approximate 66 percent reduction in risk compared to
the group with the lowest levels.65
• Based on data obtained from 25,000 volunteers, high
plasma beta-carotene levels were associated with decreased risk of lung cancer.66
• Other epidemiological studies of the cancerpreventive effects of beta-carotene and other antioxidants have been inconclusive, partially because the
beneficial effects have been small and easily influenced by confounding factors.67
• In a study of 530 men with oral leukoplakia and/or
chronic esophagitis (risk factors for cancers of the
mouth and esophagus), administration of retinol,
beta-carotene, and vitamin E reduced the prevalence
of leukoplakia after 6 months and the risk of progression of chronic esophagitis after 20 months.68

• In the Alpha-Tocopherol, Beta-Carotene prevention
study (ATBC), administration of beta-carotene (at 20
milligrams per day) for 5 to 8 years to 29,000 Finnish male smokers 50 to 69 years of age increased
the rate of lung cancer by 18 percent.69,_70,_71
• In the Beta-Carotene and Retinol Efficiency Trial
(CARET), about 4,000 men exposed to asbestos and
14,000 male and female smokers were administered
a combination of 30 milligrams of beta-carotene and
25,000 I.U. of retinol per day. The trial was stopped
21 months early because of evidence of no benefit
but substantial harm; there were 28 percent more
lung cancers and 17 percent more deaths in the
treatment group. Presumably, this adverse effect was
caused by beta-carotene rather than vitamin A, as
beta-carotene produced similar results in the ATBC
study.72–77

VITAMIN D3
Summary of Research and Conclusions
At least 133 in-vitro studies have been published on
the cytotoxic effects of the active metabolite of vitamin
D3, 1,25-D3.78–82 Sixteen of these were conducted on a
combination of 1,25-D3 and retinoids, with most suggesting that the two compounds interact additively or
synergistically.83–87 In the studies on 1,25-D3 alone, cell
differentiation and inhibition of invasion and cell proliferation generally occurred in the concentration range of
0.01 to 1 µM.88–93 1,25-D3 was effective against a wide
range of cancer cell lines.
In addition, 27 animal studies suggested as a whole
that 1,25-D3 inhibited tumor growth, angiogenesis, and
metastasis in vivo.94–98 Unfortunately, the doses found
useful in the animal studies were generally greater than
those considered safe in humans. At least four human
studies have been conducted, but the results have been
mixed.99–102 Other human studies have indicated that
below-normal plasma concentrations of 1,25-D3 may
increase cancer risk and disease progression.
Lastly, a number of other in-vitro, animal, and human
studies have investigated the effects of 1,25-D3 in combination with chemotherapy. These studies are discussed in Chapter 23.
In some respects, the situation with vitamin D3 is similar to that with vitamin A. For one thing, the active
form (1,25-D3 and ATRA) for both vitamins is a metabolite. For another, these metabolites are available
only by prescription and therefore do not meet our selection criteria. Nonetheless, because of their potential
usefulness, both are discussed.
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Administration of vitamin D3 by itself can also
produce antitumor effects, as suggested by at least
two animal studies, but its ability to do so may vary
because its conversion to 1,25-D3 is unpredictable.
For this reason, the use of 1,25-D3 would seem
preferable in most cases. Still, vitamin D3 potentially could add to an antitumor effect and be useful
in cancer prevention, since only slightly elevated
plasma concentrations of 1,25-D3 may reduce cancer risk.
With regard to the use of 1,25-D3, there are inconsistencies between the doses scaled from animal
studies and those used in human studies. (Doses
based on pharmacokinetic and in-vitro data were not
calculated, for reasons given below.) The required
target dose of 1,25-D3 can thus be estimated only
within a large range, but even with a target dose in
the high end of this range, it could still be effective
at the maximum safe human dose with synergism.
The situation with vitamin D3 is more uncertain;
because the conversion rate to 1,25-D3 is variable, it
is not clear if it would be effective at the maximum safe
human dose, even with synergism.

Introduction
Vitamin D3 (cholecalciferol) is a hormone produced in
the skin through the action of sunlight. After its production, it is converted first to an intermediate, 25-D3, and
then, with the help of an enzyme in the kidneys, to the
active metabolite 1,25-dihydroxyvitamin D3 (1,25-D3).
The concentration of vitamin D3 in the plasma is large
relative to that of 25-D3, which itself is large relative to
the concentration of 1,25-D3. Vitamin D3 is fully metabolized to 1,25-D3 only when the body senses that additional 1,25-D3 is needed.
For this reason,
administration of vitamin D3 does not necessarily increase 1,25-D3 concentrations. However, 1,25-D3 concentrations would be increased if vitamin D3 levels (and
therefore 1,25-D3 levels) were initially low.
1,25-D3 is best known for its ability to stimulate calcium absorption, but it also has antitumor properties.
Like ATRA, it is believed to act by binding to receptors
in the nucleus of cells. The antitumor effects of 1,25-D3
have been relatively well studied in vitro and in vivo,
and although it shows great promise, its usefulness has
been hampered by its toxicity. At elevated concentrations, it causes hypercalcemia (excess calcium in the
blood), which can be life-threatening if severe. Many
research groups are now searching for vitamin D3 analogs that inhibit cancer progression but do not increase
calcium absorption, and therefore have fewer side effects. Nevertheless, 1,25-D3 may still be useful, even at
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TABLE 22.5 POTENTIAL ANTICANCER ACTIONS
OF 1,25-D3
ACTIVITY
KNOWN EFFECTS
Chapter 3: Results of Therapy at the Cellular Level
Induce differentiation
x
Increase TGF-beta
x
Induce apoptosis
x
Chapter 4: Growth Factors and Signal Transduction
Induce p21 or p27 activity
x
Chapter 5: Transcription Factors and Redox Signaling
weak
Inhibit NF-κB activity
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
Improve gap junction communication
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit cell migration
x

lower, safe doses, if it is used in synergistic combinations.
1,25-D3, may inhibit cancer through the actions listed
in Table 22.5. In addition to these, it may also reduce
the expression of estrogen receptors on breast cancer
cells, thereby reducing the proliferative effects of estrogen.103 This effect occurs, however, at about 10 nM,
which is greater than achievable plasma concentrations.
Administration of 1,25-D3 may have the additional
benefit of increasing the half-life of ATRA in the
body.104

In-vitro Studies
Effective concentrations of 1,25-D3 to decrease cancer
cell proliferation or induce differentiation in vitro are 10
to 1,000 nM (see Table D.1 in Appendix D), but plasma
1,25-D3 concentrations cannot be increased above about
0.2 nM without causing serious adverse effects (hypercalcemia) in some individuals. Average plasma levels
of 1,25-D3 range between 0.05 and 0.15 nM, but it may
block cancer by indirect means at lower doses and concentrations.105–108 For example, in one study, concentrations as low as 0.1 nM inhibited invasion of lung cancer
cells in vitro.109 In another, concentrations of 0.1 nM
potentiated the cytotoxic effects of TNF against human
breast cancer cells in vitro.110

Animal Studies
A number of animal studies have reported that high
doses of vitamin D3 and 1,25-D3 can inhibit tumor progression and that the latter can act synergistically with
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other compounds, as discussed in Chapters 3 and 13.
Some of these and other studies are summarized below.
The average dose based on the following 10 animal
studies is about 10 micrograms per day of 1,25-D3
(range of 0.24 to 39 micrograms), as scaled to humans.
In two that tested vitamin D3, the average dose was 31
micrograms per day (range of 19 to 39 micrograms), as
scaled to humans:
• The combination of 1,25-D3 (at 0.5 µg/kg intraperitoneal) and ATRA or other vitamin A analogs (at 2.5
mg/kg) synergistically inhibited tumor-induced angiogenesis in vitro and in mice. Treatment with
1,25-D3 alone also decreased angiogenesis in vitro
and in mice. The equivalent human oral doses are
about 7.2 micrograms of 1,25-D3 and 36 milligrams
of ATRA.111,_112
• Intraperitoneal administration every other day of
ATRA (at 300 mg/kg) and 1,25-D3 (at 2 µg/kg) inhibited growth of human breast cancer cells injected
into mice.113 This was better than the effect caused
by either agent separately. These doses were the
highest that could be used without causing acute side
effects. The equivalent human oral doses are about
2.2 grams of ATRA and 14 micrograms of 1,25-D3
daily.
• Intraperitoneal administration of 0.52 µg/kg of 1,25D3 three times weekly decreased growth of chemically induced breast cancer cells in rats. The equivalent human oral dose is about 5.5 micrograms of
1,25-D3 per day.94
• Administration of 0.02 to 0.5 µg/kg of 1,25-D3 daily
(intraperitoneal and oral, alternating every day) inhibited growth of liver cancer cells transplanted in
mice. The equivalent human oral dose is about 0.24
to 6.0 micrograms of 1,25-D3 per day.95
• Intraperitoneal administration of 0.5 to 1.0 µg/kg of
1,25-D3 three times per week reduced growth of
transplanted prostate cancer cells in rats. The
equivalent human oral dose is about 5.2 to 10 micrograms of 1,25-D3 per day.96
• Oral administration of 0.5 µg/kg of 1,25-D3 three
times a week inhibited the growth of chemically induced breast cancers in rats. The equivalent human
dose is about 3.5 micrograms of 1,25-D3 per day.114
• Subcutaneous administration of 0.21 µg/kg 1,25-D3
blocked angiogenesis by transplanted breast cancer
cells in mice.115 The equivalent human oral dose is
about 3.9 micrograms of 1,25-D3.
• Intraperitoneal administration of 5.0 µg/kg vitamin
D3 every other day reduced tumor-induced immunosuppression and caused a marked reduction in metastasis in mice with lung tumors.116 The equivalent

human oral dose is about 36 micrograms (1,400 I.U.)
per day.a
• Subcutaneous administration of 1 and 2.1 µg/kg of
1,25-D3 or vitamin D3 inhibited angiogenesis in
transplanted kidney cancer cells in mice.117 The
equivalent human oral dose is about 19 and 39 micrograms per day (for vitamin D3, about 760 and
1,600 I.U.).
Lastly, combined treatment with the glucocorticoid
dexamethasone may reduce the adverse effects (hypercalcemia) of 1,25-D3 and increase the antitumor effect.
In mice, an intraperitoneal dose of 2 µg/kg of 1,25-D3 in
combination with dexamethasone produced a greater
antitumor effect in mice with transplanted squamous cell
carcinoma than either compound alone; hypercalcemia
was also reduced by the combination.118 The equivalent
human oral dose is about 12 micrograms of 1,25-D3 per
day.

Human Studies
Four human studies have been conducted on the anticancer effects of 1,25-D3. Because of hypercalcemia,
the doses were generally limited to 1 to 2.5 micrograms,
which is lower than those used in most animal studies.
The results of the human studies are mixed, with 1,25D3, even combined with ATRA, being ineffective in
some cases; this would be expected based on our material. The most consistent and greatest anticancer effects
of both 1,25-D3 and ATRA are likely when they are
used within large combinations that provide synergistic
interactions. The studies are as follows:
• In 7 patients with prostate cancer, oral administration
of 1.5 to 2.5 micrograms of 1,25-D3 reduced the rise
in prostate-specific antigen (PSA, a plasma tumor
marker) in all patients, significantly in six of them.
The dose was limited by hypercalcemia.99
• In a case report, oral administration of 0.5 micrograms of 1,25-D3 appeared to contribute to a longterm, postsurgical remission in a woman with parathyroid cancer.100
• In 22 patients with ovarian cancer, a combination of
ATRA (about 70 milligrams orally per day) and
1,25-D3 (1 to 4 micrograms orally per day) did not
effect tumor progression as measured by CA 125, a
plasma tumor marker.101
• In 18 patients with preleukemia (myelodysplastic
syndromes), oral administration of 1,25-D3 (up to 2
micrograms orally per day) did not produce signifia

One I.U. of vitamin D3 is equal to about 25 nanograms of vitamin D3.
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cant beneficial effects.102 In addition,
half of the patients developed hypercalcemia.

Estimated Therapeutic and
Tolerated Doses of Vitamin D3
We do not calculate a dose estimate for
1,25-D3 using a combination of pharmacokinetic and in-vitro data because the
range of active concentrations in vitro is so
large (0.01 to 1 µM). Any specific target
concentration that might be chosen would
be somewhat arbitrary. Consequently, we
calculate dose estimates based only on
animal and human studies.
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TABLE 22.6 ESTIMATED THERAPEUTIC AND TOLERABLE
DOSES FOR 1,25-D3
DESCRIPTION
Doses used in human anticancer studies
Required dose as scaled from animal
antitumor studies
Target dose based on range from human
anticancer studies and average dose from
animal studies
Minimum required antitumor dose assuming
15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Maximum tolerated dose
Tentative dose recommendation for
further research
Minimum degree of synergism required

The estimated required dose of 1,25-D3
scaled from animal antitumor studies is not
in close agreement with doses used in human studies, suggesting that the target human dose is
still uncertain and can be estimated only in a large range.
The required dose scaled from animal antitumor experiments is 0.24 to 39 micrograms daily (average of 10
micrograms). Doses in human studies were lower,
commonly 1 to 2.5 micrograms, and could not be increased above this range without adverse effects. Based
on the animal and human studies, we estimate a target
human dose between 1 and 10 micrograms per day.
Since a range is used, it is uncertain whether synergistic
interactions will be required to produce an anticancer
effect in humans. At the low end of this range, synergism would not be needed, but it would be at the high
end.
The maximum tolerated dose of 1,25-D3 is about 1 to
2.5 micrograms per day. In most human anticancer
studies, doses were started low (about 0.5 micrograms
per day), then raised by 0.5 micrograms each week until
hypercalcemia was reached; treatment was stopped and
restarted a week later at a slightly lower dose. With this
schedule, daily doses as high as 4 micrograms could be
achieved in some patients.101 In most studies, 1,25-D3
was also given at least four hours after the last meal to
reduce calcium uptake and the risk of hypercalcemia.
Standard drug reference books and manufacturer’s literature are available to guide the practitioner in using
1,25-D3.
Table 22.6 summarizes therapeutic dose estimates and
gives a tentative dose recommendation of 1 to 2.5 micrograms of 1,25-D3 per day, based on the maximum
tolerated dose.
If we consider a scenario where the target dose is 10
micrograms and the maximum tolerated dose is 1 microgram, the full 15-fold allowable increase in potency

1,25-D3 DOSE (µ
µg/day)
commonly 1 to 2.5
0.24 to 39
(10 average)
1 to 10

0.066 to 0.93
0.25 to 0.75
1 to 2.5
0.75 to 2.5
uncertain

due to synergism would lower the target dose to 0.67
micrograms, which is below the maximum tolerated
dose. Thus, a 1-microgram dose could produce an anticancer effect, even in a worst-case scenario, with synergism. Still, a 10-fold increase in potency would be
required, which is greater than that for most other directacting compounds (see Table 13.1).
Aside from administering 1,25-D3, there may also be
some benefit to using vitamin D3 to moderately increase
1,25-D3 concentrations, or at least to avoid belownormal ones. The latter have been associated with increased cancer risk and increased disease progression.
For example, one study associated low plasma concentrations of 1,25-D3 with increased disease progression in
breast cancer patients.119 In another, the risk of palpable
prostate cancer in men age 57 or above was greater in
those with low 1,25-D3 plasma concentrations.120 In a
study of 620 healthy volunteers, the risk of developing
colon cancer decreased threefold in subjects with moderate 25-D3 plasma concentrations as opposed to those
with low concentrations.121 Furthermore, low vitamin
D3 concentrations have been implicated as a risk factor
in cancers of the breast, colon, and prostate.122,_123,_a
Taken together, these studies indicate that high normal
plasma levels of 1,25-D3 may reduce cancer risk and
inhibit cancer progression. Thus it would seem prudent
to maintain at least normal to high-normal plasma concentrations of 1,25-D3, which could be accomplished
through adequate sun exposure or taking vitamin D3 or
both.

a

Vitamin D3 is produced naturally from sun exposure, and
sunlight deprivation has been suggested as a risk factor for breast
cancer.
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TABLE 22.7 ESTIMATED THERAPEUTIC AND NOAEL DOSES
FOR VITAMIN D3
DESCRIPTION

D3 DOSE (µ
µg/day)

D3 DOSE (I.U./day)

Required dose as scaled from
animal antitumor studies
Commonly prescribed human dose
as a general supplement
Commonly prescribed human dose
in the treatment of rickets
Estimated NOAEL dose
Tentative dose recommendation
for further research
Minimum degree of synergism
required

19 to 39 µg
(31 µg average)
10 to 25 µg

760 to 1,600 I.U.
(1,200 I.U. average)
400 to 1,000 I.U.

25 to 125 µg

1,000 to 5,000 I.U.

50 to 250 µg
10 to 250 µg*

2,000 to 10,000 I.U.

uncertain

uncertain

*

400 to 10,000 I.U.*

In addition to the limited sensitivity of some cell lines to vitamin E,
like some other antioxidants it can
actually stimulate cell proliferation
under some conditions, especially at
relatively low concentrations. In
one in-vitro study, vitamin E stimulated cancer cell proliferation at
concentrations below 10 µM but
inhibited it at 100 µM.125 As with
all antioxidants, it makes sense to
avoid using vitamin E alone—
combinations with other anticancer
compounds are preferable.

Although alpha-tocopherol can
inhibit proliferation of some cancer
cell lines, other forms of vitamin E,
such as vitamin E succinate (VES),
are more effective. Some 39 in-vitro studies have been
conducted on the cytotoxic effects of VES.133–137 Two
reviews have also been published.138,_139 VES tends to
reduce cancer cell proliferation at lower concentrations
than alpha-tocopherol, commonly between about 2 and
38 µM. As with alpha-tocopherol, a small number of invitro studies have shown that VES can stimulate cell
proliferation at some concentrations.140,_141

Doses above 25 micrograms (1,000 I.U.) are best administered under medical
supervision.

As a general supplement, vitamin D3 is usually given
at doses of about 10 micrograms (400 I.U.) per day. The
NOAEL (no-adverse-effects-level) dose is still being
debated, but the currently accepted one is 50 micrograms (2,000 I.U.) per day. Recent papers have proposed that it may be at least fivefold higher, or 250
micrograms (10,000 I.U.) per day.124 Although the
NOAEL dose is well above the common supplement
dose, excess vitamin D3 can cause adverse effects, and
more than 25 micrograms (1,000 I.U.) daily is best taken
under the care of a practitioner.
The therapeutic dose estimates for vitamin D3 are
summarized in Table 22.7, with a tentative dose recommendation of 10 to 250 micrograms (400 to 10,000 I.U.)
per day. Note that in two animal studies, relatively
moderate doses of vitamin D3 (about 31 micrograms or
1,200 I.U. per day) reduced tumor growth. As mentioned, however, the conversion of vitamin D3 to 1,25D3 is variable. If additional animal studies were conducted, it would seem unlikely that moderate doses
would consistently produce antitumor effects.

VITAMIN E
Summary of Research and Conclusions
At least five in-vitro studies have investigated the cytotoxic effects of vitamin E (alpha-tocopherol).125–130
Two reviews have also been published.131,_132 In general, these studies reported that concentrations between
50 and 250 µM are required to inhibit cancer cell proliferation. The effects appear to be cell-specific, since
many cancer cell lines do not respond to this range of
concentrations. Plasma concentrations as high as 120
µM of vitamin E can be safely achieved in humans.

In addition to the above, three papers have been published on the efficacy of combinations of two to four
antioxidants in vitro.139,_142,_143 These studies reported
that combinations of antioxidant vitamins containing
VES inhibited cancer cell proliferation more effectively
than single antioxidants.
While it is clear that alpha-tocopherol and VES can
limit cancer cell proliferation in-vitro, their in-vivo antitumor effects are more uncertain. Five animal studies
have reported that alpha-tocopherol or VES reduced
tumor growth (some of these studies used combinations
of antioxidant vitamins).144–148 These studies used
widely different experimental protocols, however, and
many questions remain. A primary one is whether oral
administration of VES increases plasma VES concentrations to the point where cytotoxicity can occur, since
most of the ingested VES is converted to alphatocopherol in the intestines.
A number of studies have investigated the ability of vitamin E or VES to prevent cancer.149–153 In two prevention studies, oral administration of a combination of
antioxidant vitamins containing VES inhibited development of chemically induced cancers in rodents.154,_155
In human trials, vitamin E reduced the risk of prostate
and colorectal but not lung cancer, in smokers or recent
quitters.156–159 Vitamin E and other antioxidants may
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also be useful in preventing recurrence. One human
study reported that a mixture of vitamins in conjunction
with a bacterial immunostimulant reduced recurrence in
patients with bladder cancer (see Chapter 15).160
Other animal studies have reported that vitamin E inhibited tumor growth promoted by a high-fat diet and
inhibited cancer cachexia (see Chapter 17).161,_162 In
addition to the above, a number of in-vitro and animal
studies have investigated the effects of vitamin E on
chemotherapy treatment; these are discussed in Chapter
23.
As a whole, the research clearly indicates that alphatocopherol and VES can inhibit cancer proliferation in
vitro and that both compounds can produce general
beneficial effects in vivo, such as free radical scavenging and improvements in immune function. Through
such indirect actions, alpha-tocopherol or VES could
contribute to an anticancer effect, but it is not clear if
either would also directly reduce tumor growth in vivo.
Of the two, VES is more likely to have a direct inhibitory effect, but it appears unlikely that orally administered VES would sufficiently increase plasma VES
concentrations. At present, it seems that direct anticancer effects after oral administration of vitamin E or VES
would be limited to a few sensitive cell lines, while indirect effects are likely to be more prominent.

Introduction
Vitamin E is the generic name for eight different compounds—four tocopherols and four tocotrienols. The
form of vitamin E most commonly used as a supplement
is alpha-tocopherol, and we use the terms vitamin E and
alpha-tocopherol interchangeably here.
Alphatocopherol is available in both natural forms (RRRalpha-tocopherol)
and
synthetic
(all-rac-alphatocopherol), the two forms being mirror images of one
another.a The natural form is preferred clinically, since
it is absorbed better in the intestines and in some other
tissues.163,_164,_165
Vitamin E is one of the most important fat-soluble antioxidants in the body, and one of its main functions is to
prevent oxidation of fatty acids in cell membranes.
Consequently, the most obvious sign of vitamin E deficiency in humans is red blood cell fragility. Through its
antioxidant and other effects, vitamin E can reduce the
risk of some cancers.

a

RRR-alpha-tocopherol was formerly referred to as d-alphatocopherol, and all-rac-alpha-tocopherol was formerly referred to
as dl-alpha tocopherol.
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In-vitro Studies
Vitamin E can directly inhibit cancer cell proliferation
in vitro, but unlike vitamin C, it does not require a
prooxidant action to do so. Rather, this appears to occur
through modulation of PKC activity or some other
mechanism.
Although at high concentrations a prooxidant action is
possible both in vitro and in vivo, vitamin E most likely
acts as an antioxidant in vivo at common supplement
doses.166,_167 One study did suggest that prolonged administration of high doses (about 1,500 I.U. per day) in
healthy, nonsmoking individuals may reduce plasma
ascorbate levels and increase susceptibility of red blood
cells to lipid peroxidation, indicating a prooxidant effect.167 It may be possible to prevent this effect by lowering the dose and administering other antioxidants
along with vitamin E.
Vitamin E decreased proliferation of a limited number
of cell lines in vitro at concentrations of roughly 50 to
250 µM; this action appeared to be cell- and stimulantspecific, since many tumor cell lines did not respond.132,_168 In one study, hormone-sensitive cancers,
such as human breast and prostate cancers, were inhibited by more than 50 percent at concentrations of 100
µM. Other cell lines like erythroleukemia were inhibited at concentrations greater than 250 µM, and neuroblastoma at concentrations of approximately 150
µM.169,_170 In part, its anticancer effects may be due to
decreased PKC activity; depending on the experimental
conditions, vitamin E inhibits PKC activity in normal
and cancer cell lines at concentrations of about 50 to 450
µM in vitro (see Table E.2 in Appendix E).
Vitamin E succinate has inhibited proliferation of a
greater variety of cancer cell lines in vitro, and does so
at lower concentrations.171–175 Inhibition was observed
at relatively low concentrations, commonly between 2
and 38 µM. Although VES is metabolized to alphatocopherol in the intestines and in most cells, it appears
that its effects have little to do with metabolism to vitamin E or with any antioxidant action. Other related
forms of vitamin E that are not metabolized to alphatocopherol (specifically, TSE, or alpha-tocopheryloxybutyric acid) are as effective as VES. The cytotoxic
effects of VES are due to the unique properties of the
intact compound and are aided by its high watersolubility and ease of cellular uptake.139,_176 (VES is a
water-soluble form of vitamin E.) One paper proposed
that it acts by altering the fluidity of the plasma membrane.177
Lastly, in-vitro studies have reported that a combination of antioxidant vitamins is more effective in
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AS AN
EICOSANOID
INHIBITOR,
MAY:

AS A PKC
INHIBITOR,
MAY:

KNOWN
EFFECTS

ACTIVITY

AS AN
ANTIOXIDANT,
MAY:

TABLE 22.8 POTENTIAL ANTICANCER ACTIONS OF VITAMIN E

Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Induce apoptosis
x
Chapter 4: Growth Factors and Signal Transduction
Inhibit PKC
x
—
Induce p21 or p27 activity
x
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
x
weak
x
x
Inhibit NF-κB activity
Inhibit AP-1 activity
x
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
x
Inhibit histamine effects
x
Inhibit eicosanoid effects
x
Inhibit TNF effects
x
x
Inhibit VEGF effects
x
x
Inhibit insulin resistance
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit hyaluronidase, betaglucuronidase, or elastase
Inhibit collagenase effects
x
x
Inhibit cell migration
x
Inhibit metastasis
x
Inhibit platelet aggregation
x
Chapters 11 and 12: Immune System
Stimulate the immune system
x
Inhibit tumor-induced
x
immunosuppression
Chapter 17: Lipids
Inhibit cachexia
x

reducing cancer cell proliferation than single antioxidants.139,_142,_143,_178 In these studies, various combinations of VES, carotenoids, vitamin C, and ATRA
synergistically inhibited proliferation, and combinations
with all four compounds were most effective.
The potential anticancer actions of vitamin E are listed
in Table 22.8.

x

x

x
x
—

In-vivo Studies
Vitamin E and VES, especially combined with other antioxidant vitamins,
have caused antitumor effects in animal
studies. Widely different protocols were
used, however, and much more work is
needed to verify the means and degree
of any antitumor effect produced. One
study reported that a very low oral dose
of VES and beta-carotene (1.6 mg/kg)
dramatically inhibited growth of established carcinogen-induced oral cancers
in hamsters.147 The equivalent human
dose is only about 23 milligrams of each
compound, or 28 I.U. of VES.a No effect was seen for each compound alone
at double the dose. In another study on
VES, intraperitoneal administration of
150 mg/kg dramatically inhibited the
growth of breast cancer in mice.148 The
equivalent human oral dose is about 2.2
grams (2,600 I.U.) of VES. Subcutaneous administration was not effective in
this study, probably because the VES
would have been metabolized to alphatocopherol in the skin.

As discussed in Chapter 15, one study
on
rats reported that a combination of
x
vitamin E, vitamin C, selenium, and a
thiol antioxidant was effective in inhibiting established chemically induced
tumors only at very high doses.146 In
x
this study, high and very high doses of
antioxidants were given in the drinking
x
water. The high doses were 150 mg/kg
of vitamin C and 50 mg/kg of vitamin E
daily (the human of about 2.4 grams of
vitamin C and 1,200 I.U. of vitamin E).
The very high doses were 10-fold
greater. Both groups received selenium
(at 2 µg/kg) and a thiol antioxidant
compound (2-MPG, at 15 mg/kg). The
high-dose therapy did not increase life
span, and in fact, secondary metastases
were greater. Life span increased 1.4fold in the very high dose group, but again secondary
metastases developed, equal to the high-dose group.
The doses used in the very high group (12,000 I.U. of
vitamin E) would be prohibitive in humans.
a

One gram of Vitamin E is roughly equivalent to 1,500 I.U. Due
to their differences in molecular weight, one gram of VES is
roughly equal to 1,200 I.U.
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Two other animal studies have been conducted.144,_145
In these, oral administration of vitamin E (about 870 and
2,100 I.U. per day as scaled to humans) inhibited growth
of transplanted sarcoma and lymphoma cells in mice. In
both cases, vitamin E was administered beginning at the
same time tumors were implanted, and the authors postulated that the effects were mediated by the immune
system. Vitamin E appeared to be most effective in the
early stage of tumor growth after transplantation. Markedly higher doses were not helpful; no protective effect
was seen against transplanted sarcoma cells at a 10-fold
higher dose (8,700 I.U., as scaled to humans).
Also, vitamin E (at 11.4 mg/kg per day) inhibited
growth of transplanted human prostate cancer cells in
mice fed a high-fat diet (see Chapter 17).162 The effect
was likely from reduced lipid peroxidation. The equivalent human dose is about 110 milligrams, or 170 I.U.,
per day. As also discussed in Chapter 17, vitamin E (at
approximately 640 mg/kg) hindered the development of
TNF-induced cachexia in mice. The equivalent human
dose is about 6.1 grams, or 9,200 I.U., per day.179
Although no human anticancer studies have been conducted on alpha-tocopherol or VES, cancer prevention
studies have been done. In the Alpha-Tocopherol BetaCarotene (ATBC) study mentioned previously, vitamin
E at 50 milligrams (75 I.U.) per day reduced prostate
cancer incidence in smokers by 34 percent. High serum
levels of vitamin E were also associated with a 19 percent reduction in lung cancer incidence.158,_180 Another
large study reported similar protective effects for prostate cancer in smokers or recent quitters, although no
such effect was seen in nonsmokers.159 As mentioned in
the discussion of beta-carotene above, some studies have
reported that high plasma levels or high dietary intake of
vitamin E (along with other nutrients) were associated
with reduced risk of some cancers.

Estimated Therapeutic and LOAEL Doses
of Vitamin E
The concentrations of vitamin E effective in vitro (50
to 250 µM) are above the normal plasma concentrations
of 12 to 40 µM; however, plasma concentrations can be
increased to 30 to 120 µM in patients taking supplements.181,_182,_183 For example, in one study average
peak plasma levels were roughly 70 µM in healthy subjects receiving a single dose of either 440, 880, or 1,320
I.U. of vitamin E.184 In another, oral administration of
900 I.U. for 13 weeks produced a plasma concentration
of about 51 µM, up from the baseline of 19 µM.185
These data suggest two things. First, moderate doses
(about 440 I.U.) may increase plasma concentrations
into the range that is cytotoxic for a few cancer cell
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lines. Second, doses above about 440 I.U. may not further increase plasma concentrations. Still, one study
reported that a daily dose of 2,400 I.U. did generate a
somewhat higher plasma concentration than did 600 I.U.
(about twofold greater, or 97 versus 42 µM).186 But
again, this study pointed to limited gains from high
doses.
VES is more effective than alpha-tocopherol in vitro,
and if it is not fully metabolized to alpha-tocopherol, it
may also be more effective in vivo. Although study results conflict, it appears, unfortunately, that it is heavily
metabolized. The majority of orally administered VES
is converted to alpha-tocopherol in the gastrointestinal
tract before absorption.187 Indeed, VES apparently is
equipotent to alpha-tocopherol in increasing alphatocopherol plasma concentrations.188 Nonetheless, one
paper proposed that oral administration still adequately
increases VES plasma concentrations. This paper,
which referred to unpublished human data, stated that
oral administration of 800 I.U. of VES per day produced
a VES plasma concentration of about 11 µM and an
alpha-tocopherol concentration of about 140 µM.139
This concentration of VES would be sufficient to inhibit
many cancer cell lines. In contrast, a rat study reported
that VES was not detected in the plasma after oral administration of 100 mg/kg VES (the detection limit was
5 µM). The equivalent human dose is about 1.6 grams
(1,900 I.U.). Although this rat study does not prove that
VES is unable to increase VES plasma concentrations, it
does make it seem likely. Further work is needed to
better characterize the pharmacokinetics of VES. Other
related forms of vitamin E like TSE, which are not metabolized to alpha-tocopherol, may prove to be most
useful, but TSE is not commercially available at this
time.
Both alpha-tocopherol and VES may be most useful
for their indirect effects, although a few cancer cell lines
may be directly inhibited. For direct effects, the estimated required dose scaled from animal studies is in
reasonable agreement with that calculated from pharmacokinetic and in-vitro data. The required dose of alphatocopherol or VES from the five animal antitumor studies mentioned above ranges from 28 I.U. to 12,000 I.U.
We can extract a reasonable dose estimate from this
range by omitting the lowest and highest doses and averaging the remaining three, giving an estimate of 1,700
I.U., which could be expected to increase plasma alphatocopherol concentrations to about 30 to 120 µM in humans; this is within the cytotoxic range for a few cancer
cell lines. And if VES administration significantly increases plasma VES concentrations, this same dose
would generate concentrations within the cytotoxic
range for a large number of cell lines. Since human
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TABLE 22.9 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR ALPHA-TOCOPHEROL OR VES
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic
calculations
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (I.U./day)
28 to 12,000
(average of 1,700)
440 to 1,700
440 to 1,700

400 to 800
4,800
440 to 1,700

studies have indicated that vitamin E doses much greater
than 440 I.U. do not greatly increase plasma concentrations, we use a range of 440 to 1,700 I.U. per day as a
target dose.
Vitamin E is commonly used at doses of 270 to 530
milligrams daily (about 400 to 800 I.U. per day). A
dose of 1 gram per day (about 1,500 I.U.) is considered
safe.189 Although vitamin E can lead to some adverse
effects, primarily increased risk for bleeding, its use
even at high doses appears safe in most healthy humans.
For example, in one study oral doses as high as 3.2
grams per day (about 4,800 I.U.) resulted in few side
effects.189 We can estimate then that the LOAEL dose is
about 4,800 I.U. per day.
Therapeutic dose estimates for alpha-tocopherol and
VES are summarized in Table 22.9. The tentative recommended dose is 440 to 1,700 I.U. per day, which is
equal to the target dose. In the table, the minimum degree of synergism needed for direct inhibitory effects is
listed as variable because oral administration of both
may increase alpha-tocopherol plasma concentrations,
but only a limited number of cell lines may be inhibited
at those concentrations.
For dose calculation, it is not clear if synergistic interactions would allow a lower dose of either compound to
be effective.
Moderate concentrations of alphatocopherol are already present in the plasma (oral administration increases concentrations from the range of
12 to 40 µM only to 30 to 120 µM), and so a low dose
will probably not greatly affect plasma concentrations or
contribute to synergistic effects. A low dose might,
however, contribute to indirect anticancer effects.

variable

MELATONIN
Summary of Research
and Conclusions
At least 41 in-vitro studies have
been conducted on the cytotoxic
effects of melatonin against cancer
cells.190–194 These studies suggest
that a number of cell lines,
particularly breast cancer, are inhibited at peak physiological concentrations of melatonin (about
0.1 to 1 nM). Thirteen animal
studies reported anticancer effects
against a number of different cancers.195–199

Twenty-eight human studies have been conducted on
melatonin alone or in conjunction with interleukin-2.200–204
Seven were randomized controlled studies, and all reported that melatonin or melatonin plus IL-2 increased
the survival of patients as compared to those given supportive care or IL-2 alone.
In addition to the above, a number of reviews on the
anticancer effects of melatonin have been published.205–209
Lastly, still other in-vitro, animal, and human studies
have demonstrated that melatonin increased the effectiveness or decreased the adverse effects of chemotherapy or radiotherapy. These are discussed in Chapter 23.

Introduction
Melatonin has been studied in a number of clinical trials for its ability to inhibit cancer progression, and the
results are encouraging. Its anticancer action may be
due to its antioxidant capabilities, or its effects on estrogen receptors or the immune system, among others.
Because melatonin augments the effects of IL-2, in
many of the trials it was administered with IL-2 (see
Chapter 12). Some immune cells, including CD4 helper
T cells, also have specific melatonin-binding sites.210
Melatonin is a hormone produced by the pineal gland.
In healthy humans, it is secreted in a day-night rhythm,
with the highest plasma concentrations occurring during
the evening. During the day, concentrations are about
0.07 nM, and at night they increase to about 0.4 nM,
sometimes approaching 1 nM.211,_212,_213 Melatonin influences a number of biological functions, the most
studied being its ability to induce sleep. It is becoming
increasingly popular as a nontoxic, nonaddictive remedy
for jet lag and insomnia.
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Melatonin is a powerful antioxidant—
more potent than glutathione in scavenging
the hydroxyl radical and more potent than
vitamin E in scavenging the peroxyl radical.214,_215 Furthermore, melatonin stimulates glutathione peroxidase (see Figure
5.2) and so plays a role in the glutathione
antioxidant system.214 Since it is both fatand water-soluble, it is readily diffused into
all tissues and cells of the body. In the
cells, it protects DNA against free radical
damage.216

In-vitro Studies
Melatonin has inhibited proliferation of
breast cancer, melanoma, prostate cancer,
and some other cancer cell lines in vitro,
although the majority of studies have been
conducted on breast cancer. In these studies, inhibition generally occurred at concentrations of 0.1 to 1 nM, which is within the
range of normal nighttime concentraConcentrations markedly
tions.217–221
above (i.e., 100 nM) or below physiologic
concentrations were generally not effective.
At least one study has reported that a concentration pattern mimicking the normal
day-night cycle produced maximal inhibition of human breast cancer cells.222

331

TABLE 22.10 POTENTIAL ANTICANCER ACTIONS OF
MELATONIN
KNOWN
AS AN ANTIEFFECTS OXIDANT, MAY:
Chapter 2: Mutations, Gene Expression, and Proliferation
Act as an antioxidant
x
—
Chapter 3: Results of Therapy at the Cellular Level
Increase TGF-beta
x
Chapter 5: Transcription Factors and Redox Signaling
Support p53 function
x
weak
x
Inhibit NF-κB activity
Chapter 6: Cell-to-Cell Communication
Affect CAMs
x
Improve gap junction communication
x
x
Chapters 7 and 8: Angiogenesis
Inhibit angiogenesis
x
Inhibit eicosanoid effects
x
Inhibit TNF effects
x
x
Inhibit VEGF effects
x
Chapters 9 and 10: Invasion and Metastasis
Inhibit invasion
x
Inhibit collagenase effects
x
Inhibit cell migration
x
Chapters 11 and 12: Immune System
Stimulate the immune system
x
Chapter 17: Lipids
Inhibit cachexia
x

Although the exact mechanisms are still uncertain, recent research indicates that in breast cancer cells, the invitro actions of melatonin are mediated through two
primary events: modulation of estrogen-receptor expression or activation, and stimulation of specific melatonin
receptors (mt1 and MT2) on the cell’s surface. Some
human prostate cancer cells have also been reported to
possess melatonin receptors.223 Other postulated mechanisms active in vivo are modulation of immune activity,
inhibition of eicosanoid production, and antioxidant activity.209,_224,_225 The potential anticancer actions of melatonin are listed in Table 22.10.

ACTIVITY

• Oral administration of 480 milligrams per day (as
scaled to humans) reduced growth of Ehrlich ascites
cancer cells injected into mice.196
• Oral administration of 12 milligrams per day (as
scaled to humans) inhibited growth and reduced metastasis of lung cancer cells injected into mice.198,_199
• Oral administration of 48 milligrams per day (as
scaled to humans) decreased growth of melanoma
cells injected into mice.197
Although a few studies used very high levels, as a
whole, the animal studies suggested a human oral
equivalent of 10 to 50 milligrams was effective at reducing tumor growth.

Animal Studies
In animal studies, subnormal melatonin concentrations
have facilitated the growth of various cancers.226,_227 For
example, removing the pineal gland in hamsters increased the progression rate of melanoma.228 In others,
oral intraperitoneal, intramuscular, or subcutaneous administration of moderate doses reduced the growth of a
variety of cancers.195,_229,_230 Selected studies are summarized below:

Human Studies
A number of investigators have tried to determine if
melatonin production is altered in cancer patients (reviewed in references 205 and 209). Although the results
are somewhat inconsistent, it does appear that reduced
melatonin production is associated with advanced cancers. This has been seen for both endocrine-dependent
(breast cancer, for example) and endocrine-independent
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cancers (lung cancer, for example). The trend was most
pronounced for patients with advanced localized primary tumors, such as breast and prostate cancer, where
melatonin production was negatively associated with
tumor size. Interestingly, melatonin levels tended to
normalize with cancer regression but not with surgical
removal, which indicates that the factors governing
melatonin production are complex. In contrast to these
findings, patients with ovarian cancer often show increased melatonin production, probably due to a different set of hormonal changes with this cancer.
A number of human studies have been published on
the anticancer effects of melatonin. Eleven used melatonin as a single agent, although only three of these were
randomized trials (where the control group received
supportive care alone) and none were placebo controlled. The three studies are summarized below (melatonin was given once a day in the evening in all cases):
• In a study on 30 melanoma patients surgically treated
for regional node recurrence, those who received 20
milligrams of melatonin showed increased diseasefree survival at 31 months as compared to controls
who received no treatment (71 versus 31 percent).
No adverse effects were reported with the treatment.231
• In 50 patients with untreatable brain metastases,
those receiving supportive care and 20 milligrams of
melatonin exhibited greater survival at 12 months
compared to controls who received only supportive
care (37 versus 12 percent). In addition, the group
that received melatonin experienced reduced side effects from steroid therapy.200
• In 63 patients with metastatic non-small-cell lung
cancer who progressed after first-line chemotherapy,
those who received 10 milligrams of melatonin
showed increased one-year survival compared to
controls who had supportive care only (26 versus 6
percent). No toxicity was observed.201
Like these results, the nonrandomized trials also reported beneficial effects on patients with a variety of
cancers, including immune enhancing effects.202,_203,_204
Similar doses were used in the nonrandomized studies.
At least 16 studies used melatonin in combination with
low-dose IL-2. Only three of these were randomized
trials (versus IL-2 alone or supportive care alone), and
none were placebo controlled; these are summarized
below (melatonin was given once per day in the evening
in all cases):
• In a study of 100 patients with untreatable metastatic
cancer, those who received supportive care, IL-2,
and 40 milligrams of melatonin showed increased
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survival at 12 months compared to controls receiving
supportive care only (40 versus 10 percent).232
• In 50 patients with metastatic colorectal cancer who
were unresponsive to chemotherapy, those getting
supportive care, IL-2, and 40 milligrams of melatonin demonstrated higher survival at 12 months
compared to controls who had supportive care only
(36 versus 12 percent).233
• In 80 patients with advanced cancers (other than kidney cancer or melanoma), those who took IL-2 and
40 milligrams of melatonin showed greater survival
at 12 months compared to controls who took only IL2 (46 versus 15 percent).234
In addition to these three randomized studies, a fourth
one compared IL-2 plus melatonin with chemotherapy
for patients with non-small-cell lung cancer. Again,
one-year survival was greater in those receiving IL-2
plus melatonin, and toxicity was substantially lower.235
Similar to the above, the nonrandomized trials also
noted beneficial effects of a combination of melatonin
and IL-2 on patients with a variety of cancers.236,_237,_238
We can speculate that a combination of melatonin and
immunostimulant herbs, which also increase IL-2 concentrations, might be as effective as melatonin and IL-2
itself.
In the human studies, oral doses were usually 10 to 50
milligrams. As discussed in Appendix J, a 10-milligram
dose would be expected to produce an average nighttime
plasma concentration of about 14 nM (and a 54-nM peak
concentration). It would seem reasonable that this average value is close enough to 1 nM, the optimal concentration seen in vitro, to produce cytotoxic effects against
cancer cells. If true, it may be that a 50-milligram dose
is less effective than a 10-milligram dose (since high
concentrations in vitro were less effective). An even
lower dose, such as 3 milligrams, could be even more
effective than a dose of 10 milligrams.
Although cytotoxic effects may occur at a low dose, it
is likely that other noncytotoxic mechanisms are also
active. For one thing, melatonin appears to be useful for
cancers that are not endocrine-dependent, even though
endocrine-dependent ones were most easily inhibited in
vitro. Potential mechanisms include inhibiting eicosanoid synthesis, facilitating the immune response, and
other actions listed in Table 22.10.

Estimated Therapeutic and LOAEL Doses
of Melatonin
Melatonin is characterized in this book as an immune
stimulant (see Table 1.2), but in addition to immune effects it may also have direct cytotoxic effects against
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cancer cells. Therefore, it is interesting to
compare doses scaled from animal and human experiments to those calculated from
pharmacokinetic and in-vitro data. These
doses are in agreement. The required melatonin dose from the animal experiments is
10 to 50 milligrams per day, the same as
the range used in human studies; most of
these used 10 to 20 milligrams. The anticancer dose based on pharmacokinetic calculations is similar. As discussed, a 10milligram dose will produce an average
nighttime melatonin concentration of about
14 nM, which is reasonably close to the 1nM optimal concentration. Under normal
circumstances, this 1-nM concentration can
be reached in vivo with no external administration of melatonin. Thus pharmacokinetic calculations suggest that doses of 0 to
10 milligrams may be adequate and may
produce both direct and immunestimulating effects. We use a range of 0 to
20 milligrams per day as our target human
dose.
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TABLE 22.11 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR MELATONIN*
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Doses used in human anticancer studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on human studies and
pharmacokinetic calculations
Minimum required antitumor dose assuming
15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

DOSE (mg/day)
commonly 10 to 50
10 to 50
(commonly 10 to 20)
0 to 10
0 to 20
0.67 to 1.3
3
10 to 50
3 to 20
none

See Appendix J for details.

The commonly prescribed dose in noncancerous conditions (insomnia and jet lag) is 3 milligrams. The
LOAEL dose is uncertain but likely to be between 10
and 50 milligrams per day (see Appendix J). Severe
drowsiness can occur at doses of 3 milligrams or less,
however.
Therapeutic dose estimates for melatonin are summarized in Table 22.11, with a tentative recommended dose
range of 3 to 20 milligrams daily. The 3-milligram
value is based on the commonly prescribed dose, and the
20-milligram value on the highest common dose in human studies.
Because the target dose is achievable, synergistic interactions may not be required for melatonin to produce
an anticancer effect in humans. Nevertheless, melatonin
may greatly benefit from synergism, and it makes sense
to continue testing it in combination with other compounds.
It is important to note that melatonin is best taken at
night. Morning administration was reported to stimulate
growth of two different cancer cell lines in rodents,
whereas taken in the afternoon it inhibited
growth.239,_240,_241 Furthermore, melatonin induces drowsiness, which may be unwanted during the day.
As discussed above, normal levels of melatonin may
impede tumor progression. Therefore, even without
external melatonin, it may be worthwhile to maximize
natural production. This can be done in at least two

ways. First, the body’s levels of melatonin can be
maximized by reducing exposure to artificial light during the dark hours. Even short periods of light at night
can dramatically reduce melatonin production for the
remainder of the night.242 Second, at least two studies
indicate that meditation practices can increase melatonin
concentrations.243,_244 In addition to an effect on melatonin, meditation may have other beneficial effects, not
the least being increased peace of mind. Several preliminary studies have in fact reported that deep meditation may prolong the lives of some cancer patients.245–248

CONCLUSION
Lipid-soluble vitamins represent a unique class of potential anticancer compounds. Two vitamins, A and D3,
in the form of their active metabolites, have the ability to
enter the nucleus and directly affect gene transcription.
Since few other natural compounds discussed here can
do this, when used in combinations they offer valuable
diversity. The effects of vitamin E are limited primarily
to the plasma membrane. Since the membrane’s characteristics govern antigen presentation, the uptake and
transport of drugs and nutrients, as well as the functioning of growth factor receptors and other important structures, vitamin E, especially in its alternate forms such as
VES, has the potential to directly inhibit cancer cell proliferation. At the same time, questions on VES pharmacokinetics must be answered before we can predict that
its potential will be realized in treatment. Through its
antioxidant characteristics, vitamin E can also inhibit
cancer through indirect actions, such as by supporting
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immune function. Melatonin, which is not a vitamin but
a hormone, is both water- and lipid-soluble, and for this
reason it can enter several cellular compartments to affect change. It can inhibit cancer cells directly and, like
vitamin E, also through indirect means.
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NATURAL COMPOUNDS, CHEMOTHERAPY, AND
RADIOTHERAPY
Although the main focus of this book is the use of
natural compounds in combination with one another or,
more generally, of the mechanism-based approach, it
also seems important to investigate using natural compounds to improve the efficacy and safety of current
chemotherapy drugs and radiotherapy. As discussed in
the preface, within the next decade cancer chemotherapy
will undergo radical changes, as mechanism-based drugs
that effectively inhibit cancer without harming normal
cells begin to be utilized. Natural compounds, similar in
many ways to this new generation of drugs, would likely
complement their actions; for example, those that inhibit
PTK activity could be expected to complement drugs
that do the same. The advent of such drugs is still some
years off, however, and the more practical question now
is whether natural compounds can maximize the efficacy
or minimize the adverse effects of currently used drugs.
While the majority of animal studies conducted thus far
do suggest that natural compounds could perform one or
both functions, the data are still limited, and much more
work is needed to determine how and when they might
best be used and when they should not be. In particular,
additional animal studies are needed in which natural
compounds are administered in ways that humans would
use them (i.e., orally, at moderate doses, in combination
with one another, and for prolonged time periods).
Many animal studies used other routes of administration,
doses, and/or schedules.
Using natural compounds with chemotherapy or radiotherapy is a controversial issue, and of all natural compounds, antioxidants in such combinations are the most
controversial. On one hand, there is concern antioxidants might protect cancer cells from conventional
therapies. On the other, there is evidence antioxidants
can support the immune system and protect normal cells
from the adverse effects of conventional treatments.
Studies are currently under way or are being planned
that will help shed more light on when and where antioxidants may be beneficial or detrimental. The preliminary evidence available, however, suggests that
antioxidants will be beneficial (or at least not harmful)
in most situations.
Antioxidants receive much attention from researchers
and the public, but they are by no means the only compounds of importance. In fact, exploring the effects of
antioxidants is best viewed as the first and most superficial layer of an examination into the effects of natural

compounds as a whole. As discussed below, a great
many natural compounds may be useful that either are
not antioxidants (EPA, for example) or are secondary
antioxidants, those that show antioxidant activity but
also inhibit cancer through other non-redox-mediated
means. To give an example, quercetin is an antioxidant
compound, but it stops cancer cell proliferation primarily through inhibition of kinase activity. Even a compound like vitamin E succinate is a secondary
antioxidant because its primary effect on cancer cells is
not mediated through an antioxidant action. As indicated in previous chapters, these nonantioxidant and
secondary antioxidant compounds are likely to produce
the greatest anticancer effects. Similarly, they may have
the greatest impact on the efficacy of chemotherapy and
radiotherapy.
In this chapter we first review the effects of natural
compounds on chemotherapy, then on radiotherapy.
Finally we examine their effects on drug metabolism.
Although little is currently known regarding this last
topic, it is important because natural compounds that
alter drug metabolism can alter the concentration of
chemotherapy drugs in the plasma. Note that dose recommendations are not given in this chapter; those provided in previous chapters can be used as a guide for
new studies on the effects of natural compounds on conventional treatment. As emphasized previously, the
benefits of natural compounds are likely to be maximized when they are used in large combinations. There
is also reason to believe that combinations of natural
compounds will be more beneficial than single compounds when used with chemotherapy and radiotherapy.

INTRODUCTION
Natural compounds could conceivably increase the efficacy of chemotherapy and radiotherapy through several means. For example, a compound that interferes
with signal transduction could be expected to act additively or synergistically with a chemotherapy drug that
interferes with DNA synthesis. Animal studies have
reported, in fact, that beneficial interactions can be produced between natural compounds and chemotherapy/radiotherapy. Such studies have also reported that
beneficial interactions occur between chemotherapy/radiotherapy and other agents that share properties
with natural compounds. For example, additive or syn-
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ergistic antitumor effects have been reported for combinations of HMGR inhibitors and cisplatin; MMP (matrix
metalloproteinase) inhibitors and cisplatin; epidermal
growth factor receptor inhibitors (i.e., PTK inhibitors)
and doxorubicin; agents that induce cytokine production
and radiotherapy; and cytokines in combination with
mitomycin, cyclophosphamide, or carboplatin.1–7 Thus
there is reason to think that natural compounds that inhibit cancer cell proliferation or affect the immune system by some of these same mechanisms could increase
the efficacy of chemotherapy and radiotherapy.
To understand how natural compounds might best be
employed, it is worthwhile to consider the possible goals
for combining natural compounds with chemotherapy
and radiotherapy. At least six different goals can be
envisioned (adapted from reference 8):
1. Natural compounds could diminish the side effects of
chemotherapy/radiotherapy so that higher, more effective doses could be given with more safety.
2. Natural compounds might overcome cell resistance
to chemotherapy/radiotherapy or otherwise increase
drug accumulation in cancer cells.
3. They could produce additive or synergistic cytotoxic
effects with chemotherapy/radiotherapy.
4. They could modify the tumor environment to enhance local delivery of chemotherapy drugs.
5. Immune stimulant drugs could be used to enhance
the antitumor effects of natural compounds.
6. Chemotherapy/radiotherapy could be utilized to
maximally reduce tumor volume, then followed by
natural compounds to restore the immune system and
enhance immunologic elimination of any remaining
microscopic tumors.
This chapter is concerned with the first three types of
interactions. There are few data on the fourth and fifth
types of interactions, and these are not discussed further,
other than to mention that fibrinolytic agents may help
increase delivery of chemotherapy drugs to cancer cells
within a solid tumor. The last type of interaction involves the immune system; see Chapters 11 and 12 for
more information.
The first three interactions are not mutually exclusive
and can occur simultaneously. For instance, compounds
like EPA may both increase drug accumulation within a
cancer cell and reduce the cell’s proliferation by inhibiting PKC activity. Moreover, multiple submechanisms
can exist for each of these interactions; for example,
drug resistance could be reduced through at least four
submechanisms, as discussed below. Therefore, the
ways that natural compounds interact with chemother-

Natural Compounds in Cancer Therapy

apy drugs or radiotherapy are complex. This is particularly true if large combinations of natural compounds
are used. The benefits of combinations probably will be
proven long before the exact means of action are understood.
Before discussing the effects of individual compounds
on chemotherapy and radiotherapy, we first examine the
first three primary interactions to provide some idea of
how natural compounds might be useful and to help envision optimal combinations.

Use of Natural Compounds to Reduce
Adverse Effects of Chemotherapy
Many chemotherapy drugs induce necrosis or apoptosis in cancer cells by generating free radicals, but at
the same time, these prooxidant mechanisms are responsible for adverse effects on normal cells. For example,
doxorubicin, one of the most widely used chemotherapy
drugs, induces DNA damage in cancer cells through a
prooxidant mechanism. One of its primary side effects
is heart damage that is also caused by its prooxidant action.9,_10,_11 Because doxorubicin treatment can reduce
total antioxidant stores in the body, antioxidant treatment might maintain these stores and protect normal
tissues from adverse effects.12,_13 This has in fact been
reported in a large number of animal studies that tested
doxorubicin in combination with antioxidants such as
melatonin, vitamin E, vitamin C, combinations of vitamins C and E, beta-carotene, curcumin, catechin, the
antioxidant drugs dexrazoxane and probucol, and others.14–23
If antioxidants can help prevent adverse effects of
prooxidant chemotherapy drugs, can they also reduce
the ability of such drugs to destroy cancer cells? Although some in-vitro studies have suggested antioxidants can prevent chemotherapy-induced apoptosis, a
growing number of them report that antioxidants increase the cytotoxic effects of chemotherapy drugs
against cancer cells. A recent in-vitro study on lymphoma cells in fact identified several ways antioxidants
could improve the effects of chemotherapy; it reported
that oxidative stress reduced the total amount of cell kill
from apoptosis and necrosis that was induced by etoposide, doxorubicin, cisplatin, and cytarabine. Moreover, it reported that oxidative stress shifted the
mechanism of cell kill away from apoptosis and toward
necrosis.24 As discussed in Chapter 15, apoptosis is the
preferred method of cell kill during cancer treatment
because, unlike necrotic cells, apoptotic cells do not rupture in the extracellular space. Before apoptotic cells
can spill their contents, they are ingested by macrophages; such ingestion reduces the spillage of iron stores
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as well as that of other cellular compounds that lead to
inflammation and the generation of free radicals. Both
iron and inflammation, as we have seen, can facilitate
cancer progression. This same study reported that antioxidant treatment increased the efficacy of the four
chemotherapy drugs by favoring the induction of apoptosis over necrosis and by improving the ingestion of
apoptotic cells by macrophages.
In addition to this in-vitro study, most animal studies
have also indicated that antioxidants could produce a
beneficial effect when used with chemotherapy. For
example, antioxidants such as melatonin, vitamin C,
vitamin E, and the antioxidant drugs probucol and amifostine have protected animals from doxorubicin- or
cisplatin-induced toxicity without interfering with the
drug’s antitumor effects, and in some cases improving
them.14,_20,_21,_23,_25–27
Antioxidants have potential to improve the efficacy of
chemotherapy or reduce its adverse effects through the
following mechanisms:
• They can protect normal tissues from free radical
damage induced by chemotherapy.
• Because immune cells need a high concentration of
antioxidants to function, antioxidants can produce
healthier immune cells, which are more likely to inhibit cancer than unhealthy ones.
• They could reduce the mutation rate, resulting, over
time, in cancers that are less aggressive and less
adaptable to changing conditions.
• They could reduce the proliferation rate of cancer
cells by normalizing the activity of growth factor receptors and transcription factors.
• In conditions of high oxidative stress (such as caused
by chemotherapy), antioxidants could reduce lipid
peroxidation, thereby increasing the proliferation
rate. (Lipid peroxidation acts as a negative growth
regulator for most cells, including most cancer
cells.28–31) Increased proliferation could actually improve the efficacy of chemotherapy drugs, since cancer cells must be in the cell cycle for most
chemotherapy drugs to work.32
• By reducing oxidative stress, they could assist cancer
cells to die of apoptosis rather than necrosis, which
has at least two primary advantages: First, it helps
minimize iron release and inflammation, and second,
apoptotic cells are ingested more efficiently by
macrophages than necrotic cells are. Since antioxidants favor apoptosis and support macrophage activity, they can help macrophages to present the
cancer’s antigens to T cells efficiently. This allows
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T cells to target the remaining cancer cells more effectively.

Use of Natural Compounds to Increase
Drug Accumulation or Reduce Drug
Resistance
Cancer cells are better able to adapt to stress than normal cells. In cancer treatment, this adaptation results in
tumor cells that develop resistance to chemotherapy
drugs, which is a primary obstacle to treatment success.
Cancer cells often develop resistance not only to the
drug to which they have been exposed but also to other
drugs and noxious agents they have not encountered.
Development of this nonspecific or multidrug resistance
might be likened to a battleship crew placed on “battle
stations” after a surprise attack; in this state of alertness,
they are prepared for any new onslaught, whatever its
form. Once a cancer cell becomes stressed and develops
multidrug resistance, it is not easily harmed.
To devise strategies for reversing multidrug resistance
with natural compounds, we must first understand how
resistance develops. At least four mechanisms have
been described that mediate multidrug resistance:33
1. Decreased drug sensitivity. A cancer cell’s sensitivity to a drug can be reduced if the cell produces mutated targets of the drug, such as a mutated enzyme,
that are no longer sensitive to the drug’s actions.
Sensitivity can also be reduced if the cell overproduces the intended target (again, such as an enzyme).
Lastly, it can be lowered if the cancer cell overproduces certain proteins that protect the cell from damage. Examples include altered production/activity of
the antiapoptotic protein Bcl-2 (see Table 2.1), topoisomerase II (see Chapter 2), and heat-shock proteins.
The latter are produced in response to stress and prepare the cell for additional stress.
2. Increased repair of intended drug targets. Drug resistance can develop if the cancer cell increases the
repair of drug targets. For example, many drugs target DNA, and some cancer cells can increase DNA
repair. In some cases, this may take the form of
greater p53 expression, since p53 facilitates repair of
damaged genes.
3. Increased drug expulsion. Drug resistance can develop if export of the drug from the cell is increased.
The required pumping action is commonly mediated
through two proteins called P-glycoprotein and the
multidrug resistance protein (MRP).a When one or
both these proteins are overactive, drug concentraa

A series of MRP proteins exist named MRP1, MRP2, and so on.
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tions within the cell are minimized. Note that the
functions of these proteins are still not fully understood, and reports on their activities vary.34
4. Altered metabolism and drug detoxification. Cancer
cells can gain resistance by increasing their ability to
detoxify drugs. A common example is increased resistance due to enhanced activity of the glutathione
S-transferase drug detoxification system; recall that
this enzyme catalyzes the formation of drugglutathione conjugates (see Figure 18.1). Once
formed, these water-soluble conjugates can be expelled from the cell.a Increased glutathione concentrations and/or glutathione S-transferase activity have
been associated with resistance to many drugs. Multiple means are available by which the conjugates
can be expelled from the cell; the primary mechanism in most appears to be via the glutathionexenobiotic (GSH-X) pump. Increasing evidence indicates this pump is closely related to, if not identical
with, the multidrug resistance protein (MRP) mentioned above. If they are indeed identical, this implies that MRP is able to expel both conjugated and
unconjugated compounds.
Inhibition of drug resistance has a strong parallel with
inhibition of cancer in general. Multiple mechanisms
are at work both in cancer cell survival and multidrug
resistance, and neither has yet been adequately inhibited
by targeting a single mechanism. For example, two
drugs, verapamil and cyclosporin, have received the
most study as modifiers of multidrug resistance. Both
inhibit drug resistance primarily through a single
mechanism, inhibition of P-glycoprotein.35,_36 The results of clinical studies using these drugs in patients with
solid tumors have been disappointing, although some
promising results were seen with hematological cancers.37 A recent review postulates that the poor results
were likely due to the multitude of mechanisms occurring in multidrug resistance and the fact that it is affected by other factors such as cell proliferation,
angiogenesis, and apoptosis, as well.37
The complexity of multiple mechanisms in drug resistance has been investigated by other authors. In a study
on leukemia patients, no relationship was found between
the resistance to chemotherapy and the expression of
any single protein involved in drug resistance (MRP,
p53, heat-shock protein, P-glycoprotein, and so on). A
correlation to resistance was found, however, when
groups of two or more of these proteins were analyzed
together, indicating that a number of events occur simula

In some cases, glutathione conjugates can form spontaneously,
without the activity of glutathione-S-transferase, but the reactions
occur more readily when it is present.

taneously to confer multidrug resistance.38 Consequently, combinations of compounds that can inhibit
drug resistance through multiple pathways may provide
the greatest effect.
Although each of the four mechanisms listed could
conceivably be affected by natural compounds, most
research has focused on three areas: inhibition of Pglycoprotein, inhibition of the glutathione S-transferase
drug detoxification system, and inhibition of heat-shock
proteins. Each of these is discussed separately below.

Inhibition of P-glycoprotein
As mentioned, P-glycoprotein acts as a pump to export
drugs and other noxious compounds from a cell. It has
at least three characteristics that make it susceptible to
inhibition by natural compounds. First, its actions are
regulated largely through PKC activity, and as we know,
many natural compounds inhibit PKC. Tumor cell variants that overexpress mdr (the gene that encodes for Pglycoprotein) tend to have several-fold higher levels of
PKC activity compared to their drug-responsive counterparts. Consequently, PKC inhibitors reduce multidrug resistance in a variety of cell lines.39,_40 For
example, one study reported that PKC inhibitors reduced
resistance of brain cancer cells to vincristine in vitro.41
A similar PKC-dependent effect is seen in cells surviving radiation exposure. Like chemotherapy, radiation is
a noxious agent that stimulates multidrug resistance.
Ionizing radiation rapidly and transiently activates PKC
in a dose-dependent fashion.40 Since PKC activity is
important for cell survival following radiation, PKC
inhibitors can sensitize cells to radiation-induced killing.42 For example, hypericin, which decreases PKC
activity, increased the sensitivity of brain cancer cells to
radiation in vitro.43
The second means by which natural compounds can
inhibit P-glycoprotein is by blocking ATP binding.
ATP is the energy source within cells. As discussed in
Chapter 4, the pluripotent activity of several natural
compounds against various ATP-dependent enzymes
such as PTK and PKC may be due to their ability to decrease the binding of ATP, thereby reducing the enzyme’s energy source. Other ATP-dependent enzymes
like MRP/GSH-X might also be inhibited with these
natural compounds.
The third means of inhibiting P-glycoprotein is
through inhibition of NF-κB. In some cancer cell lines,
the expression of the mdr gene is associated with prior
increases in NF-κB activity and can be diminished by
NF-κB antagonists.44,_45 NF-κB activity can be reduced
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by a number of natural compounds, including antioxidants (see Chapter 5).

Inhibition of the Glutathione S-Transferase
Drug Detoxification System
As already stated, the glutathione S-transferase drug
detoxification system involves the formation of drugglutathione conjugates and expulsion of these conjugates
from the cell. Adequate glutathione must therefore be
present for this system to function, and it is possible to
reduce this form of drug resistance by lowering intracellular concentrations of glutathione. Compounds such as
glutamine and whey may be well suited for this task (see
Chapter 18). It is true that by lowering glutathione concentrations, cancer cells might come under considerable
oxidative stress, and for several reasons we do not advocate the production of oxidative stress as a treatment
strategy. If chemotherapy is being used, however, a
commitment has likely already been made for a prooxidant therapy.
Drug resistance may also be lowered by reducing the
activity of the MRP/GSH-X pump. Since this protein is
dependent on ATP, a number of natural compounds may
be able to affect its activity, as discussed previously.

Inhibition of Heat-shock Proteins
Heat-shock proteins are those that protect the cell from
death due to adverse conditions. Heat-shock proteins
are induced by stress, including that caused by chemotherapy drugs. Once produced, these proteins assist the
cell to withstand future insults. The production of heatshock proteins is stimulated by the binding of a transcription factor (called heat-shock factor) to DNA.
Natural compounds can inhibit heat-shock proteins
through at least two mechanisms. First, some natural
compounds, including quercetin, prevent heat-shock
factor from activating gene transcription, thereby averting the production of heat-shock proteins.46,_47 Second,
increased heat-shock factor activity and gene expression
are positively associated with increased NF-κB activity.48,_49,_50 It follows then that inhibitors of NF-κB activity could inhibit production of heat-shock proteins.

Producing Synergistic Cytotoxic Effects
We now turn to the final primary interaction between
natural compounds and chemotherapy drugs: the production of synergistic cytotoxic effects. We know that
natural compounds can produce cytotoxic effects in cancer cells through a variety of mechanisms. Not sur-
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prisingly, when they are combined with chemotherapy
drugs, the cytotoxic effects are often additive or synergistic. The exact means by which synergistic interactions occur is usually not obvious; in some cases, natural
compounds and chemotherapy drugs may simply damage the cancer cell through different but complementary
mechanisms. In others, they may cooperate to inhibit
the same mechanism, and in still others, natural compounds may reduce resistance to the drug. Many interactions are possible.
Whether they act by reducing adverse reactions, increasing drug accumulation or reducing drug resistance,
producing synergistic cytotoxic effects, or some other
means, a number of natural compounds have been reported to increase the safety and efficacy of chemotherapy and radiotherapy. These studies are discussed
below.

EFFECTS OF NATURAL COMPOUNDS
ON CHEMOTHERAPY
Selenium
In animal and human studies, selenium reduced both
the adverse effects of cisplatin and multidrug resistance
induced by cisplatin.
Intraperitoneal administration of 2 mg/kg of selenium
given one hour before injection of cisplatin protected
mice against kidney toxicity but did not reduce cisplatin’s antitumor effects.51 The equivalent human dose
is about 19 milligrams of selenium by intraperitoneal
administration, which is prohibitively large. Other studies also reported protective effects in mice at similar
high doses.52,_53,_54 The protective effect appeared due to
the formation of a selenium-cisplatin complex in the
kidneys.55
A similar selenium dose (1.5 mg/kg intraperitoneal)
prevented drug resistance in tumor-bearing mice if it
was given at the time of cisplatin treatment. The effect
was attributed to prevention of cisplatin-induced increases in glutathione synthesis in the cancer cells.56
Although the selenium doses used in these studies
were prohibitively high for human use, selenium may
also be helpful at somewhat lower doses. In a study on
41 patients with various cancers, those who received
4,000 micrograms of selenium orally for eight days, beginning four days before treatment with cisplatin, exhibited higher leukocyte counts and reduced kidney toxicity
as compared to controls (same patients at a different
time) treated only with cisplatin.57 Although this dose is
far above the 1,100-microgram maximum dose recom-

Natural Compounds in Cancer Therapy

348

mended in Table 14.2, it did not cause adverse effects,
probably because it was given for only a short period of
time and in a relatively nontoxic organic form (kappaselenocarrageenan).

Vitamin C
Vitamin C increased the cytotoxicity of some chemotherapy drugs in vitro. Some of these studies used high
concentrations (roughly 200 µM and above), and we can
suppose the vitamin produced prooxidant effects that
acted in conjunction with the drugs to improve cell kill.
However, at least one in-vitro study reported that much
lower concentrations of vitamin C also enhanced the
effects of chemotherapy. In this study, nontoxic concentrations (1 µM) improved the cytotoxicity of doxorubicin, cisplatin, and paclitaxel against human breast cancer
cells.58 It seems unlikely a prooxidant effect was produced at this low concentration, and other mechanisms
apparently were involved.
Vitamin C has also reduced the adverse effects and/or
increased the efficacy of chemotherapy drugs in animals. Based on the two oral studies summarized below,
doses of up to 2 grams per day appeared to be effective
in reducing adverse effects. This is a small number of
studies, however, and many more are needed.
• Vitamin C prolonged survival of mice and guinea
pigs inoculated with leukemia and treated with
doxorubicin; in addition, it did not inhibit the antitumor effect of doxorubicin.23 A related experiment
reported similar beneficial results.59 The applicability of these studies in humans is uncertain, however,
since vitamin C was initially injected intraperitoneally with the doxorubicin and then injected alone
afterward, a system that would not be used in humans. The intraperitoneal doses of vitamin C were
about 19 grams per day in mice and 2.9 grams per
day in guinea pigs (as scaled to humans).
• Subcutaneous injections of vitamin C (at 580 milligrams per day as scaled to humans) reduced the adverse effects of N-methylformamide and increased
survival of leukemia- and sarcoma-bearing mice as
compared with treatment by the chemotherapy agent
alone.60
• Orally administered vitamin C at a single dose of 1.6
grams (as scaled to humans) reduced lipid peroxidation and kidney toxicity in rats given a single intraperitoneal dose of cisplatin.61 Doses half this amount
were not effective, and twice as much was no more
effective.
• Vitamin C inhibited genotoxicity in mice induced by
cyclophosphamide, mitomycin, and cisplatin. The

effective oral doses ranged from 15 milligrams to 3.7
grams, as scaled to humans.62,_63 Intraperitoneal administration (at doses ranging from about 16 to 67
grams, as scaled to humans) also protected mice
from genotoxicity due to cyclophosphamide and mitomycin.64,_65

Polysaccharides
A large number of studies have reported that the mushroom polysaccharides PSK or PSP increased survival of
tumor-bearing rodents treated with chemotherapy or
protected them from its adverse effects or both.66–71
Most of the studies used oral administration. We do not
discuss these here, however, since many human studies
using PSK/PSP in combination with chemotherapy were
already described in Chapter 16. In most animal and
human studies, PSK/PSP was reported beneficial when
used in conjunction with chemotherapy drugs.
Herbal formulas containing Astragalus and other immunostimulant herbs in combination with various chemotherapy drugs have also been tested in animals. For
example, oral administration of the herbal formula Ba
Zhen Tang, which contains ginseng, Astragalus, and
other herbs, reduced cisplatin-induced adverse effects
and lethality in mice injected with sarcoma and bladder
cancer cells. Moreover, the formula did not reduce the
antitumor effect of cisplatin and may have improved it.
Effects were seen at doses of 0.6 to 1.7 g/kg.72,_73 The
formula had a similar protective effect after mitomycin
administration.74,_75 Also, a polysaccharide fraction isolated from the formula and given orally protected mice
from kidney toxicity and death induced by cisplatin.76
Other herbal formulas have also been reported beneficial; oral administration of Bu Zhong Yi Qi Tang, containing ginseng, Astragalus, and other herbs, reduced
cyclophosphamide-induced toxicity and increased the
antitumor effect in sarcoma-bearing mice.77
Lastly, a number of human studies summarized in
Chapter 12 indicated that herbal formulas containing
immunostimulant herbs may improve survival of cancer
patients receiving chemotherapy while reducing its adverse effects.

EPA/DHA
Many in-vitro studies have examined the effects of
EPA/DHA or fish oil on the cytotoxicity of chemotherapy drugs. Most of these reported that EPA/DHA enhanced the cytotoxicity of chemotherapy drugs,
including mitomycin, cisplatin, and vincristine.78–81 Enhanced cytotoxicity could have occurred through at least
four mechanisms. First, if vitamin E or other antioxidants were not given with the fatty acids, the fatty acids
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could have directly induced cytotoxicity through a
prooxidant mechanism.82 Second, the fatty acids could
have inhibited cell proliferation through other means
such as inhibition of signal transduction (see Chapters 4
and 17). Third, the fatty acids could have increased the
uptake of chemotherapy drugs by altering the fluidity of
the plasma membrane, and fourth they could have reversed multidrug resistance through inhibiting PKC activity.83,_84,_85
Several animal studies have also documented that
EPA/DHA or fish oil, at very high doses, increased the
efficacy or decreased the adverse effects of chemotherapy drugs or both. These are summarized below:
• A diet of 3 or 6 percent fish oil (about 3.6 and 7.2
g/kg) enhanced the antitumor effect and reduced the
adverse effects of irinotecan in mice with transplanted human breast cancer cells.86 Treatment with
the drug alone caused inhibition of tumor growth
only, whereas co-administration with fish oil led to
tumor regression. The equivalent human dose is
about 34 and 69 grams per day.
• In a randomized, double-blind, placebo-controlled
study, a diet of about 6 percent fish oil and 3 percent
arginine enhanced the antitumor effect of doxorubicin in dogs with spontaneous lymphoma. Diseasefree intervals and survival time were increased by the
treatment as compared to dogs receiving only
doxorubicin. Mean survival times were 318 versus
227 days, respectively. The effect was dependent on
stage, as dogs at stage III received benefit but dogs at
stage IV did not. In stage III dogs, survival time was
directly related to plasma concentrations of EPA,
DHA, and arginine. Treatment also reduced plasma
concentrations of lactic acid, and low lactic acid concentrations were associated with greater survival.
Plasma concentrations of insulin were also decreased
by the experimental diet.87 The equivalent human
dose of a 6 percent fish oil diet is about 69 grams per
day.
• A diet of 20 percent fish oil (about 24 g/kg) enhanced the antitumor effect of mitomycin in mice
with transplanted human breast cancer cells. The effect was due to increased lipid peroxidation.88 The
equivalent human dose is about 230 grams per day.
• A diet of 20 percent fish oil (about 24 g/kg) enhanced the antitumor effect of cyclophosphamide
and reduced its acute adverse effects in mice with
transplanted human breast cancer cells.89 The
equivalent human dose is about 230 grams per day.
• A diet of 19 percent fish oil (about 23 g/kg) enhanced the antitumor effect of doxorubicin (with ferric citrate) in mice with transplanted human lung
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cancer cells.86 The equivalent human dose is about
220 grams per day.
The above studies appear irrelevant to human use,
given the prohibitively large doses of fish oil involved.
As discussed in Chapter 17, the recommended maximum dose of fish oil is about 21 grams per day. Still,
one animal and one human study have suggested that
relatively low doses could be beneficial. In the animal
study, oral administration of DHA (at 5 to 50 mg/kg)
protected mice from methotrexate-induced small intestine damage, with the 50-mg/kg dose more effective
than the 5-mg/kg one.90 The human equivalent of 50
mg/kg in mice is about 480 milligrams per day. The
human study found that normal dietary levels of fish oil
or other sources of EPA/DHA increased the efficacy of
chemotherapy drugs; breast cancer patients with higher
fat tissue levels of omega-3 fatty acids, especially DHA,
were more likely to respond to combinations of chemotherapy drugs than were patients with low tissue levels
of DHA.91 This effect was apparently due partly to increased drug uptake by tumor cells.

Glutamine
Glutamine has reduced the gastrointestinal-related adverse effects of a variety of chemotherapy drugs in animals. Human studies also suggested a protective effect,
which seemed to occur in part due to glutamine’s ability
to act as a fuel for intestinal cells. In addition, glutamine
improved the efficacy of some chemotherapy drugs by
decreasing intracellular glutathione concentrations in
cancer cells, while increasing glutathione concentrations
in normal ones. These results were discussed in Chapter
18.

Garlic
Few animal studies have investigated the ability of
garlic or its primary constituent, DADS, to alter the efficacy or safety of chemotherapy drugs. In one study,
intraperitoneal administration of garlic extract (equivalent to 2 g/kg of garlic) reduced the toxicity of cyclophosphamide in mice but not its antitumor effects. The
effect might have been from an antioxidant mechanism,
since lipid peroxidation in the liver was reduced.92 The
equivalent human dose is about 19 grams of garlic by
intraperitoneal administration, which is high compared
to dose estimates given in Table 18.4.

Enzyme mixtures
Orally administered proteolytic enzymes increased absorption and tissue diffusion of drugs, including some
antibiotics and chemotherapy drugs.93 In part, this may
be due to the moderate fibrinolytic effects of the en-
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zymes, which assist the free flow of therapeutic drugs to
inflamed sites. It may also come from the ability of proteolytic enzymes, especially mixed enzymes, to open
tight junctions in the intestinal lining and allow the passage of large drug molecules.94 Combinations of enzyme therapy and chemotherapy have been used in
Germany in preliminary experiments with some success,
including more rapid remissions, reduced side effects,
and reductions in therapy costs.95–99 Reduced side effects appear to be due partly to inhibition of chemotherapy-induced production of inflammatory substances.
One human study reported that orally administered enzymes (WOBE-MUGOS) also reduced the acute side
effects of radiation therapy in patients with head and
neck cancers.100

Quercetin, Apigenin, and Genistein
Quercetin, apigenin, and genistein have all been reported to affect production or activity of multidrug resistance protein (MRP) and P-glycoprotein in vitro. In
some studies, MRP and/or P-glycoprotein were inhibited
and in others, they were stimulated or there was a biphasic effect, where one or both proteins were inhibited
at high concentrations and stimulated at low concentrations. Thus, based on the in-vitro studies, the effects of
these flavonoids on multidrug resistance is somewhat
unpredictable and more study is necessary.
At 20 µM, genistein inhibited multidrug resistance in
human leukemia cells active for P-glycoprotein.101 At
100 to 200 µM, it reduced multidrug resistance in human MRP and/or P-glycoprotein breast and lung cancer
cells and colon cells (lower concentrations were not
tested).102–105 Apigenin, daidzein, quercetin, and other
flavonoids were also effective. Genistein concentrations
of 11 µM also increased drug accumulation and markedly reduced resistance to a variety of chemotherapy
agents in human leukemia cells that were not active for
P-glycoprotein.106 Quercetin (at 100 µM) inhibited production of P-glycoprotein and reduced multidrug resistance in human liver cancer cells and other neoplastic
cell lines in response to toxic compounds such as arsenite, vincristine, and vinblastine (lower concentrations
were not tested).107,_108 At 1 to 10 µM, quercetin lowered multidrug resistance in human breast cancer cells
and potentiated the effects of doxorubicin.109 A number
of studies reported that quercetin reduced the activity of
heat-shock proteins, which help facilitate drug resistance.108,_110–112 A similar inhibitory effect on heatshock proteins may be produced by genistein and luteolin.113
In contrast to the above, flavonoids (at least genistein)
can also increase drug resistance in some cases. Gen-
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istein at 50 µM decreased methotrexate uptake and its
cytotoxicity in drug-resistant leukemia cells.114 Other
drugs may also be affected since in one study, treatment
with genistein at 25 µM caused 25 out of 26 samples of
acute lymphoblastic leukemia cells ex vivo to be about
twofold more resistant to inhibition by daunorubicin.115
Apart from studies specifically on drug resistance,
quercetin and genistein have been reported to act synergistically with many chemotherapy drugs. For example,
quercetin at 0.01 to 2.5 µM acted synergistically with
cisplatin against human ovarian cancer cells in vitro.116
Quercetin (at about 25 µM) acted synergistically with
busulphan against human leukemia cells in vitro.117
Quercetin (at 0.01 nM to 10 µM) acted synergistically
with cytarabine against human leukemia cells in vitro,
however, another study reported that quercetin did not
affect the cytotoxicity of cytarabine in leukemia
cells.118,_119 Genistein (at about 4 µM) and doxorubicin
produced synergistic effects in human estrogendependent and -independent breast cancer cells in vitro.120 Genistein (at 10 to 20 µM) acted synergistically
with tiazofurin against human leukemia and ovarian
cancer cells.121,_122
Quercetin has also been reported to be active in animals. Intraperitoneal administration of 20 mg/kg of
quercetin every three days enhanced the antitumor effect
of cisplatin in mice injected with human lung cancer
cells, but it did not appear to protect against adverse toxicity induced by cisplatin.123 The equivalent human oral
dose is about 410 milligrams daily. Genistein has also
shown beneficial effects in vivo. Intraperitoneal administration of cyclophosphamide or 100 mg/kg of genistein inhibited growth of transplanted melanoma cells
and lung cancer cells in mice; the greatest effect was
seen when both agents were used in combination.124
The equivalent human oral dose of genistein is about 4.5
grams per day.

Green tea or EGCG
At least one in-vitro study has reported that EGCG increased the efficacy of chemotherapy. EGCG (at 22 to
44 µM) sensitized doxorubicin-resistant mouse sarcoma
cells and human colon cancer cells to doxorubicin
treatment. The effect was attributed to PKC inhibition
and subsequent inhibition of P-glycoprotein and other
proteins related to drug resistance.125
Effects have also been seen in vivo. Oral administration of green tea extract (at 1 g/kg per day for 10 days)
increased efficacy of doxorubicin by 2.5-fold in mice
bearing Ehrlich ascites cancer. The doxorubicin content
in cancer cells but not normal cells was increased by the
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green tea.126 The equivalent human dose is 9.6 grams of
green tea extract per day, or about 1.2 grams of EGCG.
In addition, oral administration of EGCG (at 1.9 grams
per day as scaled to humans) reduced the number of tumors induced by cisplatin treatment as well as the
weight loss caused by cisplatin. Cisplatin treatment induces secondary tumors in about 1 to 10 percent of
treated lung cancer patients.127

Curcumin
Curcumin has shown protective effects in animals in
combination with chemotherapy. Oral administration of
curcumin (at 200 mg/kg) reduced inflammation and lipid
peroxidation and increased antioxidant defense mechanisms in the lung tissue of rats treated with cyclophosphamide.128 Similar effects were observed in the lung
tissue of bleomycin-treated rats given the same oral
dose.129 This same dose reduced doxorubicin-induced
heart and kidney toxicity in rats.130,_131 The human
equivalent of 200 mg/kg in rats is about 3.2 grams daily.
Curcumin has also increased the effectiveness of chemotherapy; 28 mg/kg given orally in combination with cisplatin reduced the progression of fibrosarcoma in rats
(based on analysis of tumor marker enzymes) more effectively than cisplatin alone.132 The equivalent human
dose is about 450 milligrams per day.

Emodin
Emodin has shown synergistic effects both in vitro and
in animals. Emodin (at 30 µM) acted synergistically
with cisplatin, doxorubicin, and etoposide in inhibiting
HER-2/neu-overexpressing human lung cancer cells in
vitro.133 Intraperitoneal injection of emodin (40 mg/kg
twice a week for eight weeks) with Taxol significantly
inhibited the growth of HER-2/neu-overexpressing human breast cancer cells injected into mice, compared
with Taxol treatment alone. The same effect was seen in
vitro.134 The equivalent human oral dose is about 750
milligrams per day.

Ginseng
Ginseng has interacted beneficially with chemotherapy
drugs both in vitro and in animals. For example, selected ginseng triterpenoids at 25 to 100 µM reversed
multidrug resistance to daunomycin and vinblastine in
mouse leukemia cells in vitro.135
Oral administration of a crude extract of ginseng (at
500 mg/kg) increased the cytotoxicity of mitomycin in
mice with transplanted Ehrlich ascites cancer cells and
increased survival time of the mice as compared to those
receiving only mitomycin. In-vitro experiments also
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reported that the extract increased the uptake of mitomycin and enhanced its cytotoxicity.136 The equivalent
human dose is about 4.8 grams per day.
In rats with transplanted liver cancer cells, a combination of mitomycin and a crude ginseng extract (given
orally at 200 to 500 mg/kg) produced a greater antitumor
effect than mitomycin alone.137,_138 The equivalent human dose is about 3.2 to 8.1 grams per day.

Vitamin A
Vitamin A in the form of retinol or retinyl esters has
enhanced the effect of chemotherapy drugs in vitro. For
example, retinol (at 2.5 to 15 µM) increased the cytotoxicity of doxorubicin against human leukemia cells; this
occurred despite the fact that retinol produced an antioxidant effect in the cells, as shown by reduced lipid
peroxidation.139 In another study, retinyl acetate (at 30
to 60 µM) increased the cytotoxicity of vincristine
against drug-resistant leukemia cells, partly due to increased drug uptake by the cells.140 ATRA has also
been reported to enhance the effects of chemotherapy
drugs in vitro. For example, it acted synergistically (at
about 0.5 to 50 µM) with cisplatin against human ovarian cell lines.141 In another study, ATRA (at 1 µM) increased the sensitivity of three human leukemia cell
lines to cytarabine.119
Retinol or retinyl esters have also produced beneficial
effects in animals, but unfortunately, only intraperitoneal doses have been tested, and the results may be different for oral administration. In addition, several
studies used doses that would be excessive in humans
(the LOAEL dose is about 50,000 to 600,000 I.U.). Five
studies are summarized below:
• A combination of fluorouracil and retinyl palmitate
(at 5,000 I.U./kg per day intraperitoneal) increased
the survival of mice with transplanted sarcoma cells,
compared with 5-fluorouracil alone.142 The equivalent human oral dose is about 72,000 I.U. per day.
• A combination of immunotherapy (IL-2 plus lowdose cyclophosphamide) and retinyl palmitate (at
100,000 I.U./kg every four days, intraperitoneal) increased the survival of mice with transplanted neuroblastoma cells, compared with any of the three
therapies alone.143 The equivalent human oral dose
is about 360,000 I.U. per day.
• In a series of tests on combinations of retinyl palmitate and various chemotherapy drugs, retinyl palmitate enhanced the drug’s antitumor effects,
depending on the type of cancer and the dose. An intraperitoneal dose of 3.3 mg/kg per day improved the
antitumor effects of fluorouracil, methotrexate, and
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nimustine hydrochloride but not doxorubicin in mice
with transplanted sarcoma cells. An intraperitoneal
dose of 167 or 330 mg/kg improved the antitumor effects of methotrexate, doxorubicin, nimustine, and
cisplatin but not fluorouracil, in mice with transplanted leukemia cells.144 The equivalent human
oral doses of 3.3, 167, and 330 mg/kg intraperitoneal
in mice are about 85,000, 2.9 million, and 8.7 million
I.U. per day.
• A combination of vincristine and retinyl acetate (at
42 or 84 mg/kg, intraperitoneal) increased the survival of mice with transplanted vincristine-sensitive
and -resistant leukemia cells, compared with vincristine alone. The equivalent human oral dose is about
1.8 to 3.6 million I.U. per day.140

percent had a complete response and 32 percent had
a partial response.151

Vitamin D3
In a number of in-vitro studies, 1,25-D3 increased the
cytotoxicity of chemotherapy drugs. Unfortunately,
nearly all the studies summarized below used concentrations of 10 nM or larger. Plasma concentrations of 1,25D3 cannot exceed about 0.2 nM without causing adverse
effects.
• 1,25-D3 at 10 nM enhanced the susceptibility of human breast cancer cells to doxorubicin in vitro. The
effects apparently were due to increased ROS generation with the combined treatment.152

• A combination of 6-mercaptopurine and retinyl
palmitate (at 270 mg/kg, intraperitoneal) increased
the survival of mice with transplanted leukemia cells
more than 6-mercaptopurine alone.145 The equivalent human oral dose is about 7 million I.U. per day.
Human phase II studies have also been conducted.
Because these do not use a control group, the exact contribution of retinyl esters to the results seen is difficult to
determine. Still, the studies did suggest that the combinations were beneficial overall. Doses ranged from
30,000 to 300,000 I.U. per day (oral doses were used in
all cases):

• Exposure of human leukemia cells to cytarabine or
hydroxyurea followed by exposure to 1,25-D3 (at 0.1
µM) increased cytotoxicity compared with treatment
by the drugs alone. If treatment with 1,25-D3 occurred first, however, there was a slight decrease in
the cytotoxicity of the chemotherapy drugs.153

• Twenty-three patients with pancreatic cancer were
given combination chemotherapy, interferon, and retinyl palmitate (at 100,000 I.U. per day). Nine percent achieved a complete response and 26 percent a
partial response.146

• 1,25-D3 (at 10 to 50 nM) and carboplatin inhibited
proliferation of endometrial cancer cells more than
either compound used alone.156

• Forty patients with advanced non-small-cell lung
cancer were given combination chemotherapy, interferon, and retinyl palmitate (at 100,000 I.U. per day).
Eight percent achieved a complete response and 35
percent a partial one.147
• Thirty-three patients with advanced breast cancer
received a combination of tamoxifen and retinyl acetate (at 300,000 I.U. per day). Nine percent had a
complete response and 27 percent a partial one.148
• Forty-nine patients with advanced breast cancer received a combination of interferon, tamoxifen and
retinyl palmitate (at 100,000 I.U. per day). Twentyfour percent achieved a complete response and 31
percent achieved a partial one.149 In a similar study,
the numbers were 31 percent complete and 33 percent partial.150
• Twenty-three patients with oral cancer took a combination of cisplatin, fluorouracil, radiotherapy, and
retinyl palmitate (at 30,000 I.U. per day). Thirty-two

• A combination of 1,25-D3 (at about 1 nM) and cisplatin or carboplatin acted synergistically to inhibit
proliferation of prostate cancer cells.154
• 1,25-D3 (at 100 nM) and tamoxifen together inhibited proliferation of human breast cancer cells more
than either compound used alone.155

• 1,25-D3 (at 10 and 100 nM) and carboplatin inhibited
proliferation of human breast cancer cells more than
either compound used alone.157
• A combination of 1,25-D3 (at 10 nM) and methotrexate, mitomycin, cisplatin, or doxorubicin inhibited proliferation of osteosarcoma cells more then
any of the compounds used alone.158
In a phase II study, a combination of low-dose cytarabine, hydroxyurea, and 1,25-D3 (at 0.5 micrograms per
day orally) was given to 29 elderly patients with myeloid leukemia. Forty-five percent had a complete response and 34 percent a partial one.159 In a case series
study on two patients with multiple myeloma receiving
combination chemotherapy, treatment with 1,25-D3
combined with bisphosphonates appeared to help curtail
disease progression and stimulate bone healing.160 Although intravenous treatment was used initially, most of
the 1,25-D3 doses were oral at 0.5 micrograms.
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Vitamin E
Numerous in-vitro studies have observed that vitamin
E (alpha-tocopherol) or VES (vitamin E succinate) increased the effectiveness of chemotherapy against cancer cells or protected normal cells or both:
• VES (at concentrations greater than about 9.2 µM)
produced a synergistic effect with doxorubicin
against human prostate cancer cells. At lower concentrations, it had an additive effect.161
• VES (at 50 µM), with or without beta-carotene (at 50
µM), increased the cytotoxicity of melphalan toward
human squamous cell carcinoma, but VES did not alter the effects of cisplatin against this cell line.162
• Vitamin E and VES (at 0.1 to 10 µM) protected
normal leukocytes from patients with head and neck
cancers against genotoxicity induced by bleomycin.163
• Vitamin E (at 140 µM) inhibited doxorubicininduced lipid peroxidation in Ehrlich ascites cancer
cells in vitro but did not decrease the cytotoxic effect
of doxorubicin.164
Detrimental results have also been seen in vitro. In
one study, vitamin E (at 58 µM) antagonized the beneficial effects of five different sensitizing agents to the cytotoxicity of doxorubicin and vinblastine against drugresistant human lung cancer cells. The effect was not
caused by its antioxidant actions, as other lipid- and water-soluble antioxidants did not share the effect.165
Several animal studies have reported that vitamin E
enhanced the effectiveness of chemotherapy or protected
normal cells; however, most of these used very high
doses (1,600 to 52,000 I.U.). As listed in Table 22.9, the
tentative recommended dose is 440 to 1,700 I.U. per
day, although larger doses are likely to be safe. In many
of the following, the administration scheme may not
reflect human treatment conditions, since the doses were
high, were given intraperitoneally, and were often given
only once or for only a few days:
• Intraperitoneal administration of vitamin E (a single
dose of 1,600 I.U. as scaled to humans) reduced
doxorubicin toxicity and enhanced the antitumor and
antimetastatic effect of cyclophosphamide, doxorubicin, and methotrexate in rats injected with prostate
cancer cells.166
• Intraperitoneal administration of vitamin E (at 240
I.U. per day, as scaled to humans) for three days before doxorubicin treatment increased the life span of
mice with transplanted leukemia cells and reduced
doxorubicin organ toxicity. The same dose given
orally did not affect survival.167
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• Intraperitoneal administration of vitamin E (at 288
I.U. as scaled to humans) increased the cytotoxic effects of cisplatin against one line of neuroblastoma
cells in mice. Taken orally at about double the dose
it did not statistically alter the drug’s effectiveness.
Vitamin E did not increase the antitumor effects
against a second cisplatin-resistant cell line.168
• Intraperitoneal administration of vitamin E (at 2,500
I.U. per day, as scaled to humans) prevented bleomycin-induced lung fibrosis in mice.169
• An extremely large, single dose of vitamin E (33,000
I.U. intraperitoneal, as scaled to humans) given prior
to doxorubicin treatment reduced lipid peroxidation
but not the efficacy of doxorubicin against leukemia
in mice.170
• Vitamin E increased the antitumor effect of doxorubicin in rats with transplanted prostate cancer cells;
however, this was seen only when a single, high intraperitoneal dose (1,600 I.U., as scaled to humans)
was given on day one after transplantation. At lower
doses given every day for three days, mortality increased over treatment with doxorubicin alone.171
• An extremely large, single dose of vitamin E (52,000
I.U. subcutaneous, as scaled to humans) given before
doxorubicin, reduced heart toxicity caused by the
drug. This dose did not reduce the efficacy of a
combination of doxorubicin and cytarabine against
acute myeloid leukemia in rats.172
• Intraperitoneal administration of vitamin E (at about
290 I.U., as scaled to humans) protected mice from
the acute lethal effects of high-dose doxorubicin but
not the delayed lethal effects.173
• Intraperitoneal administration of vitamin E (at about
27,000 I.U., as scaled to humans) protected rats from
cisplatin-induced kidney damage.174
• Vitamin E given orally (at 3,600 I.U. per day, as
scaled to humans) improved the antitumor activity of
doxorubicin in mice with transplanted Ehrlich ascites
cancer cells. Vitamin E treatment also improved the
antioxidant status of the heart.14
• Vitamin E (at 9,700 I.U. per day orally, as scaled to
humans) reduced doxorubicin-induced organ toxicity
in rats.175
Detrimental effects have occurred in vivo. As mentioned above, low doses of vitamin E increased the mortality of mice treated with doxorubicin. In addition,
extremely large doses of vitamin E (33,000 I.U., intraperitoneal, as scaled to humans) increased the toxicity of
doxorubicin to bone marrow cells in mice.176 Similarly,
an extremely large dose of vitamin E (7,200 I.U. per
day, subcutaneous, as scaled to humans) increased the
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mortality of and tissue drug concentrations in mice
treated with doxorubicin.177,_178,_179 It would appear that
at some doses, vitamin E can increase drug uptake, possibly through modifying the plasma membrane.
Lastly, some in-vivo studies reported no protective effects for vitamin E:
• In one single-arm study, prolonged oral administration of vitamin E acetate (at 1,600 I.U. per day) did
not protect patients from doxorubicin-induced hair
loss.180
• In a single-arm trial, prolonged oral administration of
vitamin E (at about 5,400 I.U. per day) did not reduce heart or other forms of toxicity in patients
treated with doxorubicin.181
• Intraperitoneal administration of vitamin E (at about
15,000 I.U., as scaled to humans) failed to protect
rabbits from death due to doxorubicin injections.182
• Intraperitoneal administration of vitamin E (at about
1,200 I.U., as scaled to humans) failed to alter the
severity and incidence of skin lesions in dogs chronically injected with doxorubicin.183
The studies showing no effect on hair loss or skin toxicity may actually be considered a good sign. Like cancer cells, skin and hair cells are fast growing. If vitamin
E had protected those against death, it may have also
protected cancer cells. With regard to heart toxicity, it
seems likely that a combination of antioxidants may be
more useful than vitamin E alone.
To sum up the animal studies, beneficial, detrimental,
and no effects have been observed with combinations of
chemotherapy and vitamin E. Many of these studies,
however, did not give the vitamin the way humans
would generally use it (e.g., oral doses of about 400 to
800 I.U. per day, prolonged administration, and in combination with other antioxidants). Furthermore, it is not
clear whether other vitamin E compounds such as VES
would have different effects than those for alphatocopherol. Therefore, additional study is warranted
using protocols that more closely reflect how vitamin E
is used in humans. Some studies on the combined use of
antioxidants have in fact already been conducted, and
these are discussed below.

Combined Antioxidant Vitamins
A small number of in-vitro studies have reported that
combinations of antioxidant vitamins (for example, vitamin C, VES, ATRA, and beta-carotene) used in conjunction with chemotherapy drugs produced a greater
cytotoxic effect against cancer cells than the chemotherapy drugs alone. For example, these four vitamins in-

creased the cytotoxic effect of cisplatin and tamoxifen in
human melanoma cells in vitro.184,_185,_186
In animal studies that have been conducted:
• Liver toxicity to daunorubicin in rats was inhibited
by a combination of vitamin C (at 570 milligrams per
day, intramuscular, as scaled to humans) and vitamin
E (at 970 I.U., orally, as scaled to humans).187
• Oral administration of both vitamin C (at about 9.6
grams, as scaled to humans) and vitamin E (at about
1,100 I.U., as scaled to humans) reduced the
genotoxic effects of bleomycin in mice.188
• Both intramuscular administration of vitamin E (at
about 440 I.U., as scaled to humans) and intravenous
administration of vitamin C (at about 150 milligrams, as scaled to humans) reduced hydroxyureainduced organ toxicity in rabbits.189
• Oral administration of vitamins A and E (about 3,600
I.U. and 870 I.U., respectively, as scaled to humans)
reduced doxorubicin-induced heart toxicity in rabbits.190
Lastly, at least two human studies have been conducted. In a nonrandomized uncontrolled study, oral
administration of vitamin A (at 15,000 to 40,000 I.U., as
retinyl palmitate), vitamin C (at 2 to 5 grams), vitamin E
(at 300 to 800 I.U.), along with other vitamins and minerals, appeared to increase the mean survival time of
patients with small-cell lung cancer treated with combination chemotherapy and radiotherapy. The two-year
survival was 33 percent, compared with about 15 percent from historical data.191 The second study was a
prospective, randomized, double-blind, and placebocontrolled study on 26 patients receiving radiotherapy or
chemotherapy that investigated the effects of antioxidants on heart damage. Twelve of these patients were
receiving radiotherapy and 13 had individually tailored
chemotherapy regimes. The experimental group received 900 I.U. per day of vitamin E orally, starting on
the first day of chemotherapy/radiotherapy, and 1 gram
of vitamin C and 200 milligrams of N-acetylcysteine
only on days that chemotherapy/radiotherapy was applied. The small number of patients in the study precluded a definite statement, but preliminary results
suggested the antioxidants provided heart protection.192

Melatonin
Animal studies have reported that at doses applicable
to humans, or larger ones, melatonin caused an antioxidant effect and protected normal cells from the adverse
effects of chemotherapy drugs. At the same time, melatonin treatment did not reduce the antitumor activity of
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chemotherapy drugs, even at high doses that would have
produced a profound antioxidant effect.

ropathy. The incidence of hair loss and vomiting
was not affected.198

• Oral administration of melatonin (at about 48 milligrams per day, as scaled to humans) improved the
antitumor activity of doxorubicin in mice with transplanted Ehrlich ascites cancer cells. Melatonin also
improved the antioxidant status of the heart.14

• In a randomized, nonblinded study on 70 patients
with advanced non-small-cell lung cancer treated
with cisplatin and etoposide, the addition of melatonin (at 20 milligrams per day, orally) increased the
one-year survival as compared to those getting chemotherapy only (44 percent versus 19 percent, respectively). The adverse effects of drug treatment,
particularly myelosuppression, neuropathy, and cachexia, were reduced in the melatonin group.199

• Oral administration of melatonin (at about 20 milligrams per day, as scaled to humans) reduced damage
to auditory neurons caused by cisplatin in rats.193
• Intraperitoneal administration of 4 mg/kg melatonin
reduced oxidative damage in the heart induced by
doxorubicin treatment in mice and decreased mortality after doxorubicin treatment.17 The equivalent
human oral dose is about 300 milligrams.
• Subcutaneous administration of 2 mg/kg melatonin
reduced oxidative damage in the liver induced by
doxorubicin treatment in mice.194 The equivalent
human oral dose is about 120 milligrams.
• Subcutaneous administration of 10 mg/kg melatonin
reduced mortality caused by doxorubicin and prevented oxidative damage from it in mice with transplanted lymphoma cells. The antitumor activity of
doxorubicin was not reduced by melatonin treatment.195 The equivalent human oral dose is about
580 milligrams.
• Subcutaneous administration of 5 mg/kg melatonin
reduced genetic damage of normal cells induced by
N-nitrosomethylurea, cyclophosphamide, and dimethylhydrazine in mice. The antitumor effects of
these drugs in mice with transplanted Ehrlich carcinoma cells were not diminished by melatonin treatment.196 The equivalent human oral dose is about
290 milligrams.
As with the animal studies, most human studies also
indicated that melatonin acted as an antioxidant and reduced the adverse effects of chemotherapy without lessening its antitumor actions:
• In a randomized, nonblinded study on 250 patients
with different advanced metastatic cancers receiving
combination chemotherapy, those who also took
melatonin (at 20 milligrams per day, orally) showed
fewer adverse effects, particularly less myelosuppression, neuropathy, and heart toxicity. One-year
survival was increased in the group receiving melatonin (51 percent versus 23 percent).197
• In a randomized, nonblinded study on 80 patients
with different metastatic cancers receiving combination chemotherapy, those who received melatonin (at
20 milligrams per day, orally) showed fewer adverse
effects, particularly less myelosuppression and neu-

• In a phase II study, the addition of melatonin (at 20
milligrams per day, orally) to treatment with epirubicin appeared to reduce drug-induced thrombocytopenia.200
In contrast to the above, a randomized, double-blind
study on 20 patients with advanced lung cancer receiving carboplatin and etoposide reported that those who
received melatonin (at 40 milligrams per day, orally) did
not experience reduced myelotoxic effects.201

Alpha-lipoic acid
Alpha-lipoic acid is a potent water- and fat-soluble
thiol antioxidant mentioned briefly in previous chapters.
It is discussed here in more detail as an example of an
antioxidant that can reduce the side effects of chemotherapy without reducing its antitumor effects.
Alpha-lipoic acid effectively increases glutathione
concentrations in vitro and in vivo. For example, intraperitoneal administration (at 4 to 16 mg/kg) increased
the glutathione content in liver and kidney cells in mice,
while this same dose protected mice from adverse effects of radiotherapy.202 The equivalent human oral
dose of 4 to 16 mg/kg intraperitoneal in mice is about
110 to 430 milligrams. This is about equal to the commonly prescribed dose of alpha-lipoic acid in noncancerous conditions, which is about 200 milligrams; higher
doses are used to treat diseases such as diabetes.
In addition to (or because of) its antioxidant effects,
alpha-lipoic acid also inhibits NF-κB in vitro and in
vivo. Although in-vitro studies suggest that very high
concentrations (about 4 mM) are required, daily oral
doses of 600 milligrams in diabetic patients did reduce
NF-κB activity in ex-vivo lymphocytes.203,_204
Similar doses have been tested in animals in conjunction with chemotherapy. These studies generally reported that alpha-lipoic acid did not inhibit the drug’s
antitumor effect and may have improved it in some
cases:
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• Oral administration (at 10 to 40 mg/kg) did not inhibit effectiveness of cyclophosphamide or vincristine sulfate in treating transplanted sarcoma and
Walker carcinoma in rats. The treatment did, however, reduce adverse effects of vincristine sulfate
(but not cyclophosphamide) to such a degree that the
combined treatment increased median survival as
compared to animals treated only with vincristine
sulfate.205 The equivalent human dose is 160 to 650
milligrams.
• Single intraperitoneal administrations of alpha-lipoic
acid (at 25 to 100 mg/kg) reduced auditory and kidney damage in rats treated with cisplatin. The protective effects were associated with improved
antioxidant status.206,_207,_208 The equivalent human
dose is 410 milligrams to 1.6 grams, intraperitoneal.
• A single intraperitoneal administration of 16 mg/kg
of alpha-lipoic acid did not statistically affect the
survival of mice with transplanted leukemia cells that
were treated with doxorubicin, although there was a
slight gain in survival in the group treated with both
compounds.209 The human equivalent is 150 milligrams, intraperitoneal.
We digress for a moment to examine the dose of alpha-lipoic acid that might be required to directly inhibit
cancer cells. In vitro, concentrations of 10 µM and
above inhibited proliferation of melanoma and neuroblastoma cells when exposure lasted for six days.202
Inhibition occurred in spite of increased intracellular
glutathione concentrations. In a human pharmacokinetic
study, an oral dose of 200 milligrams produced an oral
clearance of about 280 L/hr and a very short half-life of
less than 30 minutes.210 Based on these values, the oral
dose needed to produce a 10-µM average plasma concentration is about 14 grams per day.
The LOAEL dose of alpha-lipoic acid is uncertain but
may be about 2 grams per day. Daily oral doses of 1.2
to 1.8 grams have been used in human studies (treatment
of diabetic polyneuropathy) with little ill effect, although intravenous administration of doses as high as
1.2 grams did cause nausea and vomiting.211,_212,_213 The
oral LD50 of alpha-lipoic acid is about 500 mg/kg in
mice and 1.1 g/kg in rats, or the human equivalent of 4.8
and 18 grams.213 Based on this, an oral dose of 14
grams would be prohibitive, and we can conclude that
oral administration could not safely increase plasma
concentration to cytotoxic levels. Synergism would be
needed to produce direct effects.
At lower doses alpha-lipoic acid acts as an antioxidant
in vivo, as mentioned above, and as seen in humans after
an oral dose of 600 milligrams per day.214 This antioxidant effect may be useful in inhibiting cancer through
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indirect means. Moderate doses of alpha-lipoic acid
alone have in fact increased the life span of tumorbearing animals in some but not all studies. In one
study, a single oral administration of 10 to 40 mg/kg
prolonged survival of rats with transplanted sarcoma
cells but not Walker carcinoma cells.215 The equivalent
human dose is about 160 to 650 milligrams. Intravenous, subcutaneous, or intraperitoneal doses of 100
mg/kg (about 960 milligrams, as scaled to humans) for
five days did not affect the survival of mice with transplanted Ehrlich ascites cancer cells, except for decreased
survival due to alpha-lipoic acid toxicity with some
routes of administration.216 A single intraperitoneal administration of 16 mg/kg (about 150 milligrams, as
scaled to humans) did not improve survival of mice with
transplanted leukemia cells.209 Higher doses have been
effective in some studies; for example, intraperitoneal
administration of 250 mg/kg for 10 days extended the
life span of rats with transplanted Walker carcinoma by
25 percent.217 The equivalent human oral dose is about
11 grams per day, which is prohibitive.

EFFECTS OF NATURAL COMPOUNDS
ON RADIOTHERAPY
Radiotherapy causes DNA damage to cancer cells by
inducing free radical production. Unfortunately, it also
damages normal cells by the same mechanism. Antioxidants can protect normal cells against the damaging effects of radiotherapy, but there is some concern they
might also protect cancer cells. Of the limited in-vivo
studies available, most suggested that antioxidants do
not interfere with the efficacy of radiotherapy; only two
studies (on coenzyme Q10 and vitamin E) indicated that
antioxidants do interfere. The unfavorable results in the
one study on vitamin E may in fact have been an anomaly due to the experimental conditions, since several
other studies found that vitamin E actually improved the
efficacy of radiotherapy. In addition to not interfering
with the cytotoxicity of radiotherapy in cancer cells,
most animal studies also reported that antioxidants help
limit adverse effects in normal tissues. While the majority of animal studies saw beneficial effects, few studies
have been conducted and a small number reported detrimental effects. More studies are therefore needed to
predict decisively the results of antioxidants in patients
undergoing radiotherapy.
Several in-vivo studies, summarized below, suggest
that antioxidants improve or do not interfere with the
efficacy of radiotherapy. Note that only one human
study is reported and many of the animal studies did not
use a protocol that resembles how antioxidants would be
used by humans (i.e., orally, in combinations, at moder-
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ate doses, and for prolonged periods); therefore, many
uncertainties remain. The studies are as follows:
• High intraperitoneal doses of vitamin C (43 grams as
scaled to humans) protected normal cells and reduced the lethality of radiation treatment but did not
reduce its antitumor effect against transplanted fibrosarcoma cells in mice. Lower doses of vitamin C
were not effective at providing radiation protection
in any tissue.218,_219,_220
• Oral administration of 1.9 grams per day of vitamin
C (as scaled to humans) in drinking water increased
the efficacy of radiotherapy in mice inoculated with
Ehrlich ascites cancer cells, as compared with mice
receiving only distilled water.221 However, these authors reported that this same dose in drinking water
increased the mortality of mice receiving wholebody radiation.222 The mechanisms causing these results are uncertain but it appears that vitamin C may
have produced a prooxidant effect. As discussed in
Chapter 15, vitamin C dissolved in water can lead to
a prooxidant effect in some cases.
• In a study on mice, oral (1.2 g/kg) and intraperitoneal
(0.4 to 4 g/kg) administration of either (+)-catechin
or the flavonoid rutin did not reduce or improve the
effectiveness of radiation treatment for three different types of implanted tumors.223 Both natural compounds possess antioxidant properties.
• In a study on rats with transplanted sarcoma and
Crocker carcinoma cells, administration of unspecified citrus flavonoids at 100 mg/kg did not interfere
with the efficacy of radiotherapy but did reduce its
adverse effects (the route of administration was not
specified). The greatest reduction in mortality from
lethal radiation occurred when the flavonoids were
given both before and after treatment.224
• A combination of low-dose antioxidant vitamins (retinyl esters 1,300 I.U., intraperitoneal; vitamin E, 41
I.U., intraperitoneal; and vitamin C, 38 milligrams,
intramuscular) given daily reduced the toxicity of
radio-antibody therapy and bone marrow transplantation in mice. Antioxidant treatment did not reduce
the antitumor effects of combined radio-antibody
therapy and bone marrow transplantation in mice injected with human colon cancer cells.225
• A series of papers have been published on vitamin
E’s effects on the antitumor activity of radiotherapy.
All reported a beneficial effect when the vitamin was
given at moderate doses 24 hours or more before irradiation (reviewed in reference 226). For example,
intraperitoneal administration of 50 to 500 mg/kg as
a single dose seven days before irradiation increased
antitumor effects of radiotherapy in mice with trans-
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planted sarcoma cells. The equivalent human oral
dose is about 720 and 7,200 I.U. An oral dose of 37
mg/kg (about 530 I.U. as scaled to humans) produced similar beneficial effects, as did a single intraperitoneal dose of 50 mg/kg given seven days
before irradiation.227,_228 These results are surprising
considering the low dose and the length of time before irradiation, and other studies are needed to verify them. In contrast, a higher intraperitoneal dose of
1 g/kg did not enhance the antitumor effects.229
• In a randomized study on 30 patients with brain cancer receiving radiotherapy, those who also took melatonin (at 20 milligrams per day, orally) showed a
higher one-year survival than those receiving only
radiotherapy (43 percent versus 6 percent). In addition, adverse effects were lower in the melatonin
group.230
In contrast, at least two studies have suggested that antioxidants may impair the efficacy of radiotherapy. In
mice, oral administration of coenzyme Q10 at doses
greater than 20 mg/kg per day reduced the effectiveness
of radiation against lung cancer.231 The equivalent human dose is about 190 milligrams per day. Intraperitoneal administration of 1 g/kg vitamin E in a single dose
30 minutes before radiation reduced antitumor activity
in mice with transplanted squamous cell carcinoma.232
The equivalent human dose is about 14,000 I.U. of vitamin E, intraperitoneal, which is prohibitive. As mentioned, other animal studies reported that such a large
dose of vitamin E did not improve the efficacy of radiotherapy and that it was more effective when given seven
days before irradiation than one day before. Thus it is
possible these negative results may have come from the
excessive dose and the fact it was administered so close
to the time of irradiation.
Apart from any positive or negative effects antioxidants may have during radiotherapy, they may be beneficial after it. In particular, they may protect patients
from the later impacts of radiation exposure, including
ulceration and fibrosis. Preliminary data suggest that
late effects are due to inflammatory processes and that
antioxidants and other anti-inflammatory compounds
can inhibit these.218 Tumor cell destruction continues
for a prolonged period after radiotherapy, possibly many
months, and the optimum time to begin postradiation
antioxidant treatment has not been established.
Radiation-induced chronic fibrosis is the most devastating long-term complication of radiotherapy. Fibrotic
lesions do not regress spontaneously, and there is no
accepted treatment known to cause regression. In a series of studies, a combination of vitamin E and pentoxifylline (a drug that improves blood flow by de-
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prospect of altered metabolism, but this changed with
the first publication that
COMPOUND
EFFECTS ON
EFFECTS ON
REFERENCES
grapefruit juice could alter
P450
PHASE II
the pharmacokinetics of
ENZYMES
ENZYMES
felodipine and nifedipine, two
Apigenin
inhibits
237
drugs used to treat hypertenCaffeic acid
induces
238
sion.272 Many papers on the
Curcumin
inhibits/induces
inhibits/induces
239–242
topic have since been pubEPA/DHA
induces
induces
243, 244
lished but the effects of natuGarlic and DADS
inhibits/induces
induces
238, 245–248
ral compounds on drug
Genistein and daidzein
induces
249
uptake and disposition, and
Ginseng saponins
inhibits/induces
250, 270
the clinical ramifications of
Green tea and EGCG
inhibits/induces
induces
251, 252, 253
these effects, are still largely
Limonene and perillyl
inhibits/induces
induces
254–257
unknown. Quite likely, many
alcohol
natural compounds besides
Luteolin
inhibits
inhibits
258, 259
grapefruit juice can affect
Melatonin
inhibits
induces
260, 261
drug pharmacokinetics in
PSP (polysaccharide)
induces
262
humans; potential mechaQuercetin
inhibits
induces
237, 249
nisms include effects on oxidative metabolism, detoxifiResveratrol
inhibits
263, 264, 265
cation enzymes, and drug
Retinol and ATRA
inhibits
266, 267, 271
transport proteins such as PSelenium
induces
induces
268, 269
glycoprotein.273 The largest
Silymarin, from milk thistle inhibits
270
impact on drug pharmacokiVitamin D3
inhibits
271
netics by natural compounds
is probably from altering precreasing its viscosity) caused marked regressions of fi- hepatic drug metabolism in the intestines.
233,_234
brotic lesions in patients treated with radiotherapy.
Drugs and other foreign compounds are removed from
For example, in a study on 43 patients, oral administrathe
body through detoxification. This process, which
tion of vitamin E (at 1,000 I.U. per day) and pentoxifyloccurs
mostly in the liver and to a lesser extent the intesline for one year caused lesions to regress in 83 percent
tines
and
other tissues, is divided into two phases; deof patients. The lesions slowly diminished over time,
pending
on
the chemical structure, drugs may go
and after a year their surface areas had shrunk an aver235
through
one
or
both. In phase I detoxification, comage of 66 percent.
pounds are oxidized or reduced to a less reactive form.
In one other postradiotherapy study, a retrospective In phase II detoxification, a polar group, like glutathione
one on 405 advanced patients with brain metastases who or glucuronic acid, is conjugated to the drug, which
received radiotherapy, 143 patients who took 2.5 grams greatly increases its water-solubility. (Conjugation is
of omega-3 fatty acids from fish oil and 200 milligrams discussed in some detail in Chapter 13 and Appendix J.)
of silymarin daily showed longer average survival (54 Enzymes important in phase II detoxification include
days versus 89 days respectively) and fewer adverse glutathione S-transferase and UDP-glucuronosyldelayed effects (14 percent versus 4 percent showing transferase (UGT); the latter is the primary enzyme cataradionecrosis, respectively). The fish oil and silymarin lyzing the formation of glucuronide conjugates.
treatment was started two weeks after completion of
Cytochrome P450 is an important enzyme in phase I
radiotherapy and lasted up to 20 weeks.236
detoxification, and it can be induced by a variety of
drugs and other compounds. Once induced, it is available to act not only on the inducing agent but also on
DRUG METABOLISM
any other compound metabolized by cytochrome P450.
Before ending this discussion on the interactions of For example, when people drink alcohol regularly, they
natural compounds and conventional treatment, we must stimulate cytochrome P450 activity, which allows them
consider the possibility that natural compounds will in- to drink more alcohol without feeling its effects. At the
fluence the metabolism of chemotherapy drugs. These same time, the increase in P450 enzymes also causes
interactions are important when determining chemother- them to metabolize a variety of prescription drugs more
apy doses. Until 1991, little attention was paid to the readily.
TABLE 23.1 EFFECTS OF NATURAL COMPOUNDS ON PHASE I
AND PHASE II ENZYMES

Natural Compounds, Chemotherapy, and Radiotherapy

The ability of natural compounds to induce cytochrome P450 or other phase I or phase II enzymes is
important, since this can influence the concentration of
chemotherapy drugs in the plasma. If detoxification
enzymes are induced and if the chemotherapy drug is
metabolized by them to an inactive form, the drug dose
may need to be increased to reach the effective concentration. On the other hand, if the chemotherapy drug is
metabolized to an active form by the induced enzymes,
an overdose could occur.
Reports are beginning to surface on modulating drug
detoxification with natural compounds. For example,
altered plasma concentrations were observed in two recent studies on Hypericum (St. John’s wort). In the first,
oral administration of 900 milligrams per day of Hypericum extract (standardized for 3 percent hypericin)
reduced the plasma concentration of indinavir in healthy
volunteers by an average of 57 percent; indinavir is a
HIV-1 protease inhibitor used in HIV treatment.274 In
the second study, the authors described two cases where
Hypericum initiated the rejection of heart transplants in
patients being treated with cyclosporin, an immune suppressant.275 We can see from these studies that such
drug/natural compound interactions can be life threatening in some situations.
Natural compounds that affect either phase I or phase
II enzymes are listed in Table 23.1. Quite likely, future
research will find that a high percentage of natural compounds can affect phase I or phase II enzymes, at least to
some degree. For this reason, it is wise to use caution
when combining natural compounds and chemotherapy
or other drugs, and in many cases additional monitoring
of plasma drug concentrations may be warranted.

CONCLUSION
Based on the studies cited in this chapter, it appears
that natural compounds have the potential to improve
the efficacy of chemotherapy and radiotherapy and/or
reduce their adverse effects. Indeed, very few of the
studies found that natural compounds are detrimental.
While these results are very encouraging, caution is still
necessary. Relatively few in-vivo studies have been
completed, and most were on animals. Moreover, many
of these did not use protocols that accurately reflect the
general human use of natural compounds (i.e., orally, at
moderate doses, in combinations, and for prolonged periods). In addition, the effects natural compounds might
have on the metabolism of chemotherapy drugs have
barely been investigated, and these effects could play an
important role in determining proper drug doses. Thus,
while the benefits of combining natural compounds with
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chemotherapy appear to be great, additional study is
needed to determine their best and safest use.
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CHEMICAL DATA ON NATURAL COMPOUNDS
This appendix provides information on the chemistry of natural compounds, beginning with a set of figures depicting the structural diagrams for most natural compounds discussed in this book and some related compounds of interest. The diagrams for large and complex molecules, such as high-molecular-weight polysaccharides, bromelain, and
the saponin ruscogenin, are not included because of the difficulty of depicting their structures. The figures are listed
roughly in the order the compounds are discussed in Part III. Diagrams for DNA bases and nucleotides (see Chapter
2) are also shown, and these occur first.
In addition, Table A.1 lists the molecular weights of most natural compounds discussed, along with weights for related compounds. Such values are needed, for example, for conversion of concentration units (e.g., for converting
from µg/ml to µM) and for dose or clearance calculations in which the raw data or desired concentration contains
units of moles.
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Figure A.31 Flavanone (Naringenin)
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Figure A.43 Curcumin
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Figure A.62 Perillic Acid
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COOH

Figure A.64 Ursolic Acid

CH3

CH3
H 3C

H 3C

CH3

COOH

CH3

CH3

COOH

CH3

HO

H3C

CH2

CH3

CH3
HO

HO
HOH 2 C

CH3

Figure A.65 Alpha-Boswellic Acid
H3C

CH3

H 3C

Figure A.66 Beta-Boswellic Acid
CH3

CH3
H3C

CH3

CH3

CH3

CH3

CH3

CH3

CH3
CH3

HO
COOH

H3C

HO
COOH

H3C

Figure A.67 Ruscogenin
CH3

Figure A.68 Steroid Structure
CH3

O

CH3

H3C

CH3

CH3
CH3

OH

O

CH3

CH3

HO

Figure A.69 Ginsenoside Rb2
Glc-O
OH

Figure A.70 Ginseng Metabolite M1

CH3

Glucose-O
OH

CH3

CH3

CH3

HO
H3C

CH3

CH3
CH3

CH3
Glc-Glc-O

CH3
CH3

CH3
CH3

CH3

H3C

CH3

Appendix A

375

Figure A.71 Glycyrrhetic Acid
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TABLE A.1 MOLECULAR WEIGHTS OF SELECTED COMPOUNDS
COMPOUND

Allicin
Allinin
Aloe-emodin
Alpha-lipoic acid
Anthocyanidin
Apigenin
Arctigenin
Arctiin
Artemisinin
Asiatic acid
Boswellic acid
Bromelain
Caffeic acid
CAPE
Catechin
Chondroitin sulfate
Curcumin
Cyanidin
Cyanidin-3-glucoside
DADS
Daidzein
EGCG
Emodin
Enterodiol
Enterolactone
EPA
Epicatechin
Escin
Escin prosapogenin
Estradiol
Etoposide
Gamma-tocotrienol
Genistein
Geraniol
Ginsenoside derivative M1
Ginsenoside Rb2
Ginsenoside Rh2
Glucose
Glutathione

MOLECULAR
WEIGHT
(grams/mole)
162
177
270
206
467
270
372
534
282
488
457
33,000 (approx.)
180
284
290
16,000
368
287
449
146
254
458
270
302
298
302
290
1,100
630
272
588
411
270
154
622
1,078
622
180
307

COMPOUND

Glycyrrhetic acid
Glycyrrhizin = glycyrrhizic acid
Hypericin
Kaempferol
Limonene
Luteolin
Melatonin
Parthenolide
Perillic acid
Perillyl alcohol
P-hydroxybenzoic acid
Plenolin
Proanthocyanidin dimers
Protocatechuic acid
Pseudohypericin
PSK (range 50,000 to 200,000)
Quercetin
Resveratrol
Rhein
Ruscogenin
S-allylcysteine
S-allylmercaptocysteine
Schizandrin (average of A,B,C)
Secoisolariciresinol (SECO)
Secoisolariciresinol glucoside (SD)
Selenium (elemental)
Silybin
Tangeretin
TTFCA (assumed)
Ursolic acid and oleanolic acid
Vitamin A (ATRA)
Vitamin A (retinol)
Vitamin B12
Vitamin C
Vitamin D3 (1,25-D3)
Vitamin E (alpha-tocopherol)
Vitamin K3

Geometric mean of all compounds:
Average of all compounds that are less than 10,000 grams/mole:
(all nonprotein, nonpolysaccharide compounds)

MOLECULAR
WEIGHT
(grams/mole)
470
823
504
286
136
286
232
248
166
152
138
264
576 (approx.)
154
520
94,000
302
228
284
430
161
193
432
362
722 (approx.)
79
482
370
681
456
300
286
1,355
176
416
430
172

385
372
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PHARMACOKINETICS, PHARMACODYNAMICS, AND DOSE
SCALING
It has been said that pharmacokinetics is
what the body does to a drug, and pharmacodynamics is what the drug does to the
body.1 Pharmacokinetics is the study of tissue concentrations of an administered drug
over time. Pharmacodynamics is the study
of the effects of a drug produced by different
tissue concentrations. In this book, we use
pharmacokinetic and pharmacodynamic data
to predict the dose of natural compounds
needed to produce an anticancer effect.

Figure B.1. Plasma Concentration of Caffeic Acid in
Rabbits After Oral Dose of 10 mg/kg
7
6
5
4

3
Although some of the human doses reported in Part III were calculated using
2
pharmacokinetic and pharmacodynamic
models, a detailed understanding of these
1
models is not necessary to use this book.
0
The only message in this appendix important
0
1
2
3
4
5
6
to all readers is that since the available
pharmacokinetic and pharmacodynamic data
Time (hr)
are limited for most natural compounds, and
since most were obtained from rodent rather
than human studies, the dose estimates we
make are in most cases only preliminary. Clearly, any • The degree and rate of metabolism of the drug in the
liver and other tissues.
dose calculation based on limited data must be viewed
with healthy skepticism.
• The rate of excretion of the drug and its metabolites.
Commonly, a pharmacokinetic study of a drug will
This appendix first discusses the pharmacokinetic and
measure
its plasma concentration over time. For exampharmacodynamic models used in this book, then the
ple,
a
pharmacokinetic
study of caffeic acid in rabbits
scaling of doses and clearance values from animals to
produced
the
data
illustrated
in Figure B.1 (based on
humans. This material forms the background for Apreference
2).
The
oral
dose
given
was 10 mg/kg, and
pendices I and J, which contain information on the modeach
rabbit
weighed
about
2.5
kilograms.
Therefore, the
els used to estimate clearance and other values and
total
dose
was
25
milligrams
(139
micromoles)
of cafinformation on dose calculations, respectively.
feic acid per rabbit. The data points in this figure are
connected by straight lines; later we connect them with a
smooth curve based on an equation.
PHARMACOKINETIC MODELS

Pharmacokinetics is a branch of pharmacology concerned with the movement of drugs within the body.
The tissue concentration of a drug at any particular time
is dependent on at least five factors:
• The route of administration (for example, oral, intravenous, or intraperitoneal).
• The degree and rate of absorption of the drug.
• The degree and rate of distribution within body tissues.

The first step in pharmacokinetic analysis is to choose
a general model that adequately describes the data; there
are two types in common use: compartmental and noncompartmental. Various specialized computer programs
are available for compartmental and noncompartmental
analysis of data. In this book, the software program
WinNonlin was used (see Appendix L).a Noncompartmental models were used for the analysis in this
book, but we will discuss compartmental models first.
a
WinNonlin is a registered trademark of Pharsight Corporation.
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TABLE B.1 SELECTED PARAMETERS CALCULATED IN PHARMACOKINETIC ANALYSIS
PARAMETER

DESCRIPTION

EQUATION*

Area under the curve (AUC) A measure of the area under the concentration-time curve

∞

AUC = ∫ C (t )dt
0

Clearance refers to the theoretical volume of fluid that is
F × Dose
CL =
cleared of the drug per unit time. In oral pharmacokinetic
AUC
studies, CL/F (oral clearance) is calculated rather than CL
where
F
is
the
fraction
absorbed.
alone.
Volume of distribution (Vd) Volume of distribution refers to the theoretical volume of
F × Dose
Vd =
fluid that would be required to uniformly contain the
AUC × β
administered dose. In oral pharmacokinetic studies, Vd/F
where β is the elimination rate
is calculated rather than Vd alone.
constant of the terminal phase.
Clearance (CL)

*

A variety of equations can be used to derive these parameters; the ones shown are chosen for convenience.

In compartmental models, a mathematical equation is
constructed to describe the movement of the drug into
and out of the plasma. The plasma can be viewed as one
large compartment (a one-compartment model) with an
associated input and output rate or as a central compartment with an attached side reservoir (a twocompartment model), each with an input and output rate.
For example, the mathematical equivalent of a twocompartment model is given in Equation B.1.

C(t) = A × e −α t + B × e − β t − ( A + B ) × e − k t
Equation B.1
In Equation B.1, C(t) is the plasma concentration over
time (t), A and B are constants, and α, β, and k are rate
constants. The first term of the equation governs the
initial distribution period, where the drug fills the compartments, and the second term governs the terminal
decay period, where the drug is eliminated from them.
The last term governs the absorption rate, where the
drug enters the compartments. Models with more than
two compartments also can be used. The choice of how
many compartments to use depends on what model best
fits the data and the distributions that the model is intended to predict. A number of pharmacokinetic parameters can be calculated from compartmental models.
Some of these are listed in Table B.1.
Although clearance and volume of distribution are
theoretical values, they provide clues to the physical
behavior of the drug. The clearance (CL) from an organ
cannot exceed the rate of blood flow into the organ. For
example, the rate of blood flow into the human liver is
about 90 L/hr and that into the kidneys is about 72 L/hr.
The extreme upper limit of clearance is the cardiac output, which is about 300 L/hr. Of course, CL/F can be
higher, since the fraction absorbed can be low. For example, if the clearance is 300 L/hr and F is 5 percent,

CL/F would be 6,000 L/hr. The higher the clearance,
the greater the dose needed to produce a given plasma
concentration.
Volume of distribution (Vd) provides an estimate of
where the drug is distributed in the body. The physical
volume of different tissues in the human body is 3 to 4
liters for plasma, 10 to 13 liters for interstitial fluid, and
25 to 28 liters for intracellular fluids. The total volume
of body fluids is 40 to 46 liters. If, for example, Vd is
calculated to be 2 liters, it is likely that the drug is contained solely within the plasma. As another example, if
Vd is calculated to be 10 liters, the drug is likely distributed to both the plasma and interstitial fluids. In some
cases, a drug may bind to tissues such as those of the
vascular system, and this can increase its Vd by a factor
of 10 or more. Also, as with clearance, Vd/F can be
larger than Vd alone.
Using a two-compartment model and the caffeic acid
data mentioned above, Equation B.1 can be used to generate a curve to fit the data points, as illustrated in Figure B.2. In this example, the AUC is 18.8 µM-hr, CL/F
is 7.4 L/hr, and Vd is 28.5 liters. As seen, the derived
equation reasonably fits all the data points.
As mentioned, noncompartmental models were used
for calculations in this book. Unlike compartmental
models, these models do not directly calculate an equation for C(t) as in Equation B.1; rather, they estimate the
AUC and elimination rate constants by graphical methods. Noncompartmental models can therefore be used
with data that do not easily fit compartmental models.
As with the latter, noncompartmental models can also
calculate values for CL/F and Vd/F.
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LINKING
PHARMACODYNAMIC AND
PHARMACOKINETIC MODELS
The data obtained from pharmacokinetic
models can be used in conjunction with
pharmacodynamic models to predict the effect of a drug over time. One of the simplest
pharmacokinetic-pharmacodynamic
link
models in common use is called the Emax
(maximum effect) model. We can use this
model to illustrate how pharmacokinetics
and pharmacodynamics can be related for
natural compounds that reversibly inhibit
cancer proliferation.1,_3 Although this model
was not explicitly used in our dose calculations, the general theory behind it is implied
in the calculations. The Emax model is based
on the following equation derived from receptor theory for a drug and its receptor at
equilibrium:

E=

Figure B.2. Plasma Concentration of Caffeic Acid in
Rabbits After Oral Dose of 10 mg/kg
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E max × C
E50 + C

Equation B.2
In Equation B.2, E is the effect, E50 is the
IC50, and C is the concentration. To illustrate the use of the link model, we will imagine a hypothetical compound (compound Z,
molecular weight 360 grams/mole) with a
plasma concentration curve as shown in Figure B.3 after oral administration of 1 gram in
humans. Based on noncompartmental analysis, the oral clearance (CL/F) of compound Z
is 30 L/hr, which is not unlike that of some
natural compounds discussed here.

Figure B.3. Plasma Concentration of Compound Z in
Humans After Oral Dose of 1 Gram
16
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Compound Z will be administered once
every eight hours, as is recommended for
most natural compounds. On multiple dosing, the average plasma concentration is a
function of the dose, dose interval (τ), and
oral clearance. The average concentration at
steady state (Css) can be calculated as follows:

Dose
CL
τ
×τ
F
Equation B.3

C ss =

AUC

=

We can use this equation to predict the required dose if
we know the target plasma concentration (Css). We have
generally based the target plasma concentration on the
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IC50 of the natural compound for inhibiting cell proliferation in vitro. Actually, since the IC50 varies for different studies on different cell lines, we use an estimate
of the IC50, which for convenience is taken to be 15 µM
for most compounds discussed.
Although it does not necessarily follow that a concentration effective in vitro will also be effective in vivo, it
is reasonable to assume so in order to make preliminary
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was added to the culture dish. Adding
plasma helps account for changes in the IC50
due to protein binding.

Figure B.4. Plasma Concentration of Compound Z in
Humans After Oral Dose of 1.3 Grams Every Eight Hours

Using a target concentration of 15 µM, a
dose interval of eight hours, and an oral
clearance of 30 L/hr, the required dose predicted by Equation B.3 for compound Z is
1.3 grams every eight hours. Figure B.4 illustrates the effect of this dose on the plasma
concentration curve. As seen, the average
concentration at steady state is just over 15
µM. In this case, it is not exactly equal to 15
µM, since the AUC from noncompartmental
analysis was slightly higher than the AUC
from compartmental analysis, on which the
curve in Figure B.4 is based.
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Figure B.5. Inhibition of Cancer Cell Proliferation In Vitro
by Compound Z
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dose predictions. The two differ because drug metabolism and other events that occur in vivo do not occur in
vitro. For example, unlike in-vivo conditions, drugs in
vitro are not metabolized to conjugate forms and may
not be bound to serum proteins. We compensate for invivo metabolism to some degree by modifying the dose
for the presence of conjugates (as discussed in Appendix
J, this modification pertains only to phenolic compounds). In addition, many of the IC50 values cited here
were based on studies where plasma (and its proteins)

80

We can now examine the effects this
plasma concentration curve will have on cell
inhibition. Let us assume that compound Z
inhibits cancer cells in vitro according to the
curve shown in Figure B.5. The general
shape of this curve is typical of that for most
natural agents with an IC50 of about 15 µM.
The Emax pharmacokinetic-pharmacodynamic link model now allows us to view reversible cell inhibition as a function of
plasma concentration. The growth inhibition
curves resulting from single and multiple
doses of 1.3 grams of compound Z are
shown in Figures B.6 and B.7. As seen in
Figure B.7, the average cell inhibition at
steady state is just over 50 percent, which is
as expected since we used a target in-vivo
concentration equal to the IC50.

Note that the larger the dosing interval, the
larger the fluctuation between the maximum
and minimum concentration (and maximum
and minimum effect). Therefore, to maintain
100.00
plasma concentrations as close to the average
as possible, the shortest practical dosing interval is needed. For compounds with a very
low clearance value, a short dosing interval
is particularly important. Dosing intervals
similar to the elimination half-life are preferred but are
sometimes too short to be practical; for example, the
half-life of some phenolic compounds in humans may be
four to nine hours. The shortest, most practical dosing
interval is about once every eight hours, which is a reasonable interval for the compounds discussed here. The
dose required per day will not vary with the dosing interval chosen, only the dose per administration will vary.
A longer dosing interval requires a proportionally larger
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dose at each administration to maintain the
average concentration.

SCALING BETWEEN SPECIES
We have discussed above how a required
dose can be calculated based on a combination of in-vitro and pharmacokinetic data.
To make this calculation, a value is needed
for the oral clearance. For many compounds, however, the pharmacokinetic studies were conducted in rodents or other small
mammals, not humans. Therefore, it is necessary to scale the animal clearance values to
their human equivalents. Similar scaling is
also needed to determine an equivalent human antitumor dose based on animal data.
Scaling of both clearance and dose is necessary because animals metabolize drugs at a
different rate than humans.

Figure B.6. Cell Inhibition as a Function of Plasma
Concentration After Oral Dose of 1.3 Grams of
Compound Z
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The Allometric Equation
It does not necessarily follow that a 10mg/kg dose in rabbits is equivalent to a 10mg/kg dose in humans. Due to their higher
metabolism, small animal species often metabolize and excrete compounds faster than
humans. In most cases, the speed at which
metabolism and excretion occur is exponentially related to the body weight of the animal. An “allometric” equation can be used
to describe this relationship:

Y = aW
Equation B.4
b

Figure B.7. Cell Inhibition as a Function of Plasma
Concentration After Oral Doses of 1.3 Grams of
Compound Z Every Eight Hours
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In Equation B.4, Y is the dose, W is the
10
body weight, and a and b are constants. It is
0
a fascinating pattern of nature that many
0
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80
physical functions and parameters are scaled
equally across species according to this
Time (hr)
equation. These include water intake, urine
output, drug clearance, heartbeat duration,
kidney weight, blood volume, and others.4
For example, kidney weight in various species can be • The pharmacokinetics must be first order in each
species.
estimated using the equation Y (kidney weight) =
0.85
0.0212 W
(where kidney weight and body weight is • Drug elimination must be through physical processes
(i.e., via the bile or kidneys rather than through mein grams).
tabolism).
Allometric equations accurately scale pharmacokinetic
data between species only under specific conditions. In • The percentage of drug-protein binding must be
similar between species and linear over the concenorder for the allometric equations to be valid, a number
tration range.
of biologic conditions must be met:
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TABLE B.2 HUMAN TO MAMMAL BIOLOGIC TIME RATIOS
MAMMAL

WEIGHT
(kg)

FOOD INTAKE
(grams/day)

WATER INTAKE
(ml/day)

HUMAN TO MAMMAL
TIME RATIO

0.025*
0.125
0.2
0.5
2
10
70

3

5

7.3 to 1

15
15
30
60
250
900 (calculated)

10
25
85
330
500
—

Mouse
Hamster
Rat
Guinea pig
Rabbit
Dog
Human

4.9
4.3
3.4
2.4
1.6

to
to
to
to
to
—

1
1
1
1
1

*

A value of 0.02 kilograms was used in some calculations in this book.
Source: Reference 5.

In addition, to obtain accurate estimates of a and b,
sufficient data must be available in multiple species to
allow drug-specific linear regression analysis. Lastly,
the equations do not work for all dosing regimes. Allometric equations are most accurate for intravenous
dosing. Although most compounds discussed here exhibit characteristics that do not meet the requirements
for validity and accuracy (e.g., they are given orally),
allometric equations using average values for the exponent can still provide useful, albeit rough, approximations.

Time and the Allometric Equation
The time required for a biologic process tends to be
proportional to body weight. For example, based on
Equation B.4, the ratio of biologic time (t) between humans and other mammals can be expressed as the following (the a terms, being identical constants, cancel
one another):

th
( w )b
= h
tm ( wm ) b
Equation B.5
In Equation B.5, the h subscript refers to human parameters and the m subscript refers to parameters for
other mammals. For many biologic events, the b term of
Equation B.5 is equal to 0.25, the commonly cited interspecies time-scaling factor.6 If common body weights
are used, then the ratio of biologic time between species
can be readily calculated. For example, the ratio of biologic time between humans and rats is about 4.3/1.
Once the time factor is equalized, other parameters that
depend on time will be relatively equal for different species.4,_7–11 For example, the heartbeat rate of rats is
about 4.3-fold faster than that of humans.
Using a b term of 0.25 and average body weights, Table B.2 provides ratios of equivalent biologic time be-

tween humans and other mammals. For additional reference, data on water and food intake are also provided.
This information is useful when an animal dose is specified as a function of food or water intake.

Scaling Clearance Between Species
Although we have determined a b term for time, we
are more interested in the b term for clearance, since
clearance can be used in Equation B.3 to determine the
required dose. (It is assumed that the fraction absorbed
will be similar in all species.) The commonly cited empirical value for the b term for clearance is between 0.6
and 0.8.12,_13 In this book, we use a b term of 0.7, as
shown in Equation B.6.a

CLh
( w ) 0.7
= h
CLm ( wm ) 0.7
Equation B.6
Using a b term of 0.7, Table B.3 provides clearance ratios between humans and other mammals.
To sum up, oral clearance values that were obtained
from animal studies can be scaled to human equivalents
using the ratios listed in Table B.3. For example, if a rat
pharmacokinetic study reported that the oral clearance of
a compound was 2 L/hr, then we can estimate that the
human oral clearance is about 2 x 60, or 120 L/hr.

Scaling of Doses Between Species
In many instances in Part III, a human dose was estimated based on that given to a small animal. For example, an anticancer effect might be produced in rats after a
daily dose of 10 mg/kg of some compound, and we
would like to know what the equivalent human dose
a

Volume of distribution ratios can be estimated by using a b term
of 0.8 to 1.0, and AUC can be estimated using a b term of 0.25.
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The b term of 0.25 scales biologic time
between species, as discussed above. If the
definition of equal pharmacologic doses is
taken to be those that produce equal areas
under the concentration-time curve, a b
term of 0.25 naturally makes sense (since
AUC is related to time). Some studies
have found that toxicity can best be scaled
based on relative body surface areas, and a
b term of 0.33 scales body surface area
between species. When scaling a dose
from rats to humans and using a b term of
0.25, for example, we have the following
equation:
 mg 
rat dose

kg 
 mg 

 =
human dose
(70)0.25
 kg 

(0.2)0.25
Equation B.7

TABLE B.3 HUMAN TO MAMMAL CLEARANCE RATIOS
MAMMAL

WEIGHT (KG)

Mouse
Hamster
Rat
Guinea pig
Rabbit
Dog
Human

0.025
0.13
0.20
0.50
2.0
10
70

HUMAN TO MAMMAL
CLEARANCE RATIO
260 to 1
82 to 1
60 to 1
32 to 1
12 to 1
3.9 to 1
—

Figure B.8. Interspecies Scaling Based on Acute Toxicity Data

Equivalent Human Dose (grams)

would be. The scaling of doses between species has been studied by many scientists, particularly in regards to scaling acute toxicity
data. A number of studies have been conducted in multiple animal species to measure
the acute toxic dose of various compounds.
These studies found that, like clearance, toxicity can be scaled between species using the
allometric equation. Based on a variety of
studies, two b terms, 0.25 and 0.33, have come
into common use.14,_15

16
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Not surprisingly, using b terms of 0.25
and 0.33 produces somewhat different results, as illustrated in Figure B.8; the contrast shown between the two
methods illustrates the point that the generic methods
commonly used to scale doses between species provide
only rough estimates. In this book, we use a b term of
0.25 to scale doses (the solid lines in the figure). A simple equation for scaling doses based on a b term of 0.25
is presented in Chapter 1 (Equation 1.1).
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SUPPLEMENTAL MATERIAL FOR CHAPTER 2
Supplemental material for Chapter 2, “Mutations, Gene Expression, and Proliferation,” includes Table C.1, which
summarizes studies on the inhibition of topoisomerase activity by natural compounds. The role of polyamines in
cancer cell proliferation is also discussed, as is natural compounds that block polyamine synthesis.

TABLE C.1 NATURAL COMPOUNDS THAT INHIBIT TOPOISOMERASE ACTIVITY
COMPOUND
TOPOISOMERASE I INHIBITION
Apigenin
• Ineffective at 18 and 180 µM.1
• Ineffective at 370 µM.2
• About 1.7-fold inhibition at 1,000 µM.3

TOPOISOMERASE II INHIBITION
• Ineffective at 370 µM.2
• Substantial (10–50%) DNA cleavage at 0–185 µM.4
• 28% inhibition at 18 µM and 45% at 180 µM. Marked cell
death occurred at 180 µM even though PTK activity was not
affected. The effect was thought to be due to inhibition of
topoisomerase II.1
• ATRA at 3 µM repressed the synthesis of topoisomerase II in
human liver cancer cells. At this concentration it did not inhibit
cell proliferation (IC50 = about 17 µM) and did not affect
topoisomerase protein levels even after 72 hours.5

ATRA
(vitamin A)

Boswellic
acids

• Alpha-boswellic acid acetate (BC-4-1)
• BC-4-1 was more potent than etoposide (>25% inhibition at 5
was more potent than camptothecin at
µM) at blocking topoisomerase II activity. BC-4-1 reduced the
inhibiting topoisomerase I (>80%
proliferation of nasopharynx carcinoma cells at 12 µM and an
inhibition at 5 µM).1,_6 Camptothecin is
etoposide-resistant cell line at 3 µM.1,_6
a natural compound that is a known
topoisomerase inhibitor.
• Acetyl-11-keto-beta boswellic acid
reduced proliferation of human leukemia
cells at an IC50 of 30 µM. This was
thought to be due to topoisomerase I
inhibition, which took place at
concentrations greater than or equal to 10
µM.7

Genistein

• Ineffective at 18 and 180 µM.1
• Ineffective at 370 µM.2
• Ineffective at 1,000 µM.3
• Less then 50% inhibition at 3,700 µM.8

• Substantial (10–50%) DNA cleavage at 0–175 µM.4

Luteolin
Quercetin

• IC50 = 111 µM.2,_8
• Inhibited topoisomerase II at concentrations greater than 7 µM
and selectively reduced proliferation of transformed but not
normal mouse fibroblast cells at 37 µM.9
• 34% inhibition at 18 µM, 49% at 180 µM. Marked cell death
occurred at 180 µM even though PTK activity was not affected.
The effect was apparently due to inhibition of topoisomerase II.1
• Gradual inhibition starting at 20 µM, complete at 80 to 370
µM.10
• Inhibited topoisomerase II and doubled the amount of DNA
cleavage at 5 µM.11
• In some cell lines, cell death induced by genistein may be due
more to inhibition of topoisomerase activity than to that of
PTK.10,_12

• IC50 = 42 µM.2

• IC50 = 23 µM.2
• IC50 = 40 µM.11
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methyl (CH3) groups for DNA and other
compounds (the circular branch shown),
SAM is transformed into the amino acid
homocysteine and then into the amino
acid methionine. More than 99 percent
of SAM follows this circular branch.15

Figure C.1

Metabolism of SAM
ornithine

ornithine decarboxylase

putrescine
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POLYAMINES
Polyamines are short carbon chains interspersed with
nitrogen molecules; they help stabilize or otherwise assist DNA molecules. Although their exact role is uncertain, it is clear they are required for cell survival and that
increased polyamine synthesis is one of the early events
of cell proliferation. Furthermore, compounds that prevent polyamine synthesis also inhibit cancer cell proliferation. Recent research suggests that polyamines may
play a pivotal role by functioning as a point of convergence of multiple signal transduction pathways leading
to cell proliferation. This event occurs early after cell
stimulation by proliferative signals, soon after the expression of fos, myc, and jun genes. Polyamines themselves may also act as signals in regulating later events
of cell proliferation.13
Polyamines are related to cytosine methylation in that
both polyamine synthesis and that of the primary methyl
donor, S-adenosylmethionine (SAM) involve the same
cycle. The SAM cycle is illustrated in Figure C.1
(adapted from references 14 and 15). Briefly, the cycle
consists of two branches. In the branch that provides

In the second branch, SAM is metabolized into the polyamines: spermidine,
spermine, and putrescine. These three
are similar compounds, differing only in
the length of their chains. The structure
of spermidine is illustrated in Figure
A.10 of Appendix A as an example.
Spermidine and spermine derive their
name from sperm, the cells in which
they were first found.
As shown in Figure C.1, production of
polyamines from SAM requires the
amino acid ornithine and the actions of
the enzyme ornithine decarboxylase
(ODC). In fact, ODC is a rate-limiting
enzyme in polyamine synthesis, and its
overproduction is one of the early signs
of transformation of a normal cell to a
cancer cell.16 Because of ODC’s involvement in carcinogenesis, many studies have been performed to find natural
sources of ODC inhibitors.

A number of natural compounds have been reported to
inhibit ODC activity and reduce polyamine concentrations in cancer cells. In some cases, however, inhibition
of ODC activity may be secondary to a decrease in proliferation caused by other means. Nonetheless, in many
cases the effects of natural compounds appear to be specific for ODC or for the signal transduction cascades
that regulate ODC gene activity. By inhibiting ODC
production or activity, these natural compounds have the
potential to act as both cancer preventive and cancer
therapy compounds. Table C.2 lists compounds reported to inhibit ODC and polyamine synthesis.
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TABLE C.2 NATURAL COMPOUNDS THAT INHIBIT POLYAMINE SYNTHESIS
COMPOUND
Apigenin

EFFECTS
• Topical application of apigenin inhibited tumor formation and ODC activity in mice treated with a
carcinogen and tumor promoter.17

ATRA

• Topical and oral application of ATRA inhibited injury-induced ODC activity in rat skin. The oral IC50
was 80 mg/kg.18

CAPE

• Topical application of CAPE inhibited promoter-induced ODC activity in mouse skin.19 Oral
administration of other propolis compounds related to CAPE (at about 40 mg/kg) inhibited ODC activity
in the colon of rats fed a promoting agent.20 Similar effects were seen in vitro.21

Curcumin

• Oral administration of 0.2 percent curcumin in the diet (about 150 mg/kg) reduced ODC activity in the
liver and colon of rats treated with a promoting agent.22
• Topical administration of curcumin inhibited promoter-induced ODC activity in mice.23

Genistein and
other kinase
inhibitors

• Genistein inhibited promoter-induced ODC activity at an IC50 of 20 µM. The effect appeared to be due to
inhibition of kinases involved in the signal transduction cascade that regulates transcription and
translation of ODC RNA.24 In contrast, and unexpectedly, genistein has also increased ODC activity in
some in-vitro conditions.13 Still other studies on topical application of genistein reported it had modest
inhibitory effects against promoter-induced ODC activity in mice.25

Green tea and
EGCG

• Topical administration of green tea extract, and especially its primary constituent EGCG, inhibited
promoter-induced ODC activity in mice.26,_27
• Oral administration of green tea in drinking water to mice (at 400 mg/kg) and rats (at 250 mg/kg)
inhibited testosterone-induced ODC activity in prostate cells. A similar effect was seen in vitro with
prostate cancer cells.28
• Green tea extracts and EGCG inhibited promoter-induced ODC activity over a wide range of
concentrations in cancer cells in vitro. This effect appeared due in part to kinase inhibition.29,_30

Limonene

• Oral administration of 1 percent limonene in the diet (about 750 mg/kg) reduced tumor formation and
ODC activity in rats fed a carcinogen and promoting agent.31 A similar effect was seen in rats given 0.5
percent limonene and a different promoting agent.32

Lipoxygenase
inhibitors

• Lipoxygenase inhibitors, including quercetin, inhibited promoter-induced increases in ODC activity in
mouse skin cells in vitro. A number of natural compounds are lipoxygenase inhibitors (see Table 8.2). In
this study, quercetin was effective at <10 µM.33

Proanthocyanidins • Topical application of proanthocyanidins inhibited promoter-induced ODC activity in mouse skin.34,_35
and
• Proanthocyanidins and anthocyanidins inhibited promoter-induced ODC activity in vitro.36
anthocyanidins
SAM
• Intramuscular administration of SAM (at 25 mg/kg) reduced both the number of preneoplastic lesions and
polyamine synthesis in rats fed a carcinogen and tumor-promoting agent. Furthermore, SAM decreased
ODC activity in vitro, probably via some metabolite.37
Selenium
• The effects of selenium on cancer are complex and may depend on the form used. In some studies,
selenium reduced polyamine synthesis, possibly because of inhibition of ODC activity or that of other
enzymes involved in converting SAM to polyamines.38
Silymarin
• Topical application of silymarin decreased ODC production caused by a variety of tumor-promoting
agents in mice.39
Ursolic acid
• Topical application of ursolic acid inhibited promoter-induced ODC activity in mouse skin. Ursolic acid
is similar in structure to boswellic acid and other triterpenes discussed in this book.40
Vitamin E and
• Oral administration of vitamin E (at 400 mg/kg) decreased promoter-induced ODC activity in mice,
other
apparently by inhibiting signal transduction.41 The equivalent human dose is about 5,700 I.U. per day,
prostaglandin
which is prohibitively large.
inhibitors
• Oral administration of vitamin E (at 400 to 500 mg/kg) prevented lung tumor formation, ODC activity,
and polyamine synthesis in mice treated with a carcinogen.42,_43 The effects appeared related to
prostaglandin inhibition. A number of natural compounds are prostaglandin inhibitors (see Table 8.2).
• Oral administration of 400 I.U. vitamin E per day inhibited ODC activity in precancerous stomach cells
and caused regression of precancerous intestinal lesions in humans.44
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SUPPLEMENTAL MATERIAL FOR CHAPTER 3
Supplemental material for Chapter 3, “Results of Therapy at the Cellular Level,” contains Table D.1, which summarizes studies on the induction of differentiation by natural compounds, and Table D.2, which summarizes studies
on the induction of apoptosis.

TABLE D.1 NATURAL COMPOUNDS THAT INDUCE DIFFERENTIATION IN VITRO
COMPOUND
Apigenin

EFFECTS
• Induced differentiation of mouse erythroleukemia cells at a minimal concentration of 30 µM. At higher
concentrations, up to 80% of cells were induced to differentiate.1
• Induced differentiation of human leukemia cells by more than 40% at 40 µM.2
• Induced differentiation in human leukemia cells at 20 to 50 µM.3

Arctigenin

• Arctigenin inhibited cell proliferation and induced differentiation in mouse leukemia cells at
concentrations as low as 0.5 µM. The proliferation rate was reduced by 74% at 5 µM and 88% at 20
µM.4
• At 10 and 50 µM arctigenin induced differentiation and inhibited proliferation of mouse leukemia cells
by 60% and 79%, respectively. Other Arctium lignans, although less active, also produced the same
effect.5

ATRA and 1,25-D3

• Both compounds induced differentiation in a range of cell lines in vitro, including human leukemia,
melanoma, breast cancer, prostate cancer, neuroblastoma, and colon cancer.6–15 Induction of
differentiation occurred in a dose-dependent fashion at concentrations ranging from 0.01 to 1 µM for
either compound tested separately.16–23
• These two compounds interacted synergistically in inducing differentiation and were therefore more
effective when used in combination.24–28 Furthermore, combinations of ATRA and 1,25-D3 produced
persistent differentiation after drug withdrawal, whereas each compound used separately produced
reversible differentiation.29 A number of studies have reported that synergism occurred when each
compound was used at about 100 nM. In other studies, optimal synergism occurred at concentrations
as low as 10 nM, and still others reported that 1,25-D3 at concentrations as low as 0.15 nM acted
synergistically with ATRA.30,_31
• Few studies have been done on retinol itself; in one, it induced differentiation in some but not all
embryonal carcinoma cells at concentrations between 0.35 and 0.87 µM.32

Boswellic acid

• Although acetyl-boswellic acid was a weak inducer of differentiation in human leukemia cells, its
ability to do this was greatly increased in the presence of daidzein.33
• Boswellic acid acetate (BC-4) at concentrations less than 24 µM induced differentiation in three of five
leukemia cell lines. The proliferation of all five cell lines was inhibited at concentrations of about 40
µM or less.34
• Boswellic acid induced differentiation in human leukemia cells at 11 to 22 µM. Intraperitoneal
administration of 25 to 50 mg/kg inhibited proliferation and induced differentiation of leukemia cells in
mice. Proliferation was inhibited by 69% and 82%, respectively.35,_36 The equivalent human oral dose
is about 340 to 680 milligrams per day.

Bromelain and other
proteolytic enzymes

• Bromelain induced differentiation and inhibited proliferation of three different leukemia cell lines.
IC50s were approximately 3, 8, and >30 µM, respectively. In the last cell line, a different batch of
bromelain with higher purity inhibited cell proliferation at an IC50 of approximately 4 µM; however, in
this same cell line lower concentrations of bromelain both induced differentiation and stimulated cell
proliferation. A maximum of 40% growth stimulation was observed at 3 to 6 µM.37
• A variety of proteases (at 25 to 50 µM) acted synergistically with retinoic acid and other compounds to
induce differentiation in a variety of leukemia cell lines.38
(row continues next page)
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TABLE D.1 NATURAL COMPOUNDS THAT INDUCE DIFFERENTIATION IN VITRO (continued)
COMPOUND

EFFECTS
• The proliferation of ascites tumor cells was stimulated by about 50% at bromelain concentrations of 0.2
µM. Concentrations as high as 1.5 µM stimulated cell proliferation. Other proteases besides bromelain
are known to stimulate proliferation and/or differentiation in some cell lines. In theory, this occurs due to
the induction of new membrane transport components, which facilitate uptake of nutrients into the cell.39
• Papain induced differentiation of mouse or human leukemia cells in vitro.40

CAPE

• CAPE at 9 µM inhibited proliferation and induced differentiation of human melanoma cells.41

Daidzein

• Induced differentiation and inhibited proliferation of mouse melanoma cells at 40 to 80 µM.42
• Induced differentiation and inhibited proliferation of human leukemia cells. Differentiation was induced
in >50% of cells and proliferation was inhibited by >50% at 80 µM. Concentrations of 40 µM daidzein
increased both ATRA-induced (at 0.1 µM) and 1,25-D3-induced (at 0.15 µM) differentiation by about
55%. Intraperitoneal administration of 25 to 50 mg/kg daidzein reduced tumor volume (>50% reduction)
and induced differentiation of leukemia cells held in chambers in mice.43 The human oral equivalent of
25 to 50 mg/kg is about 1.1 to 2.3 grams per day.
• Induced differentiation and inhibited proliferation of mouse leukemia cells in a dose-dependent fashion.
Differentiation was induced in approximately 50% of cells at about 67 µM. The IC50 for growth
inhibition was about 78 µM. PTK inhibition did not appear to play a role in inducing differentiation.
Little cytotoxic effect was observed.44
• Induced differentiation of mouse erythroleukemia cells at a minimal concentration of <4 µM. A
maximum of 55% of cells were induced to differentiate.1
• Induced differentiation and inhibited proliferation of human leukemia cells. The IC50 was approximately
55 µM.45

Emodin

• Induced differentiation and inhibited cell proliferation in three different human breast cancer cell lines
that overexpress HER-2/neu. The IC50 ranged from 20 to 30 µM, and cells were not affected at 10 µM.
Cell lines that do not overexpress this gene were minimally affected at these concentrations. The effect
was apparently due to PTK inhibition, as this occurs in a similar concentration range.46

EPA and DHA

• Low concentrations of DHA (10 µM) markedly accelerated ATRA-induced differentiation in human
leukemic cells. The concentration of ATRA used was 1 µM. The effect appeared to be due to DHA’s
ability to alter the fluidity of the cell membrane.47
• EPA at 120 µM induced differentiation and inhibited proliferation of human leukemia cells. Its effect
was not reduced by antioxidant treatment and was not mediated by eicosanoids (see Chapter 7 for a
discussion on eicosanoids). This effect may be specific to this cell line, as similar results were not seen in
two different monocytic leukemia cell lines or in one colon cancer cell line exposed to 60 µM.48

Genistein

• Inhibited proliferation of high-grade mouse monocytic leukemia cells at an IC50 of 14 µM. Treatment
with more than 19 µM produced cytotoxic effects. In a lower-grade cell line, genistein was less cytotoxic
but was highly cytostatic, almost completely inhibiting cell proliferation by inducing differentiation at 9
µM. The growth-inhibitory effects were closely associated with inhibition of PTK activity.49
• Induced differentiation and inhibited proliferation of two human leukemia cell lines. The IC50s were
approximately 56 and 63 µM, respectively. The effects of genistein on differentiation were dose
dependent from zero to 37 µM.50
• Induced differentiation of human breast cancer cells. The optimum effect was seen at 30 µM after 9
days.51
• Induced differentiation and inhibited proliferation of human myelogenous leukemia cells. The IC50 was
25 µM. The effect was thought due to PTK inhibition.52
• Induced differentiation and inhibited proliferation of mouse leukemia cells in a dose-dependent fashion.
Differentiation was induced in approximately 50% of cells at about 59 µM. The IC50 for growth
inhibition was about 22 µM. PTK inhibition did not appear to play a role in inducing differentiation.
Minor cytotoxic effects were observed (30% at 59 µM).44
(row continues next page)
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TABLE D.1 NATURAL COMPOUNDS THAT INDUCE DIFFERENTIATION IN VITRO (continued)
COMPOUND

EFFECTS
• Induced differentiation and inhibited proliferation of a mouse megakaryoblastic cell line transformed by
a leukemia virus. The IC50 was 5 µM. The effect was thought due to PTK inhibition.53
• Potentiated 1,25-D3-induced differentiation in human leukemia cells. At 0.05 µM of 1,25-D3, the
optimum concentration of genistein to potentiate differentiation was 37 µM. At these concentrations,
differentiation was increased threefold as compared to D3 alone. The authors believed the effect was
due to PTK inhibition.54
• Induced differentiation in five different human melanoma cell lines at 45 µM. The authors believed the
effect was due to inhibition of topoisomerase II.55
• Induced differentiation in mouse embryonal carcinoma cells at an optimal concentration of 35 to 55 µM.
Mutant cells resistant to ATRA-induced differentiation were susceptible to genistein, and efforts to
obtain mutant lines resistant to both were unsuccessful.56
• At 60 µM genistein potentiated chemically induced differentiation in colon cancer cells. The authors
believed the effect was due more to inhibition of topoisomerase activity than inhibition of PTK.57
• In addition to its role in blood coagulation, the protease thrombin inhibits differentiation of brain and
nervous system cells. Genistein blocked thrombin-induced inhibition of differentiation at an IC50 of
about 20 µM.58
• At 370 µM genistein induced differentiation in pheochromocytoma cells that were primed by nerve
growth factor. Other PTK inhibitors had a similar effect, and daidzein, which is not a PTK inhibitor,
had no effect.59
• Inhibited cell proliferation by 20% to 50% and induced differentiation in one human melanoma and two
human leukemia cell lines at concentrations of 37 to 56 µM. The authors believed the effect was due to
inhibition of topoisomerase II activity rather than PTK inhibition.60
• Induced differentiation in human leukemia cells at 18 µM. The authors believed the effect was due more
to inhibition of inositol phospholipid breakdown than to PTK inhibition.61
• Induced differentiation and inhibited proliferation of a mouse erythroleukemia cell line. Approximately
50% of the cells were induced to differentiate at about 30 µM. The effect was thought due to PTK
inhibition.62

Luteolin

• Induced differentiation of human leukemia cells by more than 40% at 40 µM.2
• Induced differentiation in human leukemia cells at 20 to 50 µM.3

Monoterpenes

• Perillyl alcohol induced differentiation and inhibited proliferation of neuroblastoma cells in the
concentration range of 500 to 1,000 µM.63
• Oral administration of about 8 g/kg of limonene to rats with transplanted breast cancer cells resulted in
inhibition of tumor growth and increased differentiation and apoptosis of tumors.64

Quercetin

• Of 27 flavonoids, quercetin was one of 10 that were active in inducing differentiation in human
leukemia cells.65
• Induced differentiation in leukemia blast cells at 5.5 µM, with prolonged exposure.66

Resveratrol

• Induced differentiation in human leukemia cells at an IC50 of 18 µM.67
• Induced differentiation of human leukemia cells at 30 µM.68
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TABLE D.2 NATURAL COMPOUNDS THAT INDUCE APOPTOSIS IN CANCER CELLS IN VITRO
COMPOUND
Apigenin

EFFECTS
• Induced apoptosis in human leukemia cells at 60 µM.69
• Induced apoptosis in human thyroid cancer cells at 12 to 50 µM.70

ATRA
(vitamin A)

• ATRA downregulated IL-6 receptors on myeloma cells; IL-6 is a growth factor for these cells. Growth
inhibition and apoptosis were induced in two human myeloma cell lines at an IC50 of about 0.01 µM at
seven days (about 1 µM at four days). Administration of 40 mg/kg (by injection) three times per week
induced regression of tumors in 40% of treated mice.71
• ATRA inhibited proliferation of hormone-dependent but not hormone-independent human breast cancer
cells. In two hormone-independent cell line variants, ATRA induced apoptosis and inhibited proliferation
by 40% at about 0.1 µM.72
• At 0.1 µM, ATRA inhibited proliferation of two estrogen-dependent human breast cancer cell lines by
58% to 62%. Apoptosis was induced in about 55% of cells. In an estrogen-independent cell line,
proliferation was inhibited by only about 30%.73
• At 1 µM, ATRA inhibited proliferation of three human cervical cancer cell lines by 80%. Two other cell
lines were inhibited by 30% to 48%, and two others responded poorly. Although ATRA does induce
apoptosis in a variety of cell lines, inhibition of proliferation in these lines did not involve induction of
apoptosis.74
• ATRA induced apoptosis in human liver cancer cells at 100 µM. No apoptotic effect was seen at lower
concentrations.75

Boswellic acid

• Induced apoptosis in four human brain cancer cell lines at an IC50 of 30 to 40 µM.76
• Induced apoptosis in human leukemia cells at an IC50 of 30 µM.77

CAPE

• Caffeic acid phenethyl ester (CAPE), found in propolis, induced apoptosis in several kinds of transformed
rat fibroblast cells but not normal cells. This effect was seen at 4 to 35 µM.78
• CAPE induced apoptosis in a transformed rat fibroblast cell line but not in normal cells. This effect was
seen at 4 µM. As with gallic acid, the effect appeared due to generation of free radicals.79 (Whereas
CAPE appears to act as an antioxidant in vivo, it can produce prooxidant effects in vitro.)
• CAPE induced apoptosis in transformed rat fibroblast cells. This effect was selective to cancer cells
(normal cells were spared) and appeared due to increased free radical damage.80

Curcumin

• Oral administration of approximately 150 mg/kg curcumin to rats with chemically induced colon cancer
approximately doubled the number of tumor cells entering apoptosis.81
• Curcumin induced apoptosis in transformed mouse fibroblast cells at 30 to 90 µM. Cytotoxicity was
induced at an IC50 of 25 µM. At 50 µM curcumin also induced apoptosis in human liver, kidney, and
colon cancer cells, and mouse sarcoma cells in vitro. Cell death was observed at concentrations as low as
9 µM (but not 3 µM). Curcumin did not induce apoptosis in normal mouse or human fibroblast cells at
this concentration, indicating a selective effect on cancer cells.82
• Curcumin inhibited proliferation and induced apoptosis in human myeloid leukemia cells starting at 10
µM. The IC50 was about 13 µM. This effect did not appear to be due to PTK or PKC inhibition and was
prevented by antioxidants, suggesting that curcumin induced oxidative stress. One possibility is that
curcumin inhibited intracellular antioxidant enzymes such as catalase in a manner analogous to kinase
inhibition. The proliferation of other human cell lines (breast, cervical, colon, and liver) was inhibited to a
lesser extent (about 12% to 33% inhibition at 13 µM).83
• Curcumin induced apoptosis in a wide variety of human and mouse cancer cells at 30 to 90 µM.84

EGCG

• EGCG induced apoptosis in human lung cancer cells at 50 µM. This effect was enhanced fourfold when
EGCG was combined with other green tea catechins.85
• EGCG induced apoptosis in human leukemia cells. Proliferation was inhibited by 18% at 50 µM and 93%
at 100 µM.86
• EGCG inhibited proliferation and induced apoptosis in two human lung cancer cell lines at an IC50 of 22
µM. It was two- to threefold less effective against another human lung cancer line and human colon
cancer cells.87
• EGCG induced apoptosis in human epidermoid, keratinocyte, and prostate cancer lines at 87 to 170 µM.88
• EGCG induced apoptosis in three human prostate cancer cell lines at an IC50 of 1 to 25 µM.89
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TABLE D.2 NATURAL COMPOUNDS THAT INDUCE APOPTOSIS IN CANCER CELLS IN VITRO (continued)
COMPOUND
EPA

EFFECTS
• EPA induced apoptosis (19% of cells) and necrosis (32% of cells) in a human myelocytic leukemia cell
line at an IC50 of 60 µM. Its effect was not reduced by antioxidant treatment and was not mediated by
eicosanoids. This effect may be specific to this cell line, as similar results were not seen in two different
monocytic leukemia cell lines or in one colon cancer cell line.48
• EPA induced apoptosis and inhibited proliferation of human prostate cancer cells. At 30 and 50 µM for
72 hours, EPA inhibited viability of the cells by 20% and 25%, respectively. At 50 µM for 72 hours,
apoptosis occurred in 10% of cells and necrosis occurred in 26%.90

Garlic compounds

• Diallyl trisulfide (DATS) induced apoptosis in human lung cancer cells at 1 µM.91
• S-allylmercaptocysteine (SAMC) induced apoptosis in leukemia cells at 46 to 93 µM.92
• Ajoene induced apoptosis in human leukemia cells at an IC50 of roughly 40 µM.93
• Allicin induced apoptosis in human leukemia cells at concentrations at or above 31 µM.94

Genistein

• In T-lymphocyte leukemia cells, genistein induced apoptosis at 18 to 110 µM.95
• In two human myelogenous leukemia cell lines stimulated with growth factors (IL-3 and GM-CSF),
genistein induced apoptosis at 110 µM. The action was primarily due to inhibition of PTK activity, but
genistein may also inhibit topoisomerase II.96
• In rat ovarian granulosa cells, genistein completely blocked the ability of EGF, TGF-alpha, and bFGF to
suppress apoptosis.97
• In 10 human gastrointestinal cell lines, genistein and the isoflavone biochanin A strongly inhibited some
cell lines and moderately inhibited others. The compounds were cytostatic at low concentrations
(approximately <37 µM and <74 µM, respectively) and induced apoptosis at high concentrations (>74
and >150 µM, respectively).98
• In human myelogenous leukemia and human lymphocytic leukemia cells, genistein induced apoptosis in
50% of cells at 31 to 48 µM. Genistein did not induce apoptosis in normal human lymphocytes.99
• In two human colon cancer cell lines, genistein induced apoptosis and inhibited proliferation. The IC50
was approximately 40 and 90 µM. Normal rat intestinal cells were also inhibited at an IC50 of 30 µM.100
• Genistein induced DNA fragmentation and apoptosis in healthy human thymocytes at concentrations as
low as 11 µM, probably due to its ability to inhibit topoisomerase II. Other topoisomerase inhibitors also
induced apoptosis in these cells.101
• In human estrogen-dependent and estrogen-independent breast cancer cell lines, genistein induced
apoptosis and inhibited proliferation by about 50% at 74 µM.102
• In human non-small-cell lung cancer cells, genistein induced apoptosis at 30 µM.103

Hypericin

• Induced apoptosis in three different human brain cancer cell lines. Proliferation was inhibited by
approximately 74% at 10 µM, but 1 µM was not effective. The effects were only slightly sensitive to
moderate light, which inhibited proliferation 13% more than dark conditions.104
• Hypericin at 0.1 to 100 µM did not induce apoptosis in human leukemia cells, although other PKC
inhibitors did. However, at 25 µM hypericin did inhibit further proliferation of these cells.105
• Induced apoptosis in two human neuroblastoma cell lines, probably by PKC inhibition. Cell proliferation
was inhibited by 82% at 5 µM but only by 4% at 1 µM.106
• Inhibited proliferation and induced apoptosis in two rat pituitary adenoma cell lines. Greater than 80%
inhibition was observed at concentrations of >5 µM. The authors believed the effect was due to PKC
inhibition.107

Leukotriene
inhibitors

• Apoptosis was induced in rat Walker carcinoma cells by treatment with various 12-lipoxygenase
inhibitors but not cyclooxygenase inhibitors.108

Luteolin

• Induced apoptosis in human thyroid cancer cells at 12 to 50 µM.70
• Induced apoptosis in skin cancer cells at 20 µM.109

Monoterpenes

• Oral administration of about 2 g/kg perillyl alcohol produced a 10-fold reduction in tumor weight in rats
with chemically induced liver tumors. The effect was due to a 10-fold increase in apoptosis in the tumor
cells of treated rats. Receptors for TGF-beta were also increased in the tumors of treated rats.110
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TABLE D.2 NATURAL COMPOUNDS THAT INDUCE APOPTOSIS IN CANCER CELLS IN VITRO (continued)
COMPOUND
Quercetin

EFFECTS
• Induced apoptosis in human leukemia cells at 60 µM.69
• Induced apoptosis in skin cancer cells at 20 µM.109

Resveratrol

• Induced apoptosis in human leukemia cells at an IC50 of 15 to 30 µM.111
• Prevented transformation and induced apoptosis through activation of p53 in mouse epidermal cells at
concentrations at or above 5 µM.112
• Induced apoptosis in human prostate cancer cells at 25 µM.113
• Induced apoptosis in human leukemia cells at an IC50 of about 20 µM.114

Selenium

• Methylselenocysteine induced apoptosis in mouse breast cancer cells at 50 µM.115
• Selenite induced apoptosis in human liver cancer cells at 10 µM.116
• Selenite induced apoptosis in human colon cancer cells at concentrations greater than 10 µM.117
• Selenium compounds differ in their ability to induce free radical damage and apoptosis. Inorganic
selenium compounds were the most reactive and most effective at inducing apoptosis in vitro.118

Vitamin C

• Vitamin C, especially at high concentrations (1 to 10 mM), induced apoptosis in cancer cells by a freeradical-mediated mechanism. Normal cells were less susceptible.119–123

Vitamin D3
(1,25-D3)

• Induced apoptosis in human breast cancer cells at 100 nM.124,_125
• Induced apoptosis in human breast cancer cells at 10 to 100 nM.126
• Induced apoptosis in mouse breast cancer cells at 10 to 100 nM.127
• Induced apoptosis in human breast cancer cells at 10 to 50 nM.128

Vitamin E

• Induced apoptosis in leukemia, prostate, and breast cancer cells at 100 to 250 µM.129
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SUPPLEMENTAL MATERIAL FOR CHAPTER 4
Supplemental material for Chapter 4, “Growth Factors and Signal Transduction,” consists of two tables that summarize studies on the inhibition of protein tyrosine kinase (Table E.1) and protein kinase C (Table E.2), as well as
one that summarizes studies on the induction of p21 or p27 activity (Table E.3).

TABLE E.1 NATURAL COMPOUNDS THAT INHIBIT PROTEIN TYROSINE KINASE ACTIVITY
COMPOUND
Apigenin and
luteolin

EFFECTS
• Apigenin inhibited PTK intrinsic to insulin receptor: IC50 = 10 µM.1
• Apigenin inhibited PTK intrinsic to FGF receptor: IC50 = 20 µM.28
• Apigenin inhibited PTK isolated from bovine thymocytes: IC50 = 24 µM.2
• Apigenin inhibited PTK intrinsic to IGF-I receptor: IC50 = 48 µM.1
• Apigenin inhibited PTK intrinsic to PDGF receptor: IC50 = 87 µM.28
• Apigenin inhibited PTK intrinsic to EGF receptor: IC50 = about 91 µM.3,_28
• Apigenin and luteolin inhibited PTK isolated from bovine thymocytes: IC50 = 15 and 14 µM, respectively.4
• Apigenin inhibited PTK intrinsic to EGF receptor of human epidermoid carcinoma cells: IC50 = 3 µM. For
PTK intrinsic to EGF receptor of sarcoma virus-transformed rat cells, the IC50 was 30 µM. A metabolite of
apigenin, p-hydroxybenzoic acid, inhibited PTK intrinsic to the EGF receptor at an IC50 of 72 µM.5
• Apigenin inhibited PTK intrinsic to EGF, FGF, and PDGF receptors at IC50s of 90, 20, and 87 µM
respectively.6
• Luteolin (at 20 µM) inhibited PTK intrinsic to EGF receptor in epidermal cells. Quercetin was equally
effective.7

CAPE and other • Oral administration of CAPE (at about 45 mg/kg) inhibited PTK activity in the colon and liver of rats treated
caffeic acid
with a tumor-promoting agent.8
esters
• Phenylethyl dimethylcaffeate (PEDMC) and CAPE (at 50 µM) inhibited PTK activity in human colon cancer
cells by 43% and 48%, respectively. Inhibition became significant at 20 and 30 µM, respectively.9
• Inhibited PTK activity in human skin cells at concentrations of 1.8 to 18 µM.30
Curcumin
• Oral administration of approximately 170 mg/kg inhibited PTK intrinsic to rat liver and colon cells by an
average of 31% in control rats and 42% in rats treated with a tumor-promoting agent.10
• Inhibited PTK isolated from EGF receptor of human epidermoid carcinoma cells by 85% at 10 µM after four
hours.11
• Inhibited PTK intrinsic to the EGF receptor in human prostate cancer cells at 5 to 50 µM.12
EGCG
• Inhibited PTK intrinsic to EGF and PDGF receptors at IC50s of 1.1 and 2.2 µM, respectively.13
Emodin

• Inhibited PTK isolated from bovine thymocytes: IC50 = 19 µM.14
• Inhibited PTK in HER-2/neu-overexpressing human lung cancer cells at 30 µM. At this concentration,
emodin inhibited cell proliferation by 67%.15
• Inhibited PTK isolated from bovine thymocytes: IC50 = 19 µM.4
• Inhibited PTK isolated from bovine thymocytes: IC50 = 37 µM.16

Genistein

• Inhibited PTK intrinsic to EGF receptor: IC50 = 3 µM. 90% inhibition at 550 µM.3,_17
• Inhibited PTK intrinsic to EGF receptor: IC50 = 22 µM.18
• Inhibited PTK isolated from human spleen: IC50 = 125 µM.19
• Not effective at inhibiting PTK isolated from bovine thymocytes.2
• Inhibited PTK isolated from human colon cancer cells treated with a tumor-promoting agent: 32% decrease
at 60 µM.20
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TABLE E.1 NATURAL COMPOUNDS THAT INHIBIT PROTEIN TYROSINE KINASE ACTIVITY (continued)
COMPOUND
Hypericin

*

EFFECTS
• Hypericin:
• Inhibited PTK intrinsic to insulin receptor: IC50 = about 0.02 µM (under high light).21,_43
• Inhibited PTK intrinsic to EGF receptor: IC50 = about 0.07 µM (under high light).21,_22,_43
• Inhibited PTK intrinsic to EGF receptor: IC50 = 0.4 µM (under subdued light).22
Pseudohypericin:
• Inhibited PTK intrinsic to insulin receptor: IC50 = 0.01 µM (under high light).43
• Inhibited PTK intrinsic to EGF receptor: IC50 = 0.03 µM (under high light).43

Parthenolide

• Inhibited PTK activity in stimulated macrophages at 20 µM.23

Quercetin

• Inhibited kinases such as PTK (EGF-stimulated) and PKC at an IC50 of about 10 µM.24
• Inhibited membrane PTK of leukemia cells at an IC50 of 24 µM.25
• In five studies, inhibited PTK intrinsic to EGF receptor at 0.4 to 50 µM (average 22 µM).26

Resveratrol

• Inhibited PTK in stimulated human leukocytes at 110 µM and above.27
• Inhibited PTK from bovine thymocytes: IC50 = 263 µM.16

*

Unlike that caused by flavonoids such as quercetin, the inhibition of PTK by hypericin is irreversible. High light conditions resemble
light on a sunny summer day, and subdued light conditions resemble light on a cloudy winter day.

TABLE E.2 NATURAL COMPOUNDS THAT INHIBIT PROTEIN KINASE C ACTIVITY
COMPOUND
Apigenin

EFFECTS
• Inhibited PKC isolated from mouse skin cells: IC50 = 10 µM. The IC50 of PKC in intact cells was 40 µM. At
25 µM, inhibited proliferation of mouse cells stimulated with a tumor-promoting agent.28
• Inhibited PKC isolated from rat brain: about 35% inhibition at 50 µM.29
• Inhibited PKC isolated from fibroblast cells: IC50 = 10 µM. In intact cells, the IC50 was approximately 40
µM.6

CAPE

• Inhibited PKC activity in human skin cells at concentrations of 1.8 to 18 µM.30

Curcumin

• At 15 µM, curcumin inhibited PKC produced by mouse fibroblast cells in response to stimulation with a
tumor-promoting agent. Membrane-bound PKC activity was inhibited by 69%. Cytosolic PKC activity was
not affected. (Curcumin is lipophilic, and therefore has its greatest effects on membrane-bound PKC.31)
• Did not inhibit PKC isolated from rat brain at concentrations as high as 200 µM.32
• Curcumin’s ability to inhibit PKC may be affected by the iron content of cells. Curcumin alone reversibly
inhibited isolated PKC with an IC50 of 15 µM. In the presence of thiol agents, however, the IC50 was 105
µM. When curcumin was in the form of an iron complex, irreversible inhibition was observed at an IC50 of 3
µM. In cells with ample intracellular iron, the ability of curcumin to inhibit PKC may be increased
dramatically.33
• PKC in intact fibroblast cells: 69% inhibition in particulate fraction at 15 µM after 30 minutes.6

EGCG

• Inhibited PKC at an IC50 of 14 to 60 µM.34
• Inhibited PKC at an IC50 of about 3 µM.35
• Green tea polyphenol extract (80% EGCG) inhibited PKC at an IC50 of 5.5 µM.36

Emodin

• Inhibited PKC isolated from rat brain: IC50 = 25 µM. The IC50 of a related anthraquinone, chrysophanic
acid, was 32 µM.37
• Not effective at inhibiting PKC.4
• Not effective at inhibiting PKC.38
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TABLE E.2 NATURAL COMPOUNDS THAT INHIBIT PROTEIN KINASE C ACTIVITY (continued)
COMPOUND
Hypericin

EFFECTS
Hypericin:
• Inhibited PKC isolated from rat brain: IC50 = 4 µM (subdued light). Inhibited proliferation of rastransformed mouse fibroblast cells at an IC50 of about 12 µM.39,_40
• Inhibited PKC isolated from rat brain at 0.1 µM (under subdued light).41
• Inhibited PKC isolated from rat pituitary adenoma cells: 60% inhibition after two hours at 10 µM (dark
conditions).42
• Inhibited PKC at an IC50 of about 0.02 µM (under strong light). Hypericin also inhibited two other related
kinases: CK-2, at an IC50 of 0.006 µM, and MAPK, at an IC50 of 0.004 µM.21,_43
• Inhibited PKC in bovine retinal cells: 72% inhibition at 2.5 µM (under light).44
Pseudohypericin:
• Inhibited PKC isolated from rat brain: IC50 = 29 µM (subdued light). Inhibited the proliferation of rastransformed mouse cells at an IC50 of 54 µM.39
• Inhibited PKC at an IC50 of 0.01 µM (under strong light).43

Luteolin

• Inhibited PKC isolated from rat brain: 70% inhibition at 50 µM.29

Omega-3 fatty
acids (EPA and
DHA)

• A number of studies have suggested that omega-3 fatty acids reduce PKC activity.45 In contrast, diets high in
omega-6 fatty acids increased PKC activity in mouse skin. Unsaturated fatty acids induced greater activation
than saturated fatty acids.46
• EPA inhibited PKC isolated from a variety of sources. The effect became apparent at about 100 µM and
reached 50% inhibition at about 800 µM.
• DHA facilitated PKC activity in vitro at an optimal concentration of 20 to 50 µM.47,_* In mice fed either
EPA- or DHA-enriched diets, however, DAG production in lymphocytes was suppressed relative to mice fed
arachidonic or omega-6-fatty-acid-enriched diets.48
• Rats treated with a cancer-promoting agent and a diet high in corn oil (which contains omega-6 fatty acids)
showed increased level of colon cell PKC as compared to rats fed the tumor promoter and a diet high in fish
oil.49

Quercetin

• Inhibited kinases such as PTK and PKC (from rat brain) at an IC50 of about 10 µM.24
• Inhibited cytosolic PKC of leukemia cells at an IC50 of 31 µM.25
• In four experiments, quercetin inhibited PKC at 8 to 83 µM (average 33 µM). A fifth experiment reported no
effect.26

Selenium

• Inhibited PKC activity and neoplastic transformation at about 2 to 10 µM.50,_51
• Methylselenocysteine inhibited PKC activity in mouse breast cancer cells at 50 µM.52

Vitamin E

• Physiologic concentrations of vitamin E inhibited PKC activity in a variety of cells. Intraperitoneal
administration of 40 mg/kg also reduced PKC activity in vascular tissues of rats.53
• Inhibited bovine brain PKC at an IC50 of 450 µM; however, inhibition may start as low as 10 µM in some
cases.54
• Inhibited PKC activity in stimulated smooth muscle cells by 30% to 70% at 50 µM.55,_56
• Inhibited PKC in smooth muscle cells at 50 µM.57
• Inhibited PKC activity in hamster ovary cells by 30% at 50 µM.58
• Administration of 400 I.U. of vitamin E inhibited platelet aggregation in humans, due to a reduction in PKC
activity.59

*

This increase in PKC activity was observed in the presence of low concentrations of phospholipids (phosphatidylserine, 8 µg/ml).
Omega-3 fatty acids appear to inhibit PKC activity by competing with phospholipids, which are PKC stimulators. Therefore, at higher
phospholipid concentrations, DHA may also inhibit PKC, as was demonstrated with EPA (using 100 µg/ml phospholipids). At low
phospholipid concentrations, EPA also stimulated PKC activity but did so 30% less than arachidonic acid.
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TABLE E.3 NATURAL COMPOUNDS THAT INDUCE p21 OR p27 ACTIVITY
COMPOUND
1,25-D3

EFFECTS
• Induced p21 and p27 in leukemia cells at 100 nM.60
• Induced p21 in osteosarcoma cells at 10 nM.61
• Induced p21 and p27 in breast cancer cells at 500 nM.62
• Induced p21 and p27 in leukemia cells at 0.1 to 100 nM.63

Apigenin

• Induced p21 in human fibroblasts at 10 to 70 µM.64

ATRA

• Induced p21 in leukemia cells at 100 nM.65

EGCG

• Induced p21 in breast cancer cells at 30 µM.66
• At 50 µM EGCG induced p21 in breast epithelial cells stimulated by EGF.67

Genistein

• Induced p21 in melanoma cells at 10 to 30 µM.68
• Induced p21 in lung cancer cells at 30 µM.69

Silymarin

• Induced p21 in breast cancer cells at about 52 µM.70

Vitamin E*

• Induced p21 in colorectal cancer cells at 500 to 10,000 µM.71

*

Vitamin E succinate (VES), a water-soluble form of vitamin E.
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SUPPLEMENTAL MATERIAL FOR CHAPTER 8
This appendix contains three tables that provide supplemental material for Chapter 8, “Natural Inhibitors of Angiogenesis.” Table F.1 summarizes studies on the prevention of increased vascular permeability. Table F.2 summarizes studies on the ability of natural compounds to beneficially affect prostanoid and leukotriene synthesis; such
compounds increase production of 3-series prostanoids and 5-series leukotrienes, derived from omega-3 fatty acids,
or inhibit production of 2-series prostanoids and 4-series leukotrienes, derived from omega-6 fatty acids. Table F.3
summarizes studies on the inhibition of mast cell granulation by natural compounds.

TABLE F.1 NATURAL COMPOUNDS THAT INHIBIT INCREASED VASCULAR PERMEABILITY
COMPOUND
Anthocyanidins

Butcher’s broom

Centella asiatica

Horse chestnut

Proanthocyanidins

EFFECTS
Anthocyanidins from bilberry inhibited increased vascular permeability and protected vascular tone in
hamsters and rats. Oral doses of standardized bilberry extracts (25% anthocyanins) reduced skin
vascular permeability elevated by chloroform in rabbits.1–5 These effects may be due to the ability of
anthocyanidins to protect collagen, which in blood vessel walls provides structural integrity and plays
an important role in controlling vascular permeability.
Butcher’s broom has a long history of use in treating hemorrhoids and varicose veins in humans. It is
reported to be effective after oral administration.6–12 Both in vitro and in vivo, it caused
vasoconstriction and inhibited increased vascular permeability induced by a variety of agents.
The total triterpene fraction of Centella asiatica (TTFCA) has been used clinically for venous
insufficiency. Double-blind studies have provided strong evidence of its effectiveness. It reduced
edema and capillary permeability, and improved other microcirculatory parameters.13–17
Horse chestnut has been used orally in humans to treat hemorrhoids and edema. It improves venous
tone, scavenges free radicals, and may inhibit the enzymatic breakdown of the basement membrane.
In vitro, it also decreased capillary permeability that was increased by a variety of agents. Given
orally or intravenously, it inhibited experimentally induced brain and paw edema, and lowered
capillary permeability in rodents. It has effectively treated venous insufficiency in humans.6,_18–27
Proanthocyanidins have a high affinity for vascular tissue and have improved the integrity of the
vascular wall.28,_29 In vitro and in vivo, they have lowered both vascular permeability and the
enzymatic breakdown of basement membrane induced by a variety of agents.30 Oral administration of
30 mg/kg prevented chemically induced increases in blood-brain barrier permeability in rats; the
human equivalent is about 490 milligrams. Oral administration of 200 mg/kg per day prevented
chemically induced brain infarction in rats.31,_32 The human equivalent is about 3.2 grams. Oral
administration of 400 mg/kg per day protected rats from acute postoperative edema.33 The human
equivalent is about 6.4 grams. An oral dose of 300 mg/day inhibited postoperative edema in
humans.34 An oral dose of 100 mg/day was effective at reducing uncomplicated venous insufficiency
in humans.35 An oral dose of 150 mg/day increased capillary resistance in hypertensive and diabetic
patients.36
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TABLE F.2 NATURAL COMPOUNDS THAT BENEFICIALLY AFFECT PROSTANOID AND
LEUKOTRIENE SYNTHESIS
COMPOUND
Boswellic acid

EFFECTS
• Boswellic acid inhibited the lipoxygenase pathway, specifically 5-lipoxygenase activity and 5HETE production. It also produced anti-inflammatory effects in animals. The IC50 for 5lipoxygenase was 1.5 to 33 µM. The effects of boswellic acid on lipoxygenase appeared to be
independent of any antioxidant activity.37–48

CAPE and bee propolis

• Propolis has a history of use as an anti-inflammatory agent. Oral administration of propolis
extract (at 240 mg/kg) significantly suppressed prostaglandin and leukotriene generation by
mouse macrophages in vivo and suppressed the lipoxygenase pathway during inflammation.
The equivalent human dose is about 2.3 grams per day. Of its constituents, caffeic acid
phenethyl ester (CAPE) was the most potent inhibitor.49–52
• CAPE inhibited 5-lipoxygenase at an IC50 of about 8 µM.53
• Oral administration (about 45 mg/kg) of CAPE inhibited leukotriene synthesis in the colon and
liver of rats treated with a tumor-promoting agent.54
• At 9 µM, CAPE suppressed production of PGE2 in stimulated human skin cells, and at
concentrations above 35 µM it inhibited COX-2 activity. An intraperitoneal dose of 30 mg/kg
inhibited PGE2 production in rats, and an intraperitoneal dose of 100 mg/kg reduced COX-2
expression.55 The equivalent human oral doses are about 1.1 and 3.6 grams, respectively.

Curcumin

• Curcumin inhibited 5-lipoxygenase, 12-lipoxygenase, and cyclooxygenase in vitro. Its effect on
lipoxygenases may be due in part to its antioxidant activity.41,_56,_57
• Oral administration of approximately 170 mg/kg of curcumin inhibited synthesis of various
leukotrienes in rat liver and colon cells. In vitro, it inhibited leukotriene production in these
cells by an average of 28% at 10 µM and 64% at 50 µM.58
• In stimulated mouse skin cells, curcumin (at 3 µM) decreased the production of 5-HETE and 8HETE by 40% and PGE2 production by 42%.59
• Curcumin inhibited 5-HETE production at an IC50 between 3 and 10 µM.60
• Curcumin inhibited COX-2 expression in epithelial cells at 10 to 20 µM.61

EPA and DHA

• EPA inhibited leukotriene B4 synthesis in rat lung macrophages at an IC50 of about 2 µM. Low
concentrations of EPA may compete with arachidonic acid as a phospholipase A2 (PLA2)
substrate.62,_63 PLA2 is the enzyme that releases fatty acids for the synthesis of eicosanoids.
• EPA reduced the ability of rat macrophages to produce 5-HETE in vitro.64
• EPA (at 1 µM) inhibited COX-2 activity in human mast cells in vitro.65
• DHA (at 4% in diet) partially suppressed the growth of human breast cancer cells in mice and
reduced angiogenesis. Inhibition of angiogenesis appeared due to reduced PGE2 and 12- and 15HETE synthesis.66 The equivalent human dose is about 46 grams per day.
• Oral administration of fish oil (at 18% of diet) inhibited COX-1 and COX-2 synthesis in
chemically induced breast cancers in rats by 28% and 36%, respectively.67
• Fish oil administration (at 20% of diet) reduced COX-2 expression in chemically induced colon
tumors and in colon tissue in rats. COX-1 expression was not affected.68

Flavonoids

• As a group, flavonoids inhibit the cyclooxygenase and lipoxygenase pathways and also the
activity of other enzymes involved with arachidonic acid metabolism, such as phospholipase A2.
Enzyme inhibition has been reported for quercetin, luteolin, and apigenin. Although the potency
varies for different enzymes under different conditions, inhibition is generally in the low
micromolar range. Through inhibition of these and other enzymes, topical and intraperitoneal
administration of flavonoids decreased the inflammatory response in rodents. In in-vitro studies,
genistein, apigenin, and quercetin all inhibited COX-2 activity at concentrations below 40 µM
(often below 15 µM).69–79
• EGCG inhibited leukotriene LTB4 release from stimulated rat peritoneal cells at concentrations
above 10 µM. EGCG was the most potent of the green tea catechins.80
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TABLE F.2 NATURAL COMPOUNDS THAT BENEFICIALLY AFFECT PROSTANOID AND
LEUKOTRIENE SYNTHESIS (continued)
COMPOUND

EFFECTS

Garlic

• Inhibited the cyclooxygenase and lipoxygenase pathways of eicosanoid production.56,_81

Glutathione-enhancing
agents

• Cellular redox may modulate arachidonic acid metabolism, and in some studies prostaglandin
synthesis was inhibited by normal concentrations of intracellular glutathione.82,_83 A number of
antioxidants, including vitamin C, are able to increase intracellular glutathione levels.

Melatonin

• Melatonin (at 100 nM) markedly downregulated the expression of the 5-lipoxygenase gene in
human B lymphocyte; it appears to affect the gene via its ability to bind to retinoid nuclear
receptors.84
• Melatonin inhibited linoleic acid (omega-6 fatty acid) uptake and eicosanoid metabolism by liver
cancer cells at physiologic concentrations (1 nM) in vivo. Tumor growth was also inhibited.85

NF-κB Inhibitors
(see Tables 5.1 and 5.2)

• NF-κB activity can affect the expression of cyclooxygenase genes. In many cases, PGE2
production by macrophages may be dependent on NF-κB activation.86 Thus, NF-κB inhibitors
may reduce eicosanoid production. For example, melatonin inhibited 5-lipoxygenase production
in vitro.84,_87

Parthenolide

• Inhibited 5-lipoxygenase activity at an IC50 of 20 to 200 µM in rat and human leukocytes.88
• Inhibited 5-lipoxygenase activity at an IC50 of 33 µM in human platelets.89
• Inhibited COX-2 activity at an IC50 of 0.8 µM.90

PTK inhibitors
(see Table 4.2 and the entry
for flavonoids above)

• PTK activity may mediate the activation of phospholipase A2, which releases arachidonic acid
from the plasma membrane for use in the production of prostanoids and leukotrienes. This has
been demonstrated for genistein, which inhibited PGE2 production (IC50 = 20 µM) and
leukotriene LTC4 production.91,_92
• Genistein inhibited leukotriene LTB4 production by stimulated leukocytes.93
• Genistein (at 37 µM) completely inhibited leukotriene production in leukemia cells.94
• Genistein inhibited the activities of LTB4 once it was produced. This leukotriene appears to
require PTK activity to exert its effect.95,_96,_97

Resveratrol

• Inhibited 5-HETE production in human and rat leukocytes at an IC50 of 3 to 9 µM.98,_99
• Inhibited 5-lipoxygenase activity in human leukocytes at an IC50 of 48 µM.100
• Inhibited COX-2 activity in human breast cells at concentrations above 2.5 µM.101
• Inhibited COX-1 activity at an IC50 of 15 µM but did not affect COX-2 activity.102

Vitamin E

• Oral administration of vitamin E decreased production of 5-HETE by rat leukocytes.103
• In vitamin E deficient rats, increased macrophage 5-HETE production was observed.104
• Vitamin E inhibited phospholipase A2 activity both in vitro and in vivo.105
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TABLE F.3 NATURAL COMPOUNDS THAT INHIBIT MAST CELL GRANULATION IN VITRO
COMPOUND
Eleutherococcus
senticosus

EFFECTS
• Fractions of this herb strongly inhibited histamine release from rat mast cells in a concentrationdependent manner. The most active fraction was 6,800 times stronger than disodium cromoglycate, a
successful flavonoid-like antiallergy drug.106

Flavonoids

• Genistein inhibited histamine release from mast cells at concentrations of 10 to 100 µM.95
• Luteolin inhibited histamine release in human basophils exposed to tumor-promoting agents. The IC50
was about 15 µM.108
• Apigenin inhibited histamine release in human basophils and rat mast cells exposed to tumor-promoting
agents. The IC50 was about 35 µM.107–110
• Quercetin, luteolin, and apigenin inhibited mast cell degranulation at IC50s of less than 10 µM.111 Some
in-vitro studies suggested that quercetin was the most effective of these flavonoids.112,_113
• Proanthocyanidins reduced histamine levels in blood vessel tissue in vitro.28,_114
• EGCG inhibited histamine release from stimulated rat peritoneal cells in vitro at concentrations above 10
µM.80
• EGCG inhibited histamine release from rat basophilic leukemia cells at 100 µM.115

Vitamin C

• Oral administration of vitamin C (at 2 grams per day) reduced blood histamine levels by 38% in healthy
humans.116,_117 A similar effect was seen in guinea pigs.118
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SUPPLEMENTAL MATERIAL FOR CHAPTER 9
Supplemental material for Chapter 9, “Invasion,” contains three tables. Table G.1 lists natural compounds that inhibit hyaluronidase, its assistant enzymes, or elastase; Table G.2 lists those that affect collagen; and Table G.3 those
that affect immune cell and cancer cell migration.

TABLE G.1 NATURAL COMPOUNDS THAT INHIBIT HYALURONIDASE, ITS ASSISTANT
ENZYMES, OR ELASTASE
COMPOUND
Apigenin

EFFECTS
• Inhibited hyaluronidase by 50% or more at 50 to 250 µM.1,_2,_3
• When mixed with injected tumor cells, apigenin (at 4 µM) inhibited tumor angiogenesis in mice.4
• Inhibited beta-glucuronidase at an IC50 of about 40 µM.5

Boswellic acids*

• Oral administration of boswellic acids (at 100 mg/kg) reduced the activity of plasma betaglucuronidase and N-acetylglucosaminidase and GAG synthesis and degradation in arthritic
rats.6,_7,_8
• The IC50 for inhibition of leukocyte elastase was 15 µM.9

Centella asiatica*

• Oral administration of the total triterpenic fraction (TTFCA) at 60 mg/day for three months to
patients with varicose veins reduced the concentration of plasma beta-glucuronidase by 33%.10

Escin, from horse chestnut

• The IC50 for hyaluronidase was 150 µM.11

Luteolin

• Inhibited hyaluronidase by 50% or more at 100 to 250 µM.1,_3
• Inhibited beta-glucuronidase at an IC50 of about 40 µM.5

Proanthocyanidins

• Inhibited hyaluronidase by 50% or more at 50 to 80 µM.3,_12
• IC50 for porcine pancreatic elastase was 4 µM.12
• Inhibited beta-glucuronidase at an IC50 of 1 µM.12

Resveratrol

• Inhibited secretion of elastase and beta-glucuronidase from stimulated leukocytes at IC50s of 37
and 25 µM, respectively.13

Ruscogenin, from
butcher’s broom
Vitamin C

• The IC50 for porcine pancreatic elastase was 120 µM.11

*

• Oral administration of 1.5 grams/day reduced urinary beta-glucuronidase activity in humans.
Vitamin C also inhibited this enzyme in vitro.14
• Vitamin C inhibited N-acetyl-beta-glucosaminidase in vitro.15

Two other related triterpenes, oleanolic acid and ursolic acid, were also active as hyaluronidase and elastase inhibitors at similar
concentrations.11,_16,_17
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TABLE G.2 NATURAL COMPOUNDS THAT AFFECT COLLAGEN
COMPOUND
EFFECTS
Anthocyanidins and • Anthocyanidins promote collagen synthesis and stability. Anthocyanidins from Vaccinium myrtillus
proanthocyanidins
(bilberry) protected cartilage (a collagen-rich substance) by stimulating collagen cross-linking, inhibiting
free radical damage and inflammation, inhibiting enzymatic degradation, and stimulating collagen
synthesis. Proanthocyanidins protected collagen and inhibited collagenase activity by similar
mechanisms.12,_18–21
Centella asiatica
• Centella triterpenes (at 15 to 30 µM) stimulated production of collagen by human fibroblasts in vitro and
in wound chambers in rats.22,_23,_24 Production of both collagen and fibronectin was stimulated at roughly
37 µM. GAG production was not affected.25 Other related ursane triterpenes are also active. Ursolic
acid reduced invasion of highly metastatic human fibrosarcoma cells in vitro by 80% after treatment with
10 µM. This was associated with a marked reduction in MMP-9.26
Curcumin
• Curcumin (at 10 µM) inhibited the invasion of liver cancer cells in vitro. This effect was associated with
inhibition of MMP-9.27
EGCG
• EGCG (at an IC50 of about 9 µM) inhibited collagenases (probably MMP-2 and MMP-9) produced by
mouse lung cancer cells.28 EGCG also stimulated collagen synthesis and cross-linking.29
Emodin
• Inhibited bacterial collagenase at an IC50 40 µM.30
EPA

• EPA inhibited production of type IV collagenase by mouse melanoma and human fibrosarcoma cells in
vitro. Invasion of these cells was inhibited by 50% at about 1 µM. The effect may have been related to
inhibition of prostaglandin and/or leukotriene production and subsequent inhibition of collagenase
production. Collagenase production and invasion were restored by the addition of certain leukotrienes.31
EPA at 3 µM reduced collagenase production by human breast cancer cells by 30%. Oral administration
of about 6 g/kg EPA reduced the metastasis of breast cancer cells injected into mice. In contrast,
administration of linoleic acid (found in many vegetable oils) stimulated invasion and collagenase
production.32 In other studies, DHA, but not EPA, reduced MMP-9 production in mice injected with
colon cancer cells.33

Genistein

• Genistein (at 50 to 100 µM) reduced secretion of MMP-9 and urokinase-type plasminogen activator
(uPA) in mouse breast cancer cells.34 (Like MMP-9, uPA is involved in tumor cell invasion.)
• Genistein (at 50 µM) inhibited production of MMPs and uPA in multiple cancer cell lines and increased
production of TIMPs and uPA inhibitors.35
• Genistein (at 37 to 74 µM) inhibited in-vitro invasion of human breast cancer cells via downregulation of
MMP-9 and up-regulation of TIMP-1.36
• In addition to their inhibitory effects against MMPs, TIMPs also stimulate proliferation in a wide range of
cells. Genistein (at 10 µM) and other PTK inhibitors reduced TIMP-induced proliferation in human
osteosarcoma cells.37

Leukotriene
inhibitors
(see Table 8.2)

• Diets rich in omega-6 fatty acids stimulated the metastasis of human breast cancer cells in mice. Omega6 fatty acids act as a substrate for production of various eicosanoids, including the leukotriene 12-HETE.
Both omega-6 fatty acids and 12-HETE induced collagenase activity in human breast cancer cells and
stimulated invasion in vitro. 12-lipoxygenase inhibitors suppressed this effect.38

Luteolin and
quercetin

• Luteolin (at 20 µM) suppressed secretion of MMP-2 and MMP-9 by epithelial cells. Quercetin was
equally effective, while genistein was less effective.39

PSK and other
mushroom
polysaccharides

• PSK inhibited the attachment of tumor cells to the basement membrane, degradation of the basement
membrane, and tumor cell invasion in vitro and in vivo. Metastasis of melanoma cells in mice was
decreased by intraperitoneal administration of 500 mg/kg PSK every other day. The human oral
equivalent is about 12 grams per day. In-vitro invasion was inhibited by about 60% at about 6 µM. A
related compound, PSP (also from Coriolus versicolor) has shown antitumor activity in animals and has
prolonged the life span of cancer patients. Although much of PSP’s activity may be due to
immunostimulation, enzyme inhibition may also be occurring.40–45
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TABLE G.2 NATURAL COMPOUNDS THAT AFFECT COLLAGEN (continued)
COMPOUND
Vitamin A

Vitamin C

EFFECTS
• Retinoids (at 1 µM) increased the amount of collagenase inhibitors produced by growing capillary cells in
vitro. ATRA tended to increase molecules similar to TIMP-2, and retinol tended to increase molecules
similar to TIMP-1.46 ATRA (at 10 µM) preferentially inhibited migration and invasion of highly invasive
human melanoma cell lines as compared to less invasive melanoma cell lines. ATRA increased
production of TIMP-2 and reduced production of MMP-1.47 The effects of ATRA on invasion are
complex, however, and in one study on human breast cancer cells, ATRA actually increased invasion in
vitro.48
• Vitamin C is necessary for maintenance of the extracellular matrix; it stimulated collagen synthesis in
human fibroblast cells in vitro and enhanced angiogenesis in CAM assays.49–54 It is uncertain whether it
would enhance tumor angiogenesis in vivo.

TABLE G.3 EFFECTS OF NATURAL COMPOUNDS ON CELL MIGRATION
COMPOUND
1,25-D3

EFFECTS
• Oral administration of 0.5 µg/kg reduced invasion and metastasis of melanoma cells in mice. The effects
were apparently due to reduced cell adhesion to the ECM and reduced degradation of the ECM by tumor
cells.55 The equivalent human dose is about 48 micrograms per day.
• Concentrations as low as 1 nM reduced invasion of lung cancer cells in vitro.56
• Concentrations as low as 1 nM reduced migration of human lymphocytes in response to IL-2 in vitro.57

Apigenin, luteolin,
and quercetin

• Apigenin, luteolin, and quercetin (at 2 to 24 mg/kg, intraperitoneal) inhibited immune cell migration in a
rat model of acute inflammation.58 The equivalent human oral dose is about 0.19 to 5.1 grams. These
effects appeared to be unrelated to their ability to inhibit prostaglandin synthesis. (Some prostaglandins
act as attractants for immune cells.)

Boswellic acid

• Alcohol extracts of Boswellia inhibited immune cell migration in rats and mice.59
• Oral administration (at 25 to 100 mg/kg per day) reduced leukocyte migration to arthritic joints in rabbits
and inhibited leukocyte migration in vitro.60 The human equivalent is about 0.73 to 2.9 grams/day.

Bromelain and other • Bromelain and other proteolytic enzymes such as trypsin cleaved CD44 molecules from the surface of T
proteolytic enzymes
lymphocytes and reduced their migration.61,_62
• Intravenous administration of bromelain (at 10 mg/kg) reduced colony-stimulating factor-induced
neutrophil migration in rats.63
EPA/DHA
• Intraperitoneal administration of EPA, and especially DHA, decreased migration of eosinophils in
response to leukotrienes in guinea pigs.64
• Oral administration of EPA/DHA (at 9.4 and 5 grams/day, respectively) reduced migration of neutrophils
in humans. This effect was due to both decreased production of leukotrienes and inhibition of
leukotriene-induced and platelet activating factor-induced migration.65
• Oral administration of EPA and DHA (at 3.2 and 2.2 grams/day, respectively) reduced neutrophil
migration in heart disease patients.66
• Oral administration of EPA (at 4 grams/day) inhibited migration of granulocytes, but not macrophages, in
asthmatic humans.67
Genistein
• Genistein (at 37 µM) inhibited the motility of ras-dependent human bladder cancer cells in vitro.68
• Low concentrations of genistein (0.37 µM) reversed the stimulatory effects of EGF and TNF on thyroid
cancer cell invasion and proliferation. At higher concentrations (3.7 µM), genistein inhibited invasion
and proliferation of unstimulated cancer cells.69
• Genistein (at 37 µM) reduced hyaluronic acid-induced and RHAMM-mediated migration of rastransformed fibroblasts.70
Hyaluronidase
inhibitors
(see Table 9.1)

• Compounds that inhibit hyaluronidase may decrease tumor cell migration by interfering with the ability
of CD44 and RHAMM proteins to grip and release hyaluronic acid. In addition, inhibition of
hyaluronidase may reduce the spread of compounds that attract immune or cancer cells (chemotactic
compounds) through the extracellular matrix.
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TABLE G.3 EFFECTS OF NATURAL COMPOUNDS ON CELL MIGRATION (continued)
COMPOUND
Melatonin

EFFECTS
• At concentrations slightly higher than physiological (about 1 nM), melatonin inhibited invasion of human
breast cancer cells in vitro. Very high concentrations (10 µM) were not effective.71

Panax ginseng

• Metabolites of ginseng inhibited migration and metastasis of lung cancer cells in vitro and in tumorbearing mice.72 On the other hand, oral administration of a ginseng extract (at 100 mg/day) increased
leukocyte migration and phagocytosis.73

PKC inhibitors
(see Table 4.3)

• In six human melanoma cell lines and five human brain cancer cell lines, PKC activity was directly
correlated with migration and invasive ability. PKC inhibitors suppressed both migration and
invasion.74,_75
• Human neuroblastoma cells produced excessive quantities of CD44 variants in response to stimulation by
insulin-like growth factor (IGF), which resulted in increased binding to hyaluronic acid. This process
was prevented by treatment with PKC inhibitors.82
• Hypericin (at 1 µM under standard laboratory light) and other PKC inhibitors reduced the motility and
invasiveness of human brain cancer cells in vitro. Cell proliferation was not affected.76

PSK

• PSK enhanced macrophage migration but decreased tumor cell migration in vitro.77
• Oral administration of PSK enhanced leukocyte migration and phagocytic activity and prolonged postsurgical disease-free survival periods in patients with colorectal cancer.78
• PSK prevented sarcoma-induced suppression of macrophage migration in mice.79

PTK inhibitors
(see Table 4.2)

• Genistein (at 37 µM) and other PTK inhibitors reduced migration of human bladder cancer cells that
overexpress the EGF receptor more than that of other bladder cancer cells that overexpress the ras gene
and not the EGF receptor.80
• Genistein (at 10 µM) and other PTK inhibitors reduced EGF-mediated invasion of brain cancer cells in
vitro at much lower concentrations than required to suppress proliferation.81
• Phosphatidylinositol 3-kinase inhibitors (see Chapter 4) reduced the stimulatory effects of plateletderived growth factor and IGF on CD44 variant expression in cancer cells.82
• Genistein (at 100 µM) inhibited migration of human neutrophils in response to insulin in vitro. The
effect was due to kinase inhibition.83
• Genistein (at greater than 74 µM) inhibited random migration of human T cells in vitro. The effect was
due to PTK inhibition.84
• Genistein (at 37 µM) and PKC inhibitors reduced migration of T lymphocytes through the vascular wall
in vitro. The effects of genistein were due to PTK inhibition.85
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SUPPLEMENTAL MATERIAL FOR CHAPTER 12
Tables H.1 and H.2 provide supplemental material for Chapter 12, “Natural Compounds That Affect the Immune
System.” The first summarizes studies on how natural compounds stimulate or support the immune system, and the
second lists the ingredients of herbal formulas discussed in Chapter 12.
TABLE H.1 NATURAL COMPOUNDS THAT AFFECT THE IMMUNE SYSTEM
COMPOUND

EFFECTS
HERBAL COMPOUNDS

Astragalus membranaceus

• Fractions of the herb caused a 10-fold potentiation of IL-2 activity in vitro, which increased LAK
cell cytotoxicity. Because the success of IL-2 has been hampered by its severe toxicity,
cotreatment with Astragalus may allow its use at lower, less toxic doses.1,_2,_3
• Extracts of Astragalus injected into mice and rats immunosuppressed by chemotherapy,
radiotherapy, or aging increased the antibody response to antigens and increased helper Tlymphocyte activity.4
• Extracts induced interferon and IL-2 production in mouse lymphocytes in vitro, as well as in
animals and humans.5–9
• Polysaccharide fractions of the herb increased production of TNF by monocytes in vitro.10
• A combination of Astragalus and Ligustrum lucidum extracts added to cultures of human immune
cells restored T-cell function in cells from 9 out of 10 cancer patients; in a second experiment, Tcell function was restored in cells from 9 out of 13. The degree of the immune restoration
appeared to be complete, as reactions of test cells equaled the levels found in cells from healthy
donors.11
• A combination of Astragalus and Panax ginseng extracts markedly enhanced the cytotoxic action
of LAK cells in vitro.12
• Fractions of the herb improved the function of T cells obtained from 13 cancer patients by 260%,
as compared to untreated cells, and by 160% compared to cells from normal healthy donors.13,_14
• Extracts of Astragalus and Ligustrum lucidum reversed macrophage suppression caused by kidney
cancer in mice. Intraperitoneal administration of the extracts (at 20 mg/kg each, daily for 10
days) inhibited proliferation of kidney cancer cells transplanted into mice, reaching a 100% cure
rate in mice with small tumor loads.15,_16
• Extracts of Astragalus and Ligustrum lucidum reversed macrophage suppression caused by kidney
and bladder cancer cells in vitro.17

Eleutherococcus
senticosus

• Polysaccharide fractions stimulated macrophage, T-cell, and B-cell activity, and interleukin and
interferon production in vitro. Extracts protected mice from the immunosuppressive effects of
radiation. Administration of polysaccharide fractions to sarcoma-bearing mice inhibited tumor
growth by up to 67% and prolonged their survival by up to 71%. Up to 33% of the mice obtained
complete remission. Other tumors were also inhibited. The extract also enhanced the activity of
mouse macrophages in vitro. In a four-week double-blind study in humans, Eleutherococcus
extract drastically increased the number of immunocompetent cells, especially helper T cells and
NK cells.18–24
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TABLE H.1 NATURAL COMPOUNDS THAT AFFECT THE IMMUNE SYSTEM (continued)
COMPOUND
Ganoderma lucidum

Panax ginseng

EFFECTS
• Polysaccharide fractions potentiated production of IL-1, IL-6, interferon, and TNF by human
macrophages and T cells in vitro. Oral administration increased production of IL-2 in mice. Oral
administration of a polysaccharide fraction increased the number of white blood cells in humans;
this effect was thought to be due to stimulation of T cells and increased production of IL-2 and
interferon. Polysaccharide fractions markedly inhibited sarcoma tumor cells transplanted into
mice. Injection of the extract into mice bearing transplanted lung tumor cells increased life spans
up to 200%; this effect was observed whether the extract was administered alone or in
conjunction with chemotherapy drugs. The extract was nontoxic to cell cultures, and the
antitumor action was believed to occur through T-cell activation. Ganoderma extract also
enhanced immune recovery in mice treated with radiation.25–31
• The physiological effects of ginseng include sedation, antifatigue action, stimulation of protein
biosynthesis in the liver and kidneys, stimulation of carbohydrate and fat metabolism, stimulation
of macrophage phagocytosis, promotion of antibody and complement production, and restoration
of sexual behavior in stressed animals. Researchers have referred to the overall effect as being
“adaptogenic.” (An adaptogen is an agent that helps increase the nonspecific resistance of an
organism to adverse influences.) Ginseng saponins increased the NK cell activity of mouse
spleen cells by 40% in vitro. IL-2 and interferon production each increased approximately 100%.
Ginseng extracts induced IL-2 and interferon-gamma production in mouse lymphocytes. In
healthy mice, NK activity increased as much as 600%. Extracts improved a wide range of
immune indices in humans after oral ingestion; they enhanced the function of NK cells taken
from healthy patients, as well as those suffering from HIV and chronic fatigue syndrome.
Antibody-dependent cellular cytotoxicity (ADCC) was also improved.6,_14,_32–37

Shiitake (Lentinus edodes), • Hundreds of studies have been conducted on the immunostimulating and antitumor effects of
PSK, and other mushroom
mushroom polysaccharides such as lentinan (from shiitake), and PSK (Krestin) and PSP (from
polysaccharides
Coriolus versicolor). Studies have suggested that about half of all cultivated mushrooms may
have medicinal properties, the most common one being an immunomodulatory effect. As a
group, these polysaccharides stimulate immune cells in vitro and in vivo, increase production of a
variety of cytokines (including IL-1, IL-3, TNF, interferons, and CSF), and produce antitumor
effects in rodents. These polysaccharides also inhibit the actions of immunosuppressive
cytokines such as TGF-beta. In conjunction with radiotherapy or chemotherapy, PSK improved
the survival of patients with a variety of cancers, in some cases by as much as 320%. Not all
patients appear to be responsive to lentinan and PSK treatment, however, and immune system
monitoring may be useful to determine those who are suitable for therapy. Orally administered
PSK also normalized colonic lactobacillus populations decreased by the presence of sarcoma or
treatment with chemotherapy.38–42
ANTIOXIDANTS AND NUTRITIONAL COMPOUNDS
Glutamine

• Glutamine stimulates the immune response and inhibits tumor growth through a variety of
mechanisms. It increases glutathione synthesis, which is required for optimal IL-2 activity. High
doses of oral glutamine (8 g/kg) markedly increased serum IL-2 concentrations in mice.
Glutamine is also a major fuel for immune cells; it increased cell-mediated cytotoxicity in vitro
and NK cell cytotoxicity in vivo. In addition, in-vitro studies suggest that the cytotoxic effect of
TNF in some tumor cell lines is dependent on adequate glutamine. Removal of glutamine
reduced TNF cytotoxicity. Lastly, because of its effects on glutathione, glutamine may also
reduce prostaglandin production by tumors. PGE2 is one of the primary immunosuppressive
substances found at tumor sites.43–48
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TABLE H.1 NATURAL COMPOUNDS THAT AFFECT THE IMMUNE SYSTEM (continued)
COMPOUND
Glutathione-enhancing
compounds

EFFECTS
• Glutathione may be a rate-limiting component in IL-2 and LAK immunotherapy. Glutathionedeficient lymphocytes exhibit subnormal activation in response to stimuli. Furthermore, the
addition of IL-2 cannot restore their activity, although glutathione can. Even a partial depletion in
the intracellular glutathione pool dramatically reduced generation of cytotoxic T cells. The amino
acid cysteine is a component of the tripeptide glutathione. Oral administration of Nacetylcysteine (NAC) in conjunction with IL-2 and LAK reduced the progression of refractory
tumors in mice; complete regression was observed in 11% to 17%. Glutathione can also
potentially inhibit cancer, as well as cancer-induced immunosuppression, via its ability to inhibit
PGE2 production.49–55

Selenium

• In human subjects, selenium (at 200 micrograms per day) enhanced lymphocyte and natural killer
cell response and proliferation. Supplementation increased tumor cytotoxicity of lymphocytes
and natural killer cells and reversed age-related immune deficiencies; these effects were partly
due to enhanced expression of IL-2 receptors.56,_57,_58 In addition, both vitamin E and selenium
enhanced migration and activity of human and bovine leukocytes in vitro. Selenium deficiency
inhibited macrophage-mediated tumor destruction and tumor necrosis factor production in
animals. Dietary supplementation with selenium produced the opposite effects.59–62

Vitamins C and E

• Oral administration of vitamin C (at 1 gram/day) and vitamin E (at 200 mg/day) to aged women
improved a variety of immune indices, including T-cell proliferation, phagocytic functions, and
immune-cell migration. Both vitamins also improved macrophage phagocytosis, migration, and
free radical production in vitro. Leukocytes contain a relatively high percentage of vitamin C,
possibly to protect them from auto-oxidation during activation. The ability of neutrophils to kill
bacteria is reduced when vitamin C is deficient. Although the most striking immunomodulating
effects of antioxidant vitamins have been in the elderly, antioxidants also improved immune
response in younger individuals. Even a marginal deficiency of vitamin E reduced immune
response, and antioxidant supplementation enhanced innate and adaptive immunity.63–67

TABLE H.2 COMPOSITION OF HERBAL FORMULAS
FORMULA
Bu Zhong Yi Qi Tang

Fei Liu Ping

Formula #1

Formula #2

Li Wei Hua Jie Tang

COMPOSITION (Chinese names are in parentheses)
Astragalus membranaceus (huang qi), Panax ginseng (ren shen), Atractylodes macrocephala (bai zhu),
Glycyrrhiza uralensis (zhi gan cao), Angelica sinensis (dang gui), Cimicifuga foetida (sheng ma),
Bupleurum chinense (chai hu), Citrus reticulata (chen pi)
Astragalus membranaceus (huang qi), Codonopsis pilosula (dang shen), Oldenlandia diffusa (bai hua
she ye cao), Prunus armeniaca (xing ren), Paris polyphylla (cao he che), Houttuynia cordata (yu xing
cao), Patrina villosa (bai jian cao), Glehnia littoralis (bei sha shen)
Paeonia lactiflora (chi shao), Ligusticum chuanxiong (chuan xiong), Angelica sinensis (dang gui),
Prunus persica (tao ren), Carthamus tinctorius (hong hua), Millettia reticulata (ji xue teng), Pueraria
lobata (ge gen), Citrus reticulata (chen pi), Salvia miltiorrhiza (dan shen), Astragalus membranaceus
(huang qi)
Codonopsis pilosula (dang shen), Astragalus membranaceus (huang qi), Atractylodes macrocephala (bai
zhu), Solanum lyrati (shu yang quan), Hedyosis diffusae (bai hua she she cao), Salvia chinensis (shi jian
chuan)
Codonopsis pilosula (dang shen), Atractylodes macrocephala (bai zhu), Poria cocos (fu ling),
Glycyrrhiza uralensis (gan cao), Astragalus membranaceus (sheng huang qi), Rehmannia glutinosa (shu
di huang), Polygonatum sibricum (huang jing), Solanum lyratum (bai mao teng), Oldenlandia diffusa
(bai hua she she cao), Euryale ferox (qian shi), Nelumbo nucifera (lian rou), Panax notoginseng (tian san
qi), Ziziphus jujuba (da zao), Adenophora tetraphylla (sha shen), Ovine calculi (yang du zao), Lycium
barbarum (gou qi zi)
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TABLE H.2 COMPOSITION OF HERBAL FORMULAS (continued)
FORMULA
Pishen Fang
(also known as
Jian Pi Yi Shen)
Shen Xue Tang

COMPOSITION (Chinese names are in parentheses)
Codonopsis pilosula (dang shen), Atractylodes macrocephala (bai zhu), Cuscuta chinensis (tu si zi),
Psoralen corylifolia (bu gu zhi), Ligusticum lucidum (nu zhen zi), Lycium chinense (gou qi zi)

Astragalus membranaceus (huang qi), Pseudostellaria heterophylla (tai zi shen), Atractylodes
macrocephala (bai zhu), Poria cocos (fu ling), Ligustrum lucidum (nu zhen zi), Cuscuta chinensis (tu si
zi), Lycium chinensis (gou qi zi), Millettia reticulata (ji xue teng)
Shi Quan Da Bu Tang Astragalus membranaceus (huang qi), Cinnamomum cassia (rou gui), Panax ginseng (ren shen),
Rehmannia glutinosa (shu di huang), Atractylodes macrocephala (bai zhu), Angelica sinensis (dang gui),
Paeonia lactiflora (bai shao yao), Ligusticum chuanxiong (chuan xiong), Poria cocos (fu ling),
Glycyrrhiza uralensis (zhi gan cao), Zingiber officinale (sheng jiang), Ziziphus jujuba (da zao)
Si Jun Zi Tang
Panax ginseng (ren shen), Atractylodes macrocephala (bai zhu), Poria cocos (fu ling), Glycyrrhiza
uralensis (zhi gan cao)
Xiao Chai Hu Tang
Bupleurum chinense (chai hu), Scutellaria baicalensis (huang qin), Pinellia ternata (ban xia), Zingiber
officinale (sheng jiang), Panax ginseng (ren shen), Glycyrrhiza uralensis (gan cao), Ziziphus jujuba (da
zao)
Ye Qi Sheng Xue Tang Astragalus membranaceus (huang qi), Angelica sinensis (dang gui), Equus asinus (e jiao), Spatholobi
spp., Pyrrosia lingua (shi wei), Ziziphus jujuba (da zao), Hordeum vulgare (mai ya), Citrus reticulata
(chen pi), Glycyrrhiza uralensis (gan cao)
Yi Qi Yang Yin Tang
Pseudostellaria heterophylla (tai zi shen), Scrophularia ningpoensis (xuan shen), Ophiopogon japonicus
(mai men dong), Rehmannia glutinosa (shu di huang), Ligusticum lucidum (nu zhen zi), Dendrobium
officinale (shi hu), Trichosanthes kirilowii (gua lou), Hedyosis diffusa (bai hua she she cao), Scutellaria
barbata (ban zhi lian), Glycyrrhiza uralensis (gan cao)
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PREDICTIVE MODELS
This appendix provides information on four predictive
models. The first is a linear regression model used to
predict oral clearance of a free (unchanged) compound.
For convenience, we call this the “free oral clearance” or
FOC model. The second, which is a simple model specific for phenolic compounds, uses values for free oral
clearance to predict ones for total (free plus conjugate)
oral clearance; this is called this the “total oral clearance” or TOC model. Both the TOC and FOC models
were created for this book. Third is the TOPKAT
model, which predicts toxicology data; it was developed
by the Oxford Molecular Group, who supplied
TOPKAT predictions for the natural compounds discussed here.
Finally, the fourth is the “oralintraperitoneal” or ORIN model, used to predict an
equivalent oral dose based on an intraperitoneal one; it
was also created for this book. Although these models,
especially the FOC, TOC, and ORIN ones, provide only
rough estimates, they are still useful as a starting point
for further research.

FREE ORAL CLEARANCE (FOC)
MODEL
The FOC model estimates oral clearance based on
chemical structure and related descriptors. It appears to
be unique, since no other such linear regression model
seems to have been published in pharmacology journals.
It is not the first time, however, that linear regression or
other mathematical techniques have been used to model
other pharmacokinetic parameters related to oral clearance. For example, linear regression models have been
used to predict intestinal absorption and total body
clearance of drugs based on chemical descriptors.1–8
The latter is the clearance after intravenous administration. Oral clearance depends on both intestinal absorption and total body clearance, since its definition is the
total body clearance divided by the fraction of the drug
absorbed.
The FOC model was designed to predict oral clearance
of the free, unchanged compound, as opposed to oral
clearance of the total (free plus conjugate) compound.
Thus we use the FOC model to predict oral clearance for
all compounds except phenolic ones, which appear in
the plasma primarily in conjugate forms; for those we
use a combination of the FOC model and the total oral
clearance (TOC) model. The process of developing the
FOC can be divided into five steps:

1. Collection of oral clearance data for numerous drugs.
2. Generation of descriptors based on the chemical
structure.
3. Use of linear regression techniques to correlate oral
clearance with structural descriptors.
4. Verification of the model.
5. Application of the model to natural compounds of
interest.
Each step is described in more detail below.

Collection of Oral Clearance Data
Oral clearance values for more than 300 conventional
or experimental drugs were obtained from the literature.
In some cases, these values came directly from the published articles, and in others they were calculated based
on the reported values for total clearance (CL) and
bioavailability (F, fraction absorbed) or, using the formula below, on dose and area under the concentrationtime curve (AUC):

CL dose
=
F
AUC
Equation I.1

oral clearance =

The drugs used were not preselected. Rather, any drug
was included for which oral clearance values (and
chemical structures) were easily obtained. For some
drugs, more than one article served as a reference, and
for others, reviews were used that summarized multiple
studies. In any case, if a range of values was found,
midrange values were used.
The frequency of oral clearance values in the final data
set of 247 drugs is illustrated in Figure I.1. (Not all of
the 300+ drugs reviewed had complete data sets or were
amenable to analysis by the software used, and therefore
some were omitted.) As seen, the majority of drugs
used in the data set had a clearance value of 400 L/hr or
less, as is the case with most natural compounds. The
geometric average oral clearance for the 247 drugs was
about 25 L/hr. The x-axis is split at 800 L/hr to show
that a few compounds had an oral clearance higher than
4,400 L/hr.

Generation of Structural Descriptors
Over 200 chemical descriptors were generated for each
compound. These descriptors included such items as

Natural Compounds in Cancer Therapy

432

Figure I.1. Frequency of Oral Clearance Values in Data Set
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Figure I.2. Reported Versus Predicted Oral Clearance Values
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number of carbon atoms, oxygen atoms, and double
bonds, as well as log P values and solubility parameters.
The descriptors were generated by the software programs Molecular Modeling ProTM and Topix (see Appendix L for additional information on these programs).
Prior to generation of the descriptors, the threedimensional geometry of the structures was optimized
by the MM2 routine in Molecular Modeling Pro.TM
Because of limitations of the software, certain types of
drugs were not analyzed, for example, those containing
over 100 atoms or atoms with an atomic number greater
than 19. For various reasons, over 50 drugs were omit-

Linear regression was performed using
the software program Axum (see Appendix L). A stepwise linear regression
technique was used in an iterative fashion to choose meaningful descriptors out
of the more than 300 possibilities; this
pool included over 200 unmodified descriptors, as well as about 100 other ones
derived through log transformation of
the original data. (Log transformation
was used to make the data for certain
descriptors more linear.) Oral clearance
values were also log-transformed.
The results from each round of stepwise regression were compared to a correlation matrix of all 300 descriptors.
Descriptors that were chosen by the
stepwise regression but were heavily
correlated with other chosen descriptors
(correlation index greater than 0.7) were
removed from the pool of possibilities.
The final result, after the last round of
stepwise regression, was a linear regression model containing 24 unique descriptors, some of which were in their
unmodified form and some were logtransformed. Figure I.2 illustrates the
degree that predicted values for each
drug were similar to values in the data
set.
As shown, there is a moderate correlation between reported and predicted values. The R2 value is 0.50, which means
the model was able to account for 50
percent of the observed deviation from
the average.

Model Verification
To verify the model, 10 percent of the data set was
randomly chosen and set aside as a verification set. The
linear regression model was then regenerated using the
remaining data (the test set), and the verification set was
run through the resulting model. This process was repeated three times. The R2 values for the three test sets
were 0.49, 0.50, and 0.49, and the R2 values for the corresponding verification sets were 0.57, 0.50, and 0.57.
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Therefore, prediction of the verification
sets was at least as accurate as prediction
of the test sets.

1.0
0.8
Probability

In addition to the linear regression
technique, one test set was used as input
to a neural network. Neural network
optimization was performed using the
software program NeuroGenetic Optimizer (see Appendix L). Modeling by
an optimized neural network produced
R2 values for the test and verification
sets similar to those produced by the
linear regression model.

Figure I.3. Probability of Predicting Oral Clearance Within
a Specified Factor of Reported Values
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The average R2 value for the three
verification sets was 0.55. This is not a
0.0
high R2 value, and clearly, the model
0
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4
6
8
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was not able to predict oral clearance
Factor of Reported Value
with high accuracy. Based on data from
the three verification sets, there is about
an 80 percent probability that the predicted value will be within a factor of eight of the re- comparison to the data set), they are still reasonable
ported value (see Figure I.3). However, the FOC model given the inherent variability of oral clearance. With the
is more accurate if we consider only drugs whose oral understanding that we are making only ballpark esticlearance is within the range of 2 to 1,600 L/hr. The mates for oral clearance (and dose), the predictions
model is more accurate in this range because the oral made by this model are accurate enough to be useful.
clearance values for most drugs in the data set fell into
this range (see Figure I.1). (The oral clearance values Model Application
for most natural compounds of interest also fall within
Once the model was developed and verified, data for
this range.) Considering compounds that have a rethe 24 descriptors were calculated using the software
ported clearance within the range of 2 to 1,600 L/hr,
described above for natural compounds of interest.
there is an 80 percent probability that the predicted value
These descriptors were then used as input to the linear
will be within a factor of about five of the reported value
regression model. The predictions made by the model
(and a 50 percent probability the oral clearance will be
are listed in Table I.1 according to the chapter in which
predicted within a factor of two).
they are discussed in Part III of the text. Related natural
It is not surprising that the model would have only a compounds not discussed in Part III are also listed.
moderate accuracy, since oral clearance values are
The use of these values and comparisons between
themselves inherently variable (and thus there was variathem and the values obtained from animal and human
tion within the data set). Many factors may be responsipharmacokinetic studies are discussed below and in Apble for the variability of oral clearance values.
pendix J.
Differences in absorption, metabolism, protein binding,
and excretion may be involved, and these may depend
on race, age, body weight, sex, state of health, and other TOTAL ORAL CLEARANCE (TOC)
factors.9,_10 For example, in one study the oral clearance
for the antimalaria drug quinine was 2.4-fold lower in MODEL
patients with acute disease as opposed to patients in
Phenolic compounds exist in plasma primarily in their
convalescence.11 In another study, the oral clearance of conjugate forms. Therefore, we base the dose calculathe antimalaria drug atovaquone varied 2.8-fold due to tions for phenolic compounds in Appendix J on cleardifferences in race.12 In a study on patients with cystic ance values obtained from total (free plus conjugate)
fibrosis, the oral clearance of ibuprofen varied more than plasma concentrations, rather than plasma concentra5-fold among subjects, mostly due to differences in age tions for the free compound alone. Unfortunately, the
and weight.13 Oral clearance for some drugs can vary oral clearance based on the total plasma concentration is
15-fold between individuals.14 Therefore, while predic- unknown for many phenolic compounds of interest; the
tions by the FOC model are only moderately accurate (in TOC model is designed to estimate these values. It is
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TABLE I.1 PREDICTION OF FREE ORAL CLEARANCE FOR
NATURAL COMPOUNDS OF INTEREST
COMPOUND

PREDICTED VALUE
(L/HR)
Chapter 18

Diallyl disulfide (DADS)

1.5
Chapter 19

Daidzein
Naringenin
Apigenin
Genistein
Luteolin
Quercetin
Proanthocyanidin
Epicatechin
Catechin
Epicatechin gallate

58
130
160
180
490
2,000
63,000
1,200
1,200
24,000
Chapter 20

Caffeic acid
CAPE
Curcumin
Silybin
Arctigenin
Schizandrin
Enterodiol
Enterolactone
Resveratrol
Rhein
Emodin

140
240
200
260
44
110
770
57
310
55
110
Chapter 21

Limonene
Perillic acid
Geraniol
Perillyl alcohol
Asiatic acid
Ursolic acid
Beta boswellic acid
Glycyrrhetic acid
Parthenolide
Helenalin
Artemisinin

0.10
7.7
45
51
76
29
27
20
1.9
5.1
6.0
Chapter 22

ATRA

2,100

form. This is because oral clearance is directly
related to plasma concentration. As an extreme example, if the total plasma concentration is composed only of the free form (as we
assume it is with nonphenolic compounds),
then the total oral clearance would be expected
to be equal to the free oral clearance. Likewise, if half the total concentration were composed of the free form, we would expect that
the total oral clearance would be half that of
the free oral clearance. This simple relationship is modeled by Equation I.2.
To use this equation, we must of course determine values for free oral clearance and the
percentage that is free in the plasma. For our
purposes, we can obtain free oral clearance
values from the FOC model or, when available, from animal or human studies. Choosing
a value for percent free in plasma is more
problematic, since little information is available for many compounds. Moreover, for any
given compound, values for percent free in
plasma are likely to vary between studies at
least as much as values for free oral clearance.
Like free oral clearance, percent free in plasma
can vary depending on the magnitude of the
dose, the gut microflora of the individual, the
species tested, and other factors. Not surprisingly, there is variation in the percent free in
plasma values reported for different phenolic
compounds, as shown in Table J.4 of Appendix J for flavonoids.
Thus the use of Equation I.2 requires as
much art as science. As a guide, we can experiment with the values for free and total oral
clearance for the nine phenolic compounds
listed in Table I.2. Most of the free oral clearance values were obtained from the FOC
model. The value for daidzein is an average of
that from the FOC model (58 L/hr) and a human study (400 L/hr).15 The 460-L/hr value
for epicatechin is scaled from a rat study, and
the 490-L/hr value for EGCG is taken from the
human studies listed in Table J.10.16

To simplify the choice of a percentage,
we limit our available values to the folpercent free in plasma
lowing somewhat arbitrary series: 0.5,
total oral clearance = free oral clearance ×
100
1.5, 3, 6, 12, 18, and 24 percent. Next,
using the known values for free and total
Equation I.2
oral clearance, we can choose percentages
that both seem reasonable based on the
reasonable to assume that the total oral clearance is diliterature and provide the best result. Percentage values
rectly related to both the free oral clearance and the perfrom the literature are discussed in Appendix J. The
centage of the total that occurs in plasma in the free
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Genistein
Daidzein
Enterolactone
Quercetin

1.5

3.7

2.7

1.5
12

4.9
8.3

3.5
6.8

2,000*

0.5

24

10

3

14

15

4
12

22
32

18

490
460
260*
490
63,000*

Epicatechin
Silybin

PREDICTED TOTAL
ORAL CLEARANCE
(L/Hr)

180*
230
57*
*

Luteolin

OBSERVED TOTAL
ORAL CLEARANCE
(L/Hr)‡

COMPOUND

FREE COMPOUND IN
PLASMA
(% OF TOTAL)†

As would be expected with a
model using massaged input, the
model quite accurately predicts the
total clearance for these nine compounds (R2 = 0.99). Figure I.4 is a
graph of the observed versus predicted values for total oral clearance (the last two columns of
Table I.2). As can be seen, the
observed and predicted values are
very similar. There is, on average,
a 17 percent difference between
observed and predicted values.

TABLE I.2 DATA FOR CONSTRUCTION OF THE TOC MODEL AND
PREDICTIONS OF TOTAL ORAL CLEARANCE
FREE ORAL
CLEARANCE (L/Hr)

second column of numbers in Table I.2 lists the resulting percentages estimated by the above
method.
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TOPKAT MODEL

Log (predicted total oral clearance)

The values for percentage of free
31
compound listed in Table I.2 are
EGCG
18
90
88
useful as an aid in predicting total
Proanthocyanidin
0.5
410
320
clearance values for other com*
Obtained from the FOC model. See text for explanations of other values in this column.
pounds. This is because some of
†
See text for explanations of values.
the other compounds are similar in
‡
Values obtained from literature; see Appendix J.
structure to those in Table I.2, and
we can assume the percentages are
similar for both. For example,
apigenin is similar to luteolin. Since we
Figure I.4. Observed Total Oral Clearance Versus Predicted Total
are estimating that free luteolin accounts
Oral Clearance for Phenolic Compounds
for about 3 percent of the total plasma
concentration, we can also estimate that
the percent for free apigenin is similar.
2.5
Using such inductive reasoning and using
the values obtained from the literature as
2.0
a guide (see Table J.4 and the text of Appendix J), we can estimate total oral
1.5
clearance values for the phenolic compounds listed in Table I.3. Values in bold
1.0
type are used in the dose calculations of
Appendix J.
0.5
0.0

0.5
1.0
1.5
2.0
2.5
Oxford Molecular Group (see Appendix
Log
(observed
total
oral
clearance)
L) has contributed predictions of rat oral
toxicity for many compounds discussed
in this book. These predictions were
generated using their TOPKAT toxicity assessment compound’s toxicity based on the degree of similarity.
software program, which predicts toxicity based on the The software is used to compute probable toxicity for
two-dimensional chemical structure. This program cal- compounds that have not been studied (or are impracticulates structural and electronic descriptors for each cal to study) in vivo. Although the software can predict
compound, compares this information against informa- many types of toxic effects, only rat oral lethal doses
tion calculated for compounds with experimentally de- (LD50) and rat oral lowest-observable-adverse-effectsrived toxicity values, and then predicts the query level (LOAEL) doses have been predicted here.
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TABLE I.3 PREDICTED TOTAL ORAL CLEARANCE FOR VARIOUS
PHENOLIC COMPOUNDS
COMPOUND

FREE
CLEARANCE
(L/Hr)

FREE COMPOUND
IN PLASMA
(% OF TOTAL)*

Accuracy of TOPKAT’s
LOAEL Dose Predictions

PREDICTED
TOTAL
CLEARANCE
(L/Hr)
2.0
4.7
4.8
5.3
6.6
13
13
33

For our purposes, we are more
interested in LOAEL dose predictions than LD50 predictions, since
we use the LOAEL dose to estiNaringenin
130
1.5
mate the upper safe dose for hu310
1.5
Resveratrol
mans. Therefore, we would like to
160
3
Apigenin
know how accurate the LOAEL
44
12
Arctigenin
dose predictions are. The accuracy
Rhein
55
12
of the model has been determined
by its creators during developSchizandrin
110
12
ment. It consists of five separate
110
12
Emodin
submodels, each is used to make
0.5
Curcumin
6,500†
predictions for a different class of
Caffeic acid
140
24
34
chemicals. The computations in
Catechin
1,200
3
36
the submodels are based on a total
240
24
CAPE
58
of 393 critically reviewed experiEnterodiol
770
12
92
mental LOAEL values. The model
*
Method for estimation of these values is discussed in the text.
has been cross-validated using the
†
Estimated from literature, see Appendix J. All other values in this column were
leave-one-out method, in which
obtained from the FOC model.
each compound is removed once
from the database, and its LOAEL
dose is predicted by the model.
The
result
is
that
for
all
five submodels, there is on averTOPKAT Predictions
age a 93 percent probability the model will predict the
The TOPKAT model provided LD50 and LOAEL dose correct LOAEL dose within a factor of 3. Of course, the
predictions for the 26 natural compounds listed in Table accuracy could be lower for compounds significantly
I.4.a However, since some of these predictions may be different from the 393 compounds used as the basis for
of questionable validity due to lack of similar the model, and it will likely be lower for compounds
compounds in the database or for other reasons, the with a tentative prediction.
model assesses each prediction as being of acceptable,
tentative, or unacceptable validity within the accuracy of
the model. Predictions deemed of unacceptable or tenta- Predicting the LOAEL Dose Based on the
tive validity are marked in the table as such. In a few LD50
cases, the test compounds were already included in the
For a few compounds, LOAEL dose estimates are not
program’s experimental database, and for these available, but LD data are, using animal studies or
50
compounds the experimental animal data are given, as TOPKAT predictions. In these cases, it is useful to esmarked in the table. The table also provides equivalent timate the LOAEL dose based on the LD . Unfortu50
doses as scaled to humans, using the method discussed nately, this estimate cannot be made with great
in Chapter 1; this scaling method can be considered to accuracy, and the best we can do is provide a probable
provide only rough estimates.
range. Using data from Table I.4, Table I.5 lists the pre-

a

In animal studies, the LD50 test generally consists of a single
administration to several groups of rats at different dosages. The
LD50 is calculated as the dose that causes 50 percent of the animals to die. In contrast, the LOAEL test is based on chronic administration, and it measures the lowest dose that causes a
statistically significant number of adverse effects. The database
used by the TOPKAT model to predict LOAEL doses consists of
rat experiments that lasted at least one year.

dicted LD50 and LOAEL doses (as scaled to humans)
and the ratios between these doses. (Compounds for
which one or both of these doses could not be predicted
are omitted.) As shown, ratios for quercetin and arctigenin are extremes; the ratio for quercetin is excessively
low (values less than 1 imply that the LD50 is lower than
the LOAEL dose), and the ratio for arctigenin is excessively high. These extremes are due to errors in the
LD50 and LOAEL dose predictions. If these questionable ratios are omitted, then the geometric mean of all
other ratios is 13. In other words, the LD50 is generally
about 13 times higher than the LOAEL dose.
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Figure I.5 illustrates the probability of observing different LD50 to
LOAEL dose ratios (again, excluding data for quercetin and arctigenin). As shown, there is a 75
percent chance the ratio will be
less than about 75. This is not too
different from probabilities reported in other studies. For example, in a study in rats, the LD50 to
LOAEL dose ratio was about 120
for 75 percent of the 20 diverse
compounds tested, while the average ratio for all compounds was
only about 12.17,_a Based on all the
above, we assume here that when
predicting the LOAEL dose from
the LD50, the LD50 to LOAEL dose
ratio will be within the range of 13
to 75. Therefore, for example, if
the LD50 is 10 grams, we assume
the LOAEL dose is 1.3 to 7.7
grams.
As a point of interest, note the
difference between the noobservable-adverse-effects-level
(NOAEL) dose and the lowestobservable-adverse-effects-level
(LOAEL) dose. As the names imply, the NOAEL dose is the largest
dose for which no adverse effects
are seen, and the LOAEL dose is
the smallest dose at which adverse
effects are seen. These doses are
usually different. Rodent studies
have suggested that the NOAEL
dose is roughly 1- to 10-fold lower
than the LOAEL dose for many
compounds.17,_18
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TABLE I.4 RESULTS OF TOPKAT PREDICTIONS WITH SCALING
TO HUMAN EQUIVALENTS
COMPOUND

PREDICTED
RAT ORAL
LD50 (mg/kg)

SCALED
PREDICTED
SCALED
HUMAN LD50 RAT ORAL
HUMAN
(grams)
LOAEL
LOAEL
DOSE
DOSE
(mg/kg-day)
(grams/day)
Chapter 18
Allicin
3,600
58
240(tent)
3.9
DADS
8,300
130
590 (tent)
10
Chapter 19
Genistein
170
2.8
97
1.6
Daidzein
270
4.4
69
1.1
Quercetin
160 (exp)
2.6
400 (exp)
6.5
Apigenin
370
6.0
200
3.2
Luteolin
520
8.4
270
4.4
Epicatechin
(unacceptable)
—
34
0.55
EGCG
74 (tent)
1.2
(unacceptable)
—
Chapter 20
CAPE
>10,000
>160
(unacceptable)
—
Curcumin
6,700
110
(unacceptable)
—
Silybin
(unacceptable)
—
16
0.26
Arctigenin
3,000
49
2.4
.039
Resveratrol
1,900
31
(unacceptable)
—
Emodin
2,100
34
180
2.9
Hypericin
2,700
44
260
4.2
Chapter 21
Perillyl alcohol
2,100 (exp)
34
16
0.26
Limonene
4,400 (exp)
71
75 (exp)
1.2
Perillic acid
2,400
39
250
4.1
Geraniol
3,300
53
(unacceptable)
—
Boswellic acid (unacceptable)
—
160 (tent)
2.6
Asiatic acid
(unacceptable)
—
460 (tent)
7.5
Ursolic acid
(unacceptable)
—
120 (tent)
1.9
Ruscogenin
(unacceptable)
—
7.8
0.13
Helenalin
130 (exp)
2.1
(unacceptable)
—
Parthenolide
5,000
81
12
0.19
Notes: exp= based on experimental animal studies; tent= tentative validity (associated
doses scaled to humans are also tentative); unacceptable= unacceptable validity

ORALINTRAPERITONEAL (ORIN) MODEL
A number of studies mentioned in this book administered a natural compound by the intraperitoneal (i.p.)
route. In these studies, the dose is injected into the intraperitoneal cavity surrounding the intestines. Compared with oral administration, intraperitoneal
administration bypasses the degrading effects of stomach acids and intestinal bacteria; metabolism of the drug
a

In this study, the LOAEL dose was called the two-year minimum
effect dose.

by intestinal bacteria and intestinal enzymes; and any
possible limitations in intestinal absorption. Because we
are interested in oral administration, however, we wish
to convert an intraperitoneal dose to its oral equivalent.
To accomplish this conversion, the oral-intraperitoneal
(ORIN) model was developed for this book.
Unfortunately, the relationship between equivalent i.p.
and oral doses is unknown for most compounds in this
book. In general, an equivalent oral dose will be larger
than the given intraperitoneal dose. For one thing, orally
administered compounds are more readily excreted in
the feces, although this can also happen to compounds
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TABLE I.5 COMPARISON OF LD50 AND LOAEL DOSES AS
SCALED TO HUMANS
COMPOUND

HUMAN LD50
(grams)*

HUMAN LOAEL
DOSE (grams)*

LD50/LOAEL
RATIO

2.6

6.5†
1.6
3.2
4.4
1.1
4.1
4.2
2.9
10†
3.9
1.2
0.26
0.19†

0.4

Quercetin
Genistein
Apigenin
Luteolin
Daidzein
Perillic acid
Hypericin
Emodin
DADS

2.8
6.0
8.4
4.4
39
44
34
130†
58
71
34
81

Allicin
Limonene
Perillyl alcohol
Parthenolide
Arctigenin

49

Average:
Standard deviation:

40
37

1.8
1.9
1.9
4.0
9.5
10
12
13
15
59
130
430

0.039†
3.1
2.8
Geometric average:

*

Data from TOPKAT predictions listed in Table I.4.

†

More than one standard deviation from average.

‡

Excludes the two extremes of quercetin and arctigenin.

1,300†

13‡

Figure I.5. Probability of Observing LD50 to LOAEL Dose Ratios
1.0

Probability

0.8

0.6

0.4

0.2

0.0
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100

200
300
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administered by the i.p. route if they are excreted in the
bile. In addition, compounds given orally must pass
through the intestinal lining, which is a site of metabolism for many compounds. Therefore, not only the
amount but also the form in which a compound appears

400

in the plasma can differ after oral
or i.p. administration; thus it is
not easy to determine equivalent
doses. Nonetheless, it is worth
the attempt because so many antitumor studies have used i.p. administration.
Table I.6 lists the oral bioavailability and the ratio between oral
and i.p. bioavailability for 30
different drugs. Calculations of
oral bioavailability were generally made by comparing the area
under the concentration-time
curve after oral administration to
that after intravenous administration. Calculations for intraperitoneal bioavailability were made
in the same way (i.e., by comparing the AUC after i.p. and intravenous administration).
Note
that these bioavailabilities were
calculated for the free form of the
compound in the plasma, rather
than the free plus conjugated
forms.

The relationship between the
bioavailabilities listed in Table
I.6 is illustrated in Figure I.6. The curve
and associated formula shown in the figure reasonably predict the values in the
data set. The R2 value is 0.81, which
means the model was able to account for
81 percent of the observed deviation
from the average. As shown, a high oral
bioavailability is associated with a low
i.p. to oral bioavailability ratio (the ratio
approaches 1 at very high oral bioavailabilities). This is as would be expected,
since a compound that is well absorbed
after oral administration is likely to be
equally well absorbed after i.p. administration. Also, a low oral bioavailability
is associated with a high i.p. to oral
bioavailability ratio; again this is as expected, since a compound that is poorly
absorbed after oral administration would
be easily excreted, whereas a compound
administered by the i.p. route would not
be.

The required dose for a compound is inversely related
to its bioavailability. As the latter increases, the re-
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TABLE I.6 ORAL BIOAVAILABILITY AND INTRAPERITONEAL/ORAL RATIOS OF VARIOUS COMPOUNDS
COMPOUND
1,25-D3
14C-1
4,6-Benzylidene-d1-D-glucose
Acebutolol
AMD473
Bestatin
BMD188
Busulphan
Caffeine
CGP 64128A
Clocapramine
Cocaine
Glycyrrhizin
Halomon
Hexobarbitone
HI-240
ICI D 1694
Imexon
Melatonin
Midazolam
N-0923
Nicotine-1’-N-oxide
Norendimide
Pafenolol
Plenolin
PMPA
Propafenone
Propyl gallate
WHI-P131
WHI-P180

ORAL
BIOAVAILABILITY (%)
70
40
87
61
40
48
8
5.6
16
2
16
19
7.3
4
18
1
15
21
54
3.9
0.3
15
80
33
87
17
37
5
30
8.3

quired dose decreases. This relationship is shown in
Equation I.3, where A is some constant:

A
oral bioavailability
Equation I.3

oral dose =

A similar equation could be written for the relationship
between i.p. dose and i.p. bioavailability, using the same
value for the constant A. By considering the ratio between these two equations, we obtain Equation I.4 (the
two constants, being equal, cancel one another):

oral dose
i. p. bioavailability
=
i. p. dose
oral bioavailability
Equation I.4
Equation I.4 can easily be solved for the oral dose,
given the i.p. dose and the ratio for i.p. to oral bioavail-

I.P./ORAL
BIOAVAILABILITY
1.0
2.5
1.4
1.4
2.2
1.5
8.8
6.6
2.8
14
2.4
3.7
16
11
2.2
24
6.7
4.9
1.4
4.6
24
5.2
1.2
3.0
1.7
4.3
1.3
3.8
3.2
3.3

REFERENCES
19, 20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

ability. For example, if the given i.p. dose in a rodent
study is 100 mg/kg, and the ratio of the i.p. to oral
bioavailability is 4, this model predicts that the equivalent oral dose is 100 times 4, or 400 mg/kg. To be clear,
this model only accounts for differences in bioavailability between i.p. and oral doses; it does not take into account any differences in metabolism that may occur,
since doing so would be excessively complicated and
the appropriate data are not available for constructing
such a model. Even so, the simple model described here
is reasonable for making rough estimates of an equivalent oral dose.
To use Equation I.4 for natural compounds, we must
know the ratio of the i.p. to oral bioavailability. This
ratio is not known for most of our compounds, however,
and therefore must be estimated using the oral bioavailability and the relationships shown in Figure I.6.
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Ratio of I.P. to Oral Bioavailability

Figure I.6. Ratio of Intraperitoneal to Oral
Bioavailability Versus Oral Bioavailability

25
20
15
y= 17.66 - 15*log x + 3.314*(log x)2

10
5
0
0

20

40
60
Oral Bioavailability (%)

80

Although the oral bioavailability is
known for only a few of the natural
compounds of interest, it can readily be
estimated for others based on known
bioavailabilities for similar compounds
and discussions of oral clearance in Appendix J. Table I.7 lists estimates for
bioavailability and oral to i.p. dose ratios
for several natural compounds. For example, the oral bioavailability of DADS
is estimated to be 65 percent, the same
as that for the similar compound allicin.
Using the data in Figure I.6 and Equation I.4, the ratio of the oral to i.p. dose
is then 1.4. Note that the bioavailability
of each phenolic compound is based on
its total plasma concentration, consisting
of free compound plus conjugates. For
many phenolics, essentially no free compound exists in the plasma.

TABLE I.7 ORAL BIOAVAILABILITIES AND RATIOS OF ORAL TO INTRAPERITONEAL DOSES
COMPOUND

ORAL BIOAVAILABILITY (%)

RATIO OF ORAL TO
I.P. DOSE

REFERENCES

Chapter 16
High-molecular-weight
polysaccharides
DADS

Genistein and daidzein

Quercetin
Apigenin and luteolin

Propolis (CAPE)

Curcumin
Resveratrol

13
5.1
Bioavailability is estimated based on 13% for chondroitin sulfate.
Chapter 18
65
1.4
Bioavailability is estimated based on 65% for allicin.
Chapter 19
15
4.7
Bioavailability is estimated based on average of 12% for genistein and 17% for
daidzein.*
6.4
9†
13
5.1
Bioavailability is estimated based on average of that for genistein, daidzein, and
quercetin.
Chapter 20
39
2.2
Bioavailability is estimated based on 39% for caffeic acid. (That for rosmarinic
acid is similar, at 32%.)
8
6.8
Bioavailability is estimated based on 63% for curcumin in a radiolabeled study.‡
17
4.2
Bioavailability is estimated based on average of that for all phenolic compounds
listed here.

50

51

52
53

54
55
56
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TABLE I.7 ORAL BIOAVAILABILITIES AND RATIOS OF ORAL TO INTRAPERITONEAL DOSES (continued)
COMPOUND
Emodin

Oleanolic acid

Boswellic acid
Ginseng (ginsenosides)

ORAL BIOAVAILABILITY (%)

RATIO OF ORAL TO
I.P. DOSE
6.8

8†
Bioavailability is similar to that of 14% for hypericin.
Chapter 21
61
1.4
Bioavailability is estimated based on average of that for ginseng, plenolin,
ATRA, and 1,25-D3 (see below), and 43% for limonene.
61
1.4
Bioavailability is estimated based on that for oleanolic acid.
1.8
49†

REFERENCES
57
58

59

60

†

1.4 average
87
Ratio of oral to i.p. dose is estimated based on an average of 1.7 (as obtained
from a rodent study on plenolin that measured a bioavailability of 87%) and 1.0
(as determined by the ORIN model using an oral bioavailability of 87%).
Chapter 22
†
1.5
58
NA
1.5§

Parthenolide

ATRA
1,25-D3

Ratio of oral to i.p. dose is estimated as 1.5 based on a human study. This is
similar to the ratio of 1.0 measured in other human studies (in which the oral
bioavailability was found to be 70%).
NA
1.5
Ratio of oral to i.p. dose is based on values for ATRA and 1,25-D3

Vitamin E
Melatonin

15||

Alpha-lipoic acid

29†

44

61
62
19, 20

4.6

63

2.8

64

Chapter 23
*

Based on urinary excretion.

†

Based on experimental data.

‡

Assumes 7.5-fold overestimate by radiolabeled study, as listed in Table J.2 of Appendix J.

§

Based on repeated administration.

||

Measured in humans after a dose of 2 to 4 milligrams. At much larger doses in animals, the bioavailability was much higher (50 to
100%), suggesting that high doses may saturate metabolism pathways.65
NA: Not available

TABLE I.8 SUBCUTANEOUS BIOAVAILABILITIES AND RATIOS OF
SUBCUTANEOUS TO INTRAPERITONEAL BIOAVAILABILITIES
COMPOUND
Cyclosporine
Bestatin
Halomon
CGP 64128A
Midazolam

S.C.
BIOAVAILABILITY (%)
59
91
47
31
3.9
Average:

S.C./I.P.
BIOAVAILABILITY
1.0
1.3
1.0
1.1
2.1
1.3

REFERENCES
66
25
33
29
39
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In some studies mentioned in this book, the subcutaneous (s.c.) route of administration was used. Based on
the few studies listed in Table I.8, we can estimate that
the ratio of the s.c. to i.p. bioavailability may be about
1.3/1. Again, an inverse relationship can be applied, so
that the ratio of the i.p. to s.c. dose is then 1.3/1. Therefore, to obtain the oral equivalent for an s.c. dose, it is
multiplied by 1.3 to obtain the equivalent i.p. dose, then
the i.p. dose is converted to the oral dose as per the
ORIN model above. The value of 1.3 used in this
method is, of course, based only on the five data points
in Table I.8, thus this method can be expected to produce only rough estimates. Nonetheless, these estimates
can still be useful.
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DOSE CALCULATIONS
This appendix provides technical information on the
metabolism, pharmacokinetics, and toxicity of most
natural compounds discussed in this book, with a focus
on dose calculations based on pharmacokinetic and invitro data. This material builds on information on
pharmacokinetic modeling in Appendix B and that on
predictive modeling in Appendix I. Nearly all dose calculations in this book (including most LOAEL dose calculations) are based on preliminary evidence and are
therefore uncertain. The dose calculations given here
are not intended as definitive but rather as ones that provide rough, ballpark values. Although the usefulness of
such estimates is limited, they are the best available to
date. A few compounds, such as vitamins E and D3, are
not discussed here because dose calculations for these
are less involved and were covered in Part III.
As discussed in Chapter 13, dose estimates can be
based on three types of data: 1) human anticancer data;
2) animal antitumor data, as scaled to human equivalents; and 3) a combination of pharmacokinetic and invitro data. In comparing dose estimates from each, we
begin to comprehend the general magnitude of the required dose for each compound, as well as the relative
uncertainty of the estimates. If the dose estimates are in
general agreement (considered as within a factor of two
from each other), we assume the target dose is relatively
well known. In these cases, our target dose is generally
an average of the available estimates. If they are not in
agreement, we use a range of target doses.
Of the three types of data, basing an effective dose on
human anticancer and animal antitumor data is relatively
straightforward. The only adjustment is that doses used
in animal studies must be scaled to humans. The procedures to do this are discussed in Chapter 1 and Appendix
B. Basing a dose on a combination of pharmacokinetic
and in-vitro data is more complex and is discussed in
detail below.

ESTIMATING DOSES BASED ON
PHARMACOKINETIC AND IN-VITRO
DATA
Oral Clearance Values in Dose Estimates
One of the most important pharmacokinetic parameters
of a drug is its clearance (CL) because it can be used to
estimate a required dose. Clearance values are not directly measured in pharmacokinetic studies; they are

calculated based on other values that are measured.
Clearance refers to the theoretical volume of body fluid
that is cleared of a drug per unit time, and so it represents the rate at which a drug is removed from the body.
Additional information on clearance is in Appendix B,
along with a more detailed explantation of other pharmacokinetic and pharmacodynamic issues of importance. In brief, clearance can be calculated using the
following equation:

clearance (CL) = F × dose
AUC
Equation J.1
In this equation, F is the fraction absorbed and AUC is
the area under the concentration-time curve after oral
dosing. Many examples of concentration-time curves
are found in Appendix B and in this appendix (see Figure J.1). To determine the value of F, both intravenous
and oral pharmacokinetic studies are required; however,
for most of the natural compounds we discuss, both
types of studies have not been conducted. Therefore, we
limit our clearance investigation to oral clearance
(CL/F), which can be readily estimated from oral pharmacokinetic studies. Throughout this book, the term
clearance refers to oral clearance unless stated otherwise. Rearrangement of Equation J.1 allows oral clearance to be calculated:

 CL  dose
oral clearance 
=
 F  AUC
Equation J.2
Note in Equation J.2 that, for a given dose, the oral
clearance decreases as AUC increases. In other words, a
compound that is well absorbed and slowly cleared
(large AUC) will have a low oral clearance, and a compound that is poorly absorbed and quickly cleared (small
AUC) will have a high oral clearance.
Oral clearance can be used to estimate a required dose
if the target plasma concentration is known. The required dose can be calculated from the following equation:

dose = CL × C ss × dose schedule
F
Equation J.3
In this equation, Css is the average plasma concentration at steady state (the average concentration after equilibrium has been established following multiple doses),
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and dose schedule is the number of hours between
doses. For our dose estimates, we use a schedule of
once every eight hours. Such reasonably short schedules
are desirable because, compared to once a day, they allow a lower and therefore safer dose at each administration.
This also minimizes the difference in
concentration between the maximum plasma peak,
which occurs shortly after the dose, and the minimum
trough, which occurs just before the next dose.
The majority of compounds discussed here have a
half-life of about four to nine hours. (The geometric
average for 18 compounds is about 7.6 hours.) If dosed
only once per day at the full daily dose, the patient
would experience very high initial plasma concentrations followed later by concentrations approaching zero.
Both high and low concentrations have obvious drawbacks. One more advantage of a short dose schedule is
that the bioavailability of some compounds decreases
with large doses, as discussed below. We use an eighthour schedule for dose calculations, because a schedule
of less than that is inconvenient and an eight hourschedule is similar to the half-lives of most compounds.

Estimating Target Plasma Concentrations
The dose calculations based on Equation J.3 assume
that the effective plasma concentration is known. Since
we are mostly calculating doses that cause direct inhibition of cancer, we are referring to the effective cytotoxic
concentration. Unfortunately, the concentration effective in vivo is not accurately known for most compounds. To obtain a target concentration, we assume
that, for any given compound, the concentration that is
effective in vivo is the one effective in vitro. Although
this method of estimating a target concentration is not
necessarily accurate, it does provide a reasonable first
guess and allows us to make dose estimates using Equation J.3.
Determining the effective in-vitro concentration is not
easy. Studies have used different techniques under various experimental conditions, and therefore the in-vitro
results vary. For example, one study may report that
apigenin inhibited cancer cell proliferation at 10 µM and
another that it inhibited proliferation at 40 µM. Still, the
effective concentrations for most natural compounds do
fall within the relatively narrow range of 1 to 30 µM.a
a

It is interesting that this effective range is so common among
our natural compounds. One might suppose that other natural
compounds commonly used in medicine might be effective within
this same concentration range, and indeed, this seems to be the
case. Most herbs are used at a dose of 5 to 10 grams per day.
Assuming that an average active compound from an average herb
has a molecular weight of 360 grams per mole and an oral clearance of 11 L/hr (the geometric average of all direct-acting com-
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Given the variable and often limited data, it is difficult
to rank the potency of individual compounds, and so we
choose an in-vivo target value of 15 µM for the majority
of them. The 15-µM value is based on a rough estimate
of the average IC50 for all direct-acting compounds.
Exceptions to the 15-µM target are noted where applicable.

Estimating Oral Clearance Values
The dose calculations based on Equation J.3 also assume the oral clearance value is accurately known, but
for our compounds, this is not usually the case. Human
pharmacokinetic studies have been conducted for a few
of the compounds of interest, and although this information is valuable, the oral clearance values reported do
vary between studies. Oral clearance is dependent upon
a number of parameters, including the dose absorbed
(F), the actual clearance (CL), and the extent of metabolism; each can vary between individuals and so can oral
clearance. Indeed, for some drugs, the latter can vary
15- to 20-fold among individuals.1,_2 Even though most
studies use multiple subjects and therefore provide average oral clearance values, average values can still vary
between studies, although generally not so much as between individuals. As a very rough approximation, we
estimate that studies usually agree with one another
within a factor of about two or three. Depending on the
drug, some can be in very close agreement.
Although human pharmacokinetic studies have been
conducted only for a few natural compounds, there are a
larger number of animal pharmacokinetic studies. The
data from these are almost always less reliable than human data, however, since animals absorb and metabolize
compounds differently than humans. To some degree,
these differences can be quantified, and clearance values
can be scaled from animals to humans (methods for scaling are described in Appendix B). The scaling process
itself adds an additional degree of uncertainty to the resulting human clearance value. Thus, animal data scaled
to humans is useful but generally not as accurate as data
from humans.
For some natural compounds, neither human nor animal pharmacokinetic data are available. To overcome
this obstacle, oral clearance values for these compounds
pounds discussed in Appendix J), and assuming that the herb
contains 1% of the active compound (roughly the average for
most compounds discussed here), then the common dose of 10
grams per day would produce a plasma concentration for the
active compound of about 1 µM, which is at the low end of the 1
to 30 µM range. When herbs are used in combination, as they
are traditionally, additive and synergistic effects likely occur that
would make the 1 µM concentration more effective.

Appendix J

can be estimated using the FOC (free oral clearance) and
TOC (total oral clearance) models discussed in Appendix I. The terms free clearance and total clearance refer
to values for the unchanged compound and the unchanged compound plus its conjugates, respectively.
Total oral clearance values primarily come into play
with phenolic compounds, since these compounds occur
mostly as conjugates in the plasma.
The FOC and TOC models were able to predict oral
clearance values for most of the compounds of interest.
These models contain their own level of inaccuracy,
however. For example, there is about an 80 percent
chance that the value predicted by the FOC model will
be within a factor of five of the reported value, and the
error could be higher if the actual clearance value is outside the range where the model is most accurate (about 2
to 1,600 L/hr). Despite the uncertainties of their predictions, given the inherent variation of oral clearance and
the lack of animal or human clearance data for some
compounds, the models are still useful here.
In summary then, we can estimate oral clearance by
three different means (human pharmacokinetic studies,
animal pharmacokinetic studies, and the FOC and TOC
models). None of these is perfect for determining oral
clearance, but some are better than others. For the dose
calculations in this appendix, data from all available
sources were considered, and a single oral clearance
value was chosen that seemed most reasonable for each
compound. Because the data are limited or conflicting
in many cases, the chosen clearance value should be
viewed only as a rough estimate.

MODIFICATIONS TO THE ESTIMATED
REQUIRED DOSE
We now have three methods to estimate a required
dose (by using human data, animal data, and/or a combination of pharmacokinetic and in-vitro data), but this
is not the end to our dose calculations. In most cases,
the resulting doses must be modified to assure safety or
for other reasons. In general, the procedures used to
determine tentative dose recommendations are as follows:
1. Estimate an effective dose from human studies, when
those are available.
2. Estimate an effective dose from animal studies, when
available, and scale this dose to humans.
3. Estimate a target plasma concentration (usually 15
µM) and an oral clearance value (using human and
animal pharmacokinetic data and/or the FOC model).
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With this information, use Equation J.3 to estimate
an effective dose.
4. Compare the dose estimates from steps 1, 2, and 3.
If they are within a factor of two of one another, average them to obtain a target dose. If they are not,
note the discrepancy and provide a range of possible
target doses.
5. Estimate the minimum target dose based on the results of step 4 by assuming a full 15-fold allowable
dose decrease for synergism, as discussed in Chapter
13.
6. Estimate the maximum safe dose. In most cases, this
will be the lowest-observable-adverse-effects-level
dose; the procedure for estimating the LOAEL dose
is discussed later.
7. Base the tentative recommended dose for each compound on a comparison of the above doses and on
the human dose commonly prescribed in noncancerous conditions, when it is known. (The results of
this comparison for each compound are provided in
Part III. To give an example, if the LOAEL dose is
lower than the target dose obtained from step 4, the
maximum tentative recommended dose is set equal
to the LOAEL dose, thereby allowing safe use of the
compound.)
8. If the maximum tentative recommended dose is larger than 1.8 grams per day, reduce it to 1.8 grams to
account for nonlinearities in bioavailability at high
doses. The reasoning for this is explained below.
(Exceptions to the 1.8-gram daily limit are noted
where applicable.)
9. For direct-acting compounds (see Table 1.2), calculate the minimum degree of synergism required.
This is calculated as the ratio between the target dose
estimated in step 4 and the maximum tentative recommended dose estimated in steps 7 and 8. For example, if the target dose is 6 grams per day and the
maximum recommended dose is 2 grams per day,
then synergism will be required to produce at least a
threefold increase in potency.
Note that the above procedures will change slightly for
phenolic compounds, since they exist in the plasma as
conjugates. Procedures for phenolic compounds are
discussed later.

LOAEL DOSE CALCULATION
METHODS
It is likely that the best clinical results will be produced when the largest safe dose of a compound is used.
In this book, we view the largest safe dose as that where
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adverse effects just begin. This is referred to as the lowest-observable-adverse-effects level (LOAEL) dose.

were not tested, it is possible the bioavailability was
affected at even lower doses.12

Unfortunately, the actual value of the oral LOAEL
dose is unknown for the majority of natural compounds.
LOAEL doses as determined from animal or human
studies are available for only a few compounds discussed here. Some natural compounds do not have
LOAEL data, but do have lethal dose (LD50) data available. The latter is the dose causing death in 50 percent
of the test animals after a single administration. As discussed in Appendix I, the LOAEL dose can be estimated
from the LD50.

In addition, many compounds, especially phenolic
ones, may show a nonlinear metabolism over different
dose ranges. For example, at relatively low doses, a
certain type of conjugate may be prominent in the
plasma, and at higher concentrations, a different type
may be present. These different conjugates may produce somewhat divergent biologic effects.

In addition to animal and human studies, LOAEL
doses can be estimated from the chemical structure,
much as oral clearance values can be. Oxford Molecular
Group, creators of the TOPKAT toxicity assessment
software program, has contributed estimates for rat oral
LD50 and LOAEL doses for many of the compounds
discussed in this book. (Information on the TOPKAT
model and a listing of its predictions are in Appendix I.)
These estimates, along with data from animal and human toxicity studies, are used to estimate the human
LOAEL dose. Of course, the human data are the most
accurate; animal studies and TOPKAT predictions provide only rough estimates.

DOSE-DEPENDENT BIOAVAILABILITY
The bioavailability of a compound, and hence its oral
clearance, is in some cases dependent on the dose given.
The magnitude of the dose can affect both the fraction of
the compound absorbed and the way it is metabolized.
In many cases, the bioavailability decreases (and the oral
clearance increases) as the dose increases. Thus normal
dietary amounts of most natural compounds are reasonably well absorbed, but high therapeutic doses of
some may be poorly absorbed or their metabolism may
be altered. In other words, as doses increase, less and
less gain in plasma concentration may be achieved per
milligram of compound given. For example, reduced
bioavailability has been reported for the semisynthetic
lignan anticancer drug etoposide at doses above 200
milligrams; for EGCG (in green tea extract) at doses
above 380 milligrams; for vitamin C at doses above 250
milligrams; for polyenzymes (bromelain and trypsin) at
doses above 200 milligrams; and for hyperforin (a component of St John’s wort) at doses above 600 milligrams.3–10 In addition, the bioavailability of soy
isoflavonoids has been reduced at high doses.11 Moreover, one study reported that the bioavailability of
quercetin was reduced at doses above about 2.6 grams
(as scaled from a study on pigs). Since lower doses

Unfortunately, the linearity of the bioavailability at
different doses has been studied only for a few natural
compounds of interest; still we can expect that a significant number of our natural compounds have a nonlinear
pattern similar to those above. Lacking additional information, we make a broad and conservative assumption that bioavailability (and metabolism) is linear at
doses up to about 600 milligrams for most natural compounds. This limit does not imply that zero bioavailability occurs at higher does, but rather that there may be
markedly different (usually diminishing) gains in plasma
concentrations at higher doses. Since an eight-hour dose
schedule is recommended for most compounds (three
administrations per day), the assumed general linear
bioavailability limit is then 1.8 grams per day. A 1.8gram per day linear bioavailability limit is of course a
crude approximation, and conservative, but it is still useful until further information is available. Exceptions to
this limit are discussed where applicable. Much additional study remains to be done to determine the actual
dose-dependent linearity of bioavailability for individual
compounds and for groups of compounds.
With the 600-milligram single-dose limit in mind, ideally we would like the doses used in the pharmacokinetic studies and the dose calculated for cancer
treatment all to be either below the 600-milligram limit
or above the limit (and roughly equal to one another).
Unfortunately, this is not always the case. For example,
let us say that two human pharmacokinetic studies tested
a compound at 300 and 400 milligrams, respectively, but
that dose calculations suggest the required dose for cancer treatment is 2 grams every eight hours. Such a situation may be problematic, since the oral clearance value
used in the calculations may not be accurate at a dose of
2 grams. In these cases, we apply the 600-milligram
(1.8 gram per day) limit. Note that this limit applies to
doses of an isolated compound, such as the amount of
CAPE contained in a dose of propolis, but it would not
apply to the total propolis dose.
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THERAPEUTIC AND LOAEL
DOSE ESTIMATES FOR
NATURAL COMPOUNDS
Natural compounds are discussed below in
the order they appear in Part III: polysaccharides (from Chapter 16); garlic (from Chapter
18); flavones, isoflavones, EGCG, anthocyanidins, and proanthocyanidins (from Chapter
19); CAPE, arctigenin, flaxseed, resveratrol,
emodin, and hypericin (from Chapter 20);
monoterpenes, Centella, boswellic acid,
horse chestnut, butcher’s broom, ginseng,
and parthenolide (from Chapter 21); and vitamin A and melatonin (from Chapter 22).
Dose estimates for compounds not discussed
in this appendix appear in Part III.

Figure J.1. Plasma Concentration of Chondroitin Sulfate
in Humans After Oral Dose of 3.0 Grams
1.0
0.9

LMW fraction

0.8

HMW fraction

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0

Chapter 16: Polysaccharides
High-Molecular-Weight
Polysaccharides
Polysaccharides stimulate immune cell activity in vitro
at concentrations of about 100 to 800 µg/ml, or roughly
0.5 to 4.0 µM, assuming an average molecular weight of
200,000.13–17 We use a midrange target of 2.2 µM in our
calculations here.
This target concentration will first be used in combination with oral pharmacokinetic data for the polysaccharide chondroitin sulfate (molecular weight 16,000) to
estimate a polysaccharide dose. Figure J.1 illustrates the
concentration-time curve for an oral dose of 3 grams in
humans (figure based on reference 18). Also shown in
the figure is the curve for its lower-molecular-weight
(LMW, molecular weight less than 5,000) degradation
products. From the limited data available, it appears that
a sizable percentage of the polysaccharide dose is degraded in vivo to LMW products and that these constitute the bulk of the plasma concentration. In general,
LMW polysaccharide fractions have less effect on the
immune system and a weaker antitumor effect in animals than the unchanged higher-molecular-weight
(HMW) fractions.19 Other authors have shown degradation of HMW aloe polysaccharides into LMW fractions
after oral and intravenous administration in mice.20 The
oral clearance of the HMW fraction shown in Figure J.1
is 16 L/hr. Using equation J.3, to achieve a serum concentration of 2.2 µM, a dose of roughly 6.9 grams of
chondroitin sulfate would be needed every eight hours,
or 14 grams per day, which is reasonably close to the
6.6-gram polysaccharide dose scaled from the animal
antitumor experiments mentioned in Chapter 16.
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We can make a similar dose calculation based on
pharmacokinetic data obtained from a radiolabeled study
of PSK (molecular weight 94,000) in rabbits.21,_a Unfortunately, this study did not clearly identify the ratio of
high-molecular-weight to lower-molecular-weight degradation products in the plasma. It is reasonable to assume, however, that the ratio follows a similar pattern
over time as that of chondroitin sulfate.b The resulting
concentration-time curve is shown in Figure J.2. The
human oral clearance based on the HMW curve is 1.9
L/hr. Using Equation J.3, the human dose required to
produce a 2.2 µM plasma concentration is roughly 3.1
grams every eight hours, or 9.3 grams per day, which is
quite similar to that calculated for chondroitin sulfate.
Table J.1 summarizes the therapeutic dose estimates
for polysaccharides made in this appendix and Chapter
16.

a

This rabbit study measured PSK in blood. For polysaccharides
and a number of other compounds discussed in this book, we
estimate the plasma concentration to be twice that of the blood
concentration. This difference occurs because the plasma volume
in humans is a little more than half the total blood volume, and
many of the compounds we discuss tend to be concentrated in the
plasma rather than within red blood cells.
b

In scaling the chondroitin sulfate data from humans to rabbits,
we estimate that in rabbits the high-molecular-weight fraction
varies from roughly 50% at one hour to 17% at 24 hours.
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Figure J.2. Plasma Concentration Of PSK in Rabbits
After Oral Dose of 1.0 gram/kg
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labeled one. This is because radiolabeled
studies track the concentration of isotopes
initially associated with a test drug but make
no distinction between isotopes that remain
with the unchanged drug and those that
travel with the drug when it is metabolized
and degraded. Since the metabolites and
degradation products generally remain in the
animal longer than the unchanged drug, the
half-life of the compound is artificially extended in a radiolabeled study. Consequently, the AUC for the radiolabeled study
is higher and the oral clearance is lower.

Because several more radiolabeled studies
are discussed here, we would like to estimate
5
the “true” oral clearance based on the oral
0
clearance obtained from radiolabeled studies.
Unfortunately, few studies are available on
0
5
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25
which to base systematic estimates. Lacking
Time (hr)
additional data, we assume that the oral
clearance from a given radiolabeled study is about 7.5-fold
TABLE J.1 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
lower than the true value; this is
POLYSACCHARIDES
based on the average of five observations shown in Table J.2.
DESCRIPTION
DOSE (g/day)
Values for the individual half-life
Required dose as scaled from animal antitumor
6.6 (midrange)
and clearance values are taken or
studies
derived from data discussed elseCommon human dose in cancer treatment
2 to 6
where in this appendix. Half-lives
Required dose as determined from
9.3
are included in the table, since we
pharmacokinetic calculations (for PSK)
can assume a rough correlation
Estimated LOAEL dose
much greater than 6
between half-life and oral clearTentative dose recommendation for further
2 to 9
ance. (For a given compound,
research
both radiolabeled and nonradiolabeled studies are likely to proA 2- to 9-gram range for the tentative recommended duce a similar initial peak concentration, but the half-life
polysaccharide dose is above the general linear bioavail- measured in the radiolabeled study is likely to be
ability limit of 1.8 gram per day. In this case, however, longer.) As the table shows, most studies suggest that
a dose of 2 to 9 grams does not pose a significant the oral clearance is higher (or the half-life is shorter) in
bioavailability problem, since the PSK pharmacokinetic a nonradiolabeled study, the average difference being
study used an even larger dose of 29 grams (as scaled to 7.5-fold. Of course, using the 7.5-fold value to estimate
humans). Furthermore, the chondroitin sulfate pharma- the true oral clearance provides only an extremely rough
cokinetic study used a dose of 3 grams and produced a estimate, as each individual compound will be metabosimilar oral clearance value, after accounting for differ- lized differently.
ences in molecular weight. Therefore, it does not appear
there would be dose-dependent bioavailability differences at doses of 9 grams or less.
Chapter 18: Amino Acids and Related
10

Compounds
A Note on Radiolabeled Studies
We take a moment here to discuss the clearance values
obtained from radiolabeled and nonradiolabeled studies,
since the topic comes up again later. In general, the oral
clearance of a compound determined in a radiolabeled
study will be lower than that determined in a nonradio-

Garlic Compounds—DADS
As discussed in Chapter 18, the principal garlic constituent of interest is DADS. Unfortunately, the pharmacokinetic parameters of DADS have not been well
characterized. One study has been conducted on radio-
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labeled allicin in rats, however,
and this information can be used
to make rough estimates, since
DADS and allicin probably display somewhat similar pharmacokinetics.
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TABLE J.2 RATIO OF ORAL CLEARANCE FROM NONRADIOLABELED
TO RADIOLABELED STUDIES.
OBSERVATION

VALUE 1*

VALUE 2*

RATIO

Ratio of half-life for PSK (radiolabeled) to
chondroitin sulfate (nonradiolabeled)
Ratio of half-life of proanthocyanidin
(radiolabeled) to anthocyanidin
(nonradiolabeled)
Ratio of geometric average half-life for
five natural compounds (radiolabeled) to
18 natural compounds (nonradiolabeled)
Ratio of allicin clearance predicted by
FOC model to a radiolabeled study
Ratio of parthenolide clearance predicted
by FOC model to a radiolabeled study

13 hours

14 hours

0.93

27 hours

4.1 hours

6.7

The blood concentration curve of
radiolabeled allicin in rats is
shown in Figure J.3 (adapted from
110 hours
7.6 hours
14
reference 22).a The estimated human clearance based on this study
1.5 L/hr
0.38 L/hr
3.9
is 0.75 L/hr. The curve shown is
for blood concentrations, and
1.9 L/hr
0.16 L/hr
12
plasma concentrations are likely to
be about twice as high, as disAverage:
7.5
cussed with reference to PSK
*
Descriptions are given in the first column. Values are reported as human equivalents.
above. The clearance is then half
as large, or 0.38 L/hr. In comparison, the oral clearance of DADS
as estimated by the FOC model is 1.5 L/hr.
The clearance from the radiolabeled study is
Figure J.3. Blood Concentration of Allicin in Rats After Oral Dose
of 8.0 mg/kg
lower than that predicted by the FOC model,
as would be expected, and we use the value
35
of 1.5 L/hr in dose calculations. Clearly,
additional pharmacokinetics studies in hu30
mans are needed to determine whether this
value is accurate. (Note that using a lower
25
clearance value would reduce the estimated
target doses.)
20
As mentioned in Chapter 18, DADS is active in vitro at about 100 µM. Using Equation J.3, a dose of 190 milligrams would be
needed every eight hours, or 580 milligrams
per day, to produce a plasma concentration
of 100 µM. This is within the range of 210
to 780 milligrams as scaled from mouse antitumor experiments (see Chapter 18).
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Unfortunately, it is difficult to determine
the amount of whole garlic necessary to provide a 580-milligram dose of DADS per day.
Garlic cloves contain approximately 3.7
mg/g allicin and another 1.7 mg/g related thiosulfinates,
for a total of 5.4 mg/g thiosulfinates.23 A majority of
this can be converted to DADS in vivo, but it is uncertain exactly how much. Although not all thiosulfinates
will be fully converted to DADS, those that are not
could still add to the cytotoxic effect and so we will asa

This study measured the plasma concentration in alliin equivalents (allicin is a metabolite of alliin, as illustrated in Figure
18.2). In constructing Figure J.3, the allicin yield is assumed to
be 75 percent of the alliin content. This is typical of commercial
garlic preparations.
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sume that essentially all of the 5.4 mg/g will be converted. The resulting required dose is then 110 grams,
which is within the dose range of 19 to 150 grams as
scaled from rodent antitumor experiments in Chapter 18.
We can average 110 grams and the three highest doses
scaled from animals (40, 62, and 150 grams) to obtain a
target dose of 91 grams per day.
The LOAEL dose for garlic is uncertain. On the one
hand, common experience suggests that garlic is quite
benign. Indeed, oral doses of about 81 mg/kg per day of
DADS did not produce noticeable adverse effects in
mice. According to the assumptions above, this would
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TABLE J.3 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR GARLIC
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies (higher dose range) and
pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (g/day)
19 to 150
110
91

6.1
4 to 15
15
6 to 15

The dose estimates presented here
are not likely to be in error due to
dose-dependent bioavailability issues. A 15-gram dose of garlic contains about 57 milligrams of DADS,
which is well below the general linear bioavailability limit of 1.8 grams
per day. Furthermore, the allicin
pharmacokinetic study used a similar
dose (77 milligrams, as scaled to
humans).

Chapter 19: Phenolic
Compounds—Flavonoids

Metabolism and Absorption
of Phenolic Compounds
6.1-fold potency increase
Before calculating doses for flaa
vonoids,
we first discuss their metranslate to a human garlic dose of about 150 grams. In
tabolism
and
absorption.
The
important point to readdition, many human studies on garlic’s cardiovascular
member
is
that
flavonoids
are
extensively
metabolized
effects have used doses of about 15 to 70 grams per
in
vivo,
and
they
occur
in
the
plasma
primarily
in their
24
day. The commonly prescribed garlic dose in Chinese
glucuronide
conjugate
forms.
These
characteristics
were
herbal medicine is 6 to 15 grams daily.25
first mentioned in Chapter 13 and are examined in more
On the other hand, some studies suggest that high gar- detail here. As discussed in that chapter, the production
lic doses would not be safe, especially for multiple ad- of conjugates is not limited to flavonoids but is shared
ministrations. Oral garlic doses as low as 500 mg/kg by many other phenolic compounds. Therefore, this
damaged lung and liver tissue in rats.26 The human information applies to all the phenolic compounds covequivalent is only about 8.1 grams per day, or about 2 ered in Chapters 19 and 20.
cloves of garlic. Similar results were seen in another rat
The absorption and metabolism of many phenolic
study, where oral doses of 300 to 600 mg/kg per day of
compounds after oral administration follows the pathan aqueous garlic extract for 21 days produced toxic
way shown in Figure J.4. In most cases, the natural
effects.27 Lacking additional data, we estimate the garlic
compound will be taken in a glycoside form, since most
LOAEL dose is at least equal to the 15-gram per day phenolic compounds exist in plants as glycosides. Glydose commonly used in Chinese medicine. This would cosides consist of the pure compound conjugated to a
supply a DADS dose of about 57 milligrams.
sugar molecule.b The pure compound is referred to as
Table J.3 summarizes the therapeutic dose estimates
for garlic made in this appendix and Chapter 18.
Standardized commercial garlic products are preferable to whole garlic cloves. Such products typically
contain 4 milligrams per capsule of allicin potential,
which is about equal to a gram of whole garlic; for example, six capsules would be equivalent to a garlic dose
of 6 grams. The best products may be enteric-coated
ones because these dissolve in the intestines rather than
the stomach. Stomach acids are likely to inactivate alliinase, the enzyme that converts alliin to allicin.

the aglycone of the glycoside. Administration of the
aglycone is also possible. For example, quercetin is
available commercially as an aglycone supplement. As
a dietary example, the fermentation process used in
making tempeh and miso from soybeans results in the
cleavage of isoflavonoid (e.g., genistein) glycosides into
their aglycones.
Some aglycones can be absorbed in the stomach, as
was reported for daidzein and genistein in rats.28 After
leaving the stomach and entering the small intestine, the
aglycones (and glycosides) are transported to the liver
through the enterohepatic circulation. In the past, it was

a

The TOPKAT model tentatively predicts that the LOAEL dose of
DADS in rats is 590 mg/kg, which translates to a human garlic
dose of about 1,800 grams. The TOPKAT model clearly overestimated the DADS’ LOAEL dose.

b

Depending on the type of sugar molecule, glycosides may more
specifically be called glucosides, rutinosides, galactosides, arabinosides, rhamnosides, or xylosides.
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believed that only the aglycone was absorbed from the small intestine; however, recent studies on quercetin and
anthocyanins suggest that absorption of
certain glycosides occurs in the small
intestine. In the case of quercetin, absorption of glycosides may be about
twice as great as absorption of the aglycone.29,_30 At least in rats, however, the
genistein aglycone was absorbed slightly
better than its soy-based glycosides.31
The aglycones are heavily metabolized
while passing through the lining of the
small intestine on their way to the liver.
Most of this metabolism is in the form of
glucuronidation (the formation of glucuronide conjugates). Since conjugation
is an important event, we discuss it in
more detail here.
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Figure J.4

Generalized Metabolism of Flavones,
Isoflavones, and Other Phenolics In Vivo
oral administration
tumor
growth

l absorption

of aglycone

stomach

sulfation and
methylation
l absorption of

aglycone and
glycoside
l glucuronidation

small
intestine
glucuronide

liver

Conjugates are produced during what
is known as phase II metabolism (del glycoside is cleaved
to aglycone
toxification). Conjugation is the body’s
bile
large
l absorption
via
attempt to make a foreign compound
intestine
of aglycone
more water-soluble and thus more easily
l glucuronidation
blood
l degradation of
excreted in the urine. Conjugates are
flavonoid
comprised of the parent molecule or its
metabolites linked to a second, more
water-soluble molecule like glutathione,
excretion
in feces
sulfate, or glucuronic acid. The latter is
related to glucose and the conjugates it
excretion
kidney
forms are referred to as glucuronides.
in urine
Conjugation can also result in glucuronmethylation
ide-sulfate biconjugates. Glutathione
conjugation predominates in electrophilic (positively charged) compounds
such as allicin (from garlic). Glucuronic
duced by gut bacteria might be bioactive. For example,
acid or sulfate conjugation predominates in nucleophilic p-hydroxybenzoic acid, produced after degradation of
(negatively charged) compounds like most phenolic some flavonoids, is a PTK inhibitor (see Table E.1).
ones. Although there are exceptions, glucuronide con- This compound is produced after oral administration of
jugation is generally more prevalent than sulfate conju- kaempferol and quercetin in humans and apigenin in rats
gation for phenolic compounds.
Most sulfate and is a common component of human urine.33–36
conjugation occurs in the liver, whereas most glucuronThe aglycones absorbed from the large and small inide conjugation occurs in the intestinal wall.
testine enter the liver primarily as glucuronide conjuAny glycosides or aglycones not absorbed in the small gates. There they may be further metabolized by
intestine travel down to the large intestine. Here, gly- sulfation (the production of sulfate conjugates) and
cosides are cleaved by intestinal bacteria to produce methylation (the addition of methyl groups, such as ocaglycones, which can then be absorbed and undergo glu- curs during selenium detoxification). From the liver, the
curonidation. The aglycones in the large intestine can metabolites enter the blood, where they are recycled
also be degraded by bacteria to other inactive (or active) back to the liver. The liver sequesters some of these in
metabolites. The type and amount of intestinal bacteria the bile, which is then secreted into the large intestine.
influence the degradation that occurs.32 Therefore, indi- Metabolites in the blood also travel to the kidneys,
viduals may metabolize phenolic compounds somewhat where further methylation and excretion into the urine
differently. Note that some degradation products pro- can occur.
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Daidzein

Genistein

Luteolin
Quercetin

human (dietary levels)

—

human (36 mg)
Daidzein, average

0
0

rat (human equivalent of
65 mg)
human (dietary levels)

4.8

mouse (human
equivalent of 870 mg)
human (5.6 mg)
human (1.1 g)
Genistein, average
rat (human equivalent of
230 mg)
rat (human equivalent of
160 to 810 mg)
rat (human equivalent of
2.4 g)
rat (human equivalent of
93 to 371 mg)
human (dietary levels)
human (87 mg)
Quercetin, average

*

73
52
52

—

REFERENCES

SULFATES

GLUCURONIDESULFATES

SPECIES AND DOSE
FREE
COMPOUND

COMPOUND

GLUCURONIDES

TABLE J.4 METABOLITES OF ORALLY ADMINISTERED FLAVONOIDS
IN PLASMA (APPROXIMATE PERCENT)

†

12
14
14

40, 55

34
34
—

0

42

—

40, 55

41

11

36 to
78
83*
—

—

6†
—

0
1.3
4

85
—
79

15
—
15

0
—
2

41
44

11

—

—

—

45

0

30

65

5

46

0

40

60

0

47

1.5

—

—

—

48

0
0
0

—
—
35

—
—
63

—
—
3

49
50

10

86

0

3

37

—
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example, high doses of some
compounds like epicatechin may
overwhelm metabolizing enzymes, resulting in higher concentrations of aglycone in the blood.37
High doses may also alter the pattern of glucuronide and sulfate
conjugation and methylation.38,_39
Lastly, the metabolite profile can
be much different after intraperitoneal or subcutaneous administration. A few intraperitoneal or
subcutaneous studies are reported
in Chapters 19 and 20, and
equivalent oral dose estimates are
provided. Because of differences
in metabolite profiles and other
differences discussed in Appendix
I, these estimates should be
viewed with healthy skepticism.
Reported percentages for different flavonoid conjugates in plasma
are listed in Table J.4; note that
the values in the table are only
approximate. Based on the data
presented for each compound,
average values are also given.
Methylated metabolites are not
reported, since they were analyzed
in very few studies.52

Dose Calculations for
Phenolic Compounds
Almost all in-vitro studies on
3
36
47
13
39
phenolic compounds tested the
free (aglycone) form; however,
0
51
this is not the form found in vivo.
We can assume that on a weight4
61
24
8
for-weight basis, the potency of
Overall average
4
57
34
7
conjugates will be different from
*
Glucuronide plus glucuronide-sulfates.
that of the free compound. In†
Free plus sulfate, but consists mainly of sulfate.
deed, examples exist of drug con‡
Values are approximate. Includes methylated conjugates, which account for about half
jugates that are less potent than,
of the total conjugates.
equal to, and more potent than
their aglycones.41 For the phenolic compounds discussed here, the
From the above, we see that most phenolic compounds
in the blood are in the form of glucuronide conjugates, most bioactive form is likely to be the free form, folform, and finally by the
sulfate conjugates, glucuronide-sulfate biconjugates, or lowed by the sulfate conjugate
53,_54,_55
Since most phenolic
methylated derivatives including methylated conjugates. glucuronide conjugate one.
compounds
exist
as
conjugates
in
vivo,
we must modify
The primary circulating form of most phenolics is gluour
dose
calculations
to
account
for
their
different pocuronide conjugates. The production of different metencies.
tabolites is dynamic and can be dose-dependent. For
Epicatechin

rat (human equivalent of
810 mg)
rat (human equivalent of
810 mg)‡
human
(dose of 32 mg)
Epicatechin, average
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Although most drugs and natural compounds undergo
some degree of conjugation, we make dose modifications only for phenolic compounds. Other than for sex
hormones, licorice, and vitamin A, relatively little is
known regarding conjugation of most nonphenolic natural compounds. Because the available data suggests that
glucuronide conjugates of these nonphenolic compounds
represent a relatively small percentage of the total
plasma concentration, we will not modify dose calculations for these.56–62
To modify calculations for phenolic compounds, we
must know the relative potency of the free compound
versus its conjugates. The first step in estimating this
value is to look at the in-vitro studies that measured the
activity of each form. The few studies available indicate
that glucuronides tend to be about 1- to 4-fold less effective than their aglycones (on a µM basis). In one study,
the IC50 for inhibiting EGF receptor expression in rat
prostate tissue in vivo for total genistein (free form plus
conjugates) was 4-fold higher than for the free form
alone.63 In a second study, the IC50 for inhibition of
cancer cell proliferation by isorhamnetin glucuronide
was about 2.5-fold higher than isorhamnetin aglycone
(isorhamnetin is a flavonoid similar to quercetin).64 In
others, quercetin conjugates were about 2.6-fold less
potent as antioxidants than free quercetin, with sulfates
being slightly more potent than glucuronides, and glucuronides were about 4-fold less potent on geometric
average than free quercetin in inhibiting lipoxygenase.47,_65 Lastly, although ATRA is not a phenolic
compound, glucuronide conjugates of ATRA were 1- to
2-fold less active at inhibiting cancer cell proliferation
than the free form.66,_67,_68
We can also estimate conjugate potencies from the
relative potencies of glycosides. Glucuronide conjugates and glycosides are similar, in that both consist of a
free molecule with an attached sugarlike molecule.a We
know from in-vitro studies on genistein, quercetin, anthocyanidins, and arctigenin that glycosides of phenolic
compounds tend to be roughly two to four times less
cytotoxic than their aglycones (on a µM basis).69–76
Other activities besides cytotoxicity are also affected by
conjugation. For example, one study reported that a
quercetin glycoside (quercitrin) was 2.6-fold less active
than quercetin in inducing topoisomerase II-mediated
DNA cleavage in vitro.77 Another study found apiin, a
glycoside of apigenin, about 3.4-fold less potent than
apigenin in inhibiting nitric oxide production by macrophages in vitro.78
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Considering all the above data, we can estimate that
glycosides and glucuronide conjugates are on average
about 2- to 4-fold less potent than the free phenolic
compound. For simplicity, we assume that all glucuronide conjugates are 3-fold less active.
It is not surprising that glycosides or glucuronide or
sulfate conjugates would be less potent than the free
compound, since on a weight-for-weight basis they contain less free compound. The average molecular weight
of the phenolic compounds discussed in this book is
about 312 grams per mole. Since the molecular weight
of glucuronic acid is about 194 grams per mole, most
glucuronide conjugates of phenolics are roughly 488
grams per mole.b Thus every 100 grams of glucuronide
conjugate contains only about 64 grams of free compound. The same is true for glycosides because the average molecular weight of the primary sugar units
(glucose, xylose, rutinose, rhamnose, and arabinose) is
also 194 grams per mole.
Assuming that glucuronide conjugates are about 3-fold
less potent than the free compound, since conjugates are
only about 64 percent pure, they are actually only about
1.9-fold less potent, when normalized for the mass of
free compound present. We thus assume that the total
mix of glucuronide and sulfate conjugates are roughly 2fold less potent than the free compound, when normalized for the mass of free compound present.
The need to view relative potencies on a massnormalized basis comes from the fact that the pharmacokinetic studies reported here that measured the plasma
concentration of total (free plus conjugate) phenolics did
so by enzymatically digesting the plasma sample to convert the conjugates to the free compound. Therefore, in
these studies, total plasma concentrations are given in
terms of the free compound. For example, genistein
exists in the plasma primarily as glucuronide conjugates.
If a study reported that the plasma concentration of total
genistein was 10 µM, this means the actual plasma concentration of genistein in the conjugate form was about
16 µM (about 1.6-fold higher due to the differences in
molecular weights). By the same token, 10 µM of total
genistein as measured in the plasma after enzymatic digestion would be equal to about 5 µM of free genistein
(a 2-fold difference in potency). Seen another way, 16µM of actual conjugates in the plasma would also be
equal to about 5 µM of free genistein (about a 3-fold
difference in potency). Any way it is viewed, the
equivalent concentration of free genistein is about 5 µM.

a

The result of glucuronide conjugation in animals and glucose
conjugation in plants is that a compound becomes more watersoluble, more easily transported, and less toxic.

b

488 = 312 + 194 (for glucuronic acid) – 16 (for a shared oxygen atom) –2 (for two deleted hydrogen atoms).
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about 30 percent methylated quercetin in three
subjects and zero percent
FLAVONOID
DOSE
ORAL CL REFERENCES
in seven.50 To make mat(L/Hr)
ters more complicated, the
Daidzein
49 mg daidzein aglycone contained in
4.9
79
percentage of methylated
soy flour
metabolites (or sulfate and
6 mg daidzein aglycone contained in soy
4.6
80
glucuronide conjugates)
flour
can also be influenced by
29 mg daidzein aglycone contained in
5.2
81
the amount of food in the
baked soy flour
stomach, or the gut microDaidzein, average
4.9
flora in an individual, or
Genistein
71 mg genistein aglycone contained in
4.3
79
both.86 Thus the producsoy flour
tion of methylated me8 mg genistein aglycone contained in soy
4.5
80
tabolites is dependent on
flour
many factors and is diffi28 mg genistein aglycone contained in
2.2
81
cult to predict. In addition,
baked soy flour
the relative potencies of
Genistein, average
3.7
methylated metabolites are
Quercetin
150 grams of fried onions, containing 64
22
82
largely uncertain. Some
mg aglycone
methylated metabolites of
225 grams of fried onions, containing 50
32
83
quercetin possess about
mg aglycone
half the antioxidant activity
150 mg quercetin glucosides
18
84
of free quercetin, but conQuercetin, average
24
jugates of some methylated
metabolites show little antioxidant activity.50 One
Again, since all pharmacokinetic studies on phenolic
study found that methylated glucuronide conjugates of
compounds that measured total concentrations used encatechin and epicatechin possess almost no antioxidant
zymatic digestion, we assume that the target plasma
ability, whereas glucuronide conjugates were only
concentration (and hence the dose) of phenolic comslightly less potent than the free compounds.87 Morepounds must be increased 2-fold relative to what it
over, it is known that the relative placement of gluwould be for the free compound alone. Therefore, in
curonic acid groups can affect the antioxidant activity of
estimating doses for phenolic compounds, we use the
flavonoids.88 (Methyl, glucuronic acid, and sulfate
same nine-step procedure employed for nonphenolic
compounds (see above) but with one exception. In step groups can attach to a number of different carbons in
3, the target plasma concentration is increased by a fac- phenolic compounds.)
TABLE J.5 ORAL CLEARANCE OF FLAVONOIDS IN HUMANS BASED ON
TOTAL PLASMA CONCENTRATIONS

tor of 2 (generally, from 15 µM to 30 µM).

Methylated Conjugates of Phenolic
Compounds
We have mentioned little about the potency and presence of methylated metabolites. Although these can
occur in sizable concentrations, few pharmacokinetic
studies have specifically measured them. Moreover, the
available data sometimes conflict or are difficult to interpret. For example, depending on the magnitude of the
dose and the adaptation to it over time, as well as the
animal species tested and other factors, quercetin can
appear in a plasma metabolite mix of anywhere from 0
to about 83 percent methylated quercetin (and methylated conjugates).12,_46,_47,_85 In one human study, oral
administration of about 87 milligrams of quercetin (in
plant products) produced a metabolite mix that was

Considering the above, the magnitude of methylated
metabolites in the plasma during treatment and the role
they may play in the total biologic effect of phenolic
compounds is still uncertain. Clearly, additional work is
needed to fully identify the active metabolites of phenolic compounds and characterize their pharmacokinetics
and biologic activity.

Apigenin, Luteolin, Quercetin, Genistein,
and Daidzein
Oral Clearance Values
A limited number of studies have investigated the oral
clearance of apigenin, luteolin, quercetin, genistein, and
daidzein in humans, although more studies have been
conducted in rodents. Because of their complex metabolism and the analytical difficulty of measuring the vari-
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ous metabolites, many questions remain.
Some details on the available human studies
are listed in Table J.5.
Some discrepancy exists in the literature regarding the relative bioavailabilities of genistein and daidzein. The data in Table J.5
suggest that genistein is slightly more
bioavailable than daidzein (the average oral
clearance of genistein is lower). This trend is
supported by a number of human studies that
measured peak plasma concentrations.41,_89,_90
However, two human studies and one rat
study that measured urinary output suggested
daidzein is more bioavailable than genistein.90,_91,_92 The human urinary studies indicated that daidzein is 1.4- to 2.3-fold more
bioavailable than genistein. Interestingly, the
FOC model produced a somewhat similar
result; it predicted free daidzein was 3.1-fold
more bioavailable than free genistein (see
Table I.1). Nonetheless, since the studies
using human plasma suggest that genistein is
slightly more bioavailable than daidzein, we
use the values in Table J.5 for further dose
calculations.

TABLE J.6 ESTIMATED ORAL CLEARANCE VALUES
OF FLAVONOIDS
FLAVONOID

Apigenin
Genistein

4.9*
14
24*

Daidzein
Luteolin
Quercetin
*

Data from Table J.5.

TABLE J.7 REQUIRED DOSE FOR FLAVONOIDS BASED ON
PHARMACOKINETIC DATA
FLAVONOID
Genistein
Daidzein
Apigenin
Luteolin
Quercetin
*

ORAL CLEARANCE*
(L/Hr)
3.7
4.9
4.8
14
24

REQUIRED DOSE
(grams/day)
0.72
0.90
0.93
2.9
5.2

From Table J.6.

Unfortunately, the pharmacokinetic parameters of apigenin and luteolin have not been studied in
humans, and only one study on luteolin in rats is available. In that one, the oral clearance for total luteolin was
approximately 0.23 L/hr. The human equivalent is
about 14 L/hr.
We can estimate the total oral clearance values for
apigenin and luteolin by using the TOC model from Appendix I. As listed in Tables I.2 and I.3, the total oral
clearance values predicted for apigenin and luteolin are
4.8 and 15 L/hr, respectively.a The value of 15 L/hr for
luteolin is nearly identical with the 14-L/hr value scaled
above from a rat study, so we use the 14-L/hr value. For
apigenin, we use the value predicted by the TOC model.
Based on the above, the total oral clearance values for
daidzein, genistein, and quercetin are shown in Table
J.6.
Dose Calculations
The aglycones for all flavonoids listed in Table J.6 are
active in vitro at a concentration of roughly 15 µM.
Therefore, we use a target in-vivo concentration of 30
µM, after adjustment for conjugates. For genistein and
daidzein, 30 µM is larger than the normal total (free plus
a

ESTIMATED TOTAL ORAL
CLEARANCE OF FLAVONOID
(L/Hr)
4.8
3.7*

In using Equation I.2, the percent of free apigenin in the plasma
chosen was 3 percent, the same for luteolin.

conjugate) plasma concentrations of about 0.28 µM that
occurs in subjects consuming a high-soy diet.40 The
same is true for quercetin, where average fasting total
plasma concentrations are about 0.07 µM.49,_93 We can
confidently assume that 30 µM is also much larger than
normal apigenin and luteolin plasma concentrations.
We see then that therapeutic concentrations are well
above normal concentrations, as would be expected.
Table J.7 shows the resulting dose estimates based on a
30-µM target.
The dose estimates calculated above are similar to
doses scaled from animal antitumor studies mentioned
in Chapter 19. The 720-milligram dose of genistein is
within the range of 250 milligrams to 9.9 grams scaled
from animal antitumor experiments. The 930-milligram
dose for apigenin is just below the range of 1.2 to 2.5
grams scaled from an animal antitumor experiment. The
2.9-gram dose for luteolin is within the range of 1.1 to
3.4 grams scaled from an animal antitumor experiment.
The 5.2-gram dose for quercetin is just above the range
of 1.2 to 4.9 grams scaled from animal antitumor experiments.
In addition, the calculated doses for apigenin, luteolin,
and quercetin are similar to those scaled from animal
anti-inflammatory experiments. Intraperitoneal administration of apigenin and luteolin (at 8 to 50 mg/kg) produced anti-inflammatory effects in rats; the equivalent
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TABLE J.8 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR ISOFLAVONES, FLAVONES,
AND FLAVONOLS
DESCRIPTION
Required dose as scaled from animal
antitumor studies
Required dose as scaled from animal antiinflammatory studies
Required dose as estimated from
pharmacokinetic calculations
Target dose based on an average from
animal antitumor studies and
pharmacokinetic calculations
Minimum required antitumor dose
assuming 15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for
further research
Minimum degree of synergism required

GENISTEIN
DOSE (g/day)
0.25 to 9.9
(average 2.3)
none

APIGENIN
DOSE (g/day)
1.2 to 2.5

LUTEOLIN
DOSE (g/day)
1.1 to 3.4

QUERCETIN
DOSE (g/day)
1.2 to 4.9

0.66 to 4.1

0.66 to 4.1

1 to 4

0.72

0.93

2.9

5.2

1.5

1.5

2.5

3.8

0.1

0.1

0.17

0.25

0.05

0.01

uncertain

1

1.6
0.1 to 1.1*

3.2
0.1 to 1.5

4.4
0.17 to 1.8†

6.5
0.25 to 1.8†

1.4-fold potency increase

none

1.4-fold
potency
increase

2.1-fold
potency
increase

*

Upper value based on daidzein LOAEL.

†

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

human oral dose is about 0.66 to 4.1 grams.94,_95
Quercetin produced anti-inflammatory effects within the
range of 1 to 4 grams, as scaled to humans, after oral
administration in mice, rats, and guinea pigs. Antiinflammatory effects were also produced at a dose of 2.6
grams, scaled to humans (oral equivalent), after intraperitoneal administration in rats.96,_97
To obtain target doses for these flavonoids, we can use
an average of the doses calculated from pharmacokinetic
and in-vitro data and those scaled from animal antitumor
experiments. The results are in Table J.8.
Also in this table are the minimum required doses
based on a full 15-fold increase in potency due to synergism. These minimum daily doses are 100 milligrams
for genistein, 100 milligrams for apigenin, 170 milligrams for luteolin, and 250 milligrams for quercetin.
Although these doses are above normal dietary intake,
they are likely to be safe. One study reported that the
dietary intake of genistein in Japanese subjects averaged
about 20 milligrams per day (daidzein intake was 12
milligrams daily).98 The average dietary intake of apigenin, luteolin, and quercetin in subjects from the Netherlands was smaller, at about 0.69, 0.92, and 16
milligrams per day, respectively.99
The minimum dose of 100 milligrams for genistein is
larger than the commonly prescribed dose for noncan-

cerous conditions. The recommended genistein dose
based on the label of some products is about 50 milligrams. The commonly prescribed doses of apigenin and
luteolin are more difficult to determine. Chamomile
products that are standardized for 1 percent apigenin are
commercially available. When used according to the
manufacturer’s recommendations, the daily dose would
provide about 10 milligrams of apigenin. No products
standardized for luteolin are commercially available,
although other herbs besides chamomile contain apigenin and/or luteolin. The commonly prescribed dose
for quercetin supplements, as provided on the label of
some products, is about 1 gram per day.
The exact LOAEL doses for these flavonoids are uncertain. Animal and human studies suggest that the human LOAEL dose for genistein is greater than 1.1 grams
per day:
• In rat studies, the NOAEL dose for genistein was
about 1.6 grams per day, as scaled to humans.100 The
LOAEL dose can be expected to be equal to or
somewhat higher than the NOAEL dose.
• In a study on dogs, no adverse acute effects were
seen after oral administration of 63 mg/kg of genistein.101 The human equivalent is about 2.7 grams.
• Preliminary results of a phase I human clinical trial
on genistein (as given in a soy isoflavone mixture)
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indicate that subjects can safely receive doses of at
least 1.1 grams (16
mg/kg).102
The LOAEL dose for
genistein predicted by
the TOPKAT model is
similar to the above
doses. The TOPKAT
model
predicted
LOAEL doses for genistein, apigenin, luteolin, and quercetin in
rats of 97, 200, 270,
and 400 mg/kg. These
correspond to human
doses of about 1.6, 3.2,
4.4, and 6.5 grams per
day.
Because this
model appears to accurately
predict
the
LOAEL dose for genistein, we base our
LOAEL dose estimates
for all these flavonoids
on the TOPKAT results.
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TABLE J.9 AVERAGE AMOUNTS OF CATECHINS IN GREEN TEA EXTRACT
SAMPLE
UNITS
One gram tea
mg
extract (GTE)
% of total
containing 35%
catechins*
(350 mg) catechins
% of total tea
solids
Dried tea leaf
% of total

EGCG
120
34

EGC
92
26

EC
34
9.7

ECG
32
9.1

12

9.2

3.4

3.2

2

1.5

0.57

0.53

REFERENCES
5, 51, 106–109

*

This assumes that 20% of total catechins are from catechin compounds not listed.
EGC = epigallocatechin, EC = epicatechin, ECG = epicatechin gallate

TABLE J.10 SUMMARY OF HUMAN PHARMACOKINETIC STUDIES ON EGCG
DOSE

MEASURED
SUBSTANCE
total EGCG

220 mg of EGCG in 3 grams
of GTE
88 mg of EGCG in 1.2
total EGCG
grams of GTE
Average clearance for total EGCG
370 mg of EGCG in 3 grams
free catechins
of GTE
110 mg in 5 grams of GTE
free EGCG
Average clearance for free EGCG

ORAL CLEARANCE
(L/Hr)
110

REFERENCES

69*

103

90
580†

104

400
490

5

105

*

Analysis required the estimation of one data point, which was done based on relative values from
reference 5.
†
Assumes that the average molecular weight of catechins is 370 grams/mole and that plasma
concentrations are twice as great as blood concentrations.

Since genistein occurs naturally with
daidzein in soy (in about a 1 to 1 ratio), the toxicity of
daidzein is also of interest. The TOPKAT model predicted a LOAEL dose of daidzein in rats of 69 mg/kg.
The corresponding human dose is about 1.1 grams. This
suggests that administration of a mixed soy isoflavone
product should not exceed about 1.1 grams for daidzein,
or subsequently, 1.1 grams for genistein.

The estimates presented in Table J.8 are not likely to
be in error due to dose-dependent bioavailability issues.
The human pharmacokinetic studies for genistein and
quercetin used doses of 8 to 71 milligrams, which is below the linear bioavailability limit of 600 milligrams per
administration (1.8 grams per day). The same is true for
the rat pharmacokinetic study for luteolin, which used a
dose of 230 milligrams, as scaled to humans.

Green Tea and EGCG
Phenolic compounds, of which catechins are the largest single group, account for about 35 percent of the
weight of GTE (green tea extract). The measured concentration of catechins and the relative levels of different catechins in green tea can vary greatly, perhaps
partly from differences in growing and processing con-

ditions and different handling and analytical procedures.
Average values of catechins in GTE and dried tea leaf
are shown in Table J.9. As a beverage, a cup of green
tea is made from about 2 grams of dried leaves. Since it
takes about 6 grams of leaves to make 1 gram of GTE, a
cup of tea is equivalent to about 0.33 grams of GTE,
which would contain about 40 milligrams of EGCG.51
The pharmacokinetics of EGCG and other green tea
catechins have been investigated in humans, and the
results of three such studies are summarized in Table
J.10; these results are in rough agreement. Unlike estimates for other phenolics, about 20 percent of the total
EGCG may exist as the free form in human plasma (as
measured after a dose of 88 milligrams EGCG in
GTE).51 Therefore, the clearance for total EGCG would
be expected to be about fivefold lower than that for the
free form, which is nearly the case for the average values listed in the table. Although one study that measured the free form did so for free catechins rather than
EGCG itself, we can assume a similar value for free
EGCG. In another human study, the oral clearance of
free EGCG was about 190 L/hr, less than would be expected, but the EGCG dose used in this study was not
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total EGCG in rats to be 35 L/hr.
When scaled to humans, this is an
oral clearance of about 2,100 L/hr,
DESCRIPTION
DOSE (g/day)
which is 23-fold larger than the 90
Required dose as scaled from animal antitumor
0.46 to 1.3
L/hr estimated above. Based on
studies
this rat data, the required human
Required cytotoxic dose as determined from
12
EGCG dose would be 270 rather
pharmacokinetic calculations
than 12 grams per day, a dose
Target dose based on range from animal antitumor
0.46 to 12
270-fold larger than the approxistudies and pharmacokinetic calculations
mate 1-gram daily dose scaled
Minimum required antitumor dose assuming 150.031 to 0.8
from mouse antitumor studies!
fold synergistic benefits
Other studies have also suggested
Commonly prescribed human dose in
0.2
that the clearance of EGCG in rats
noncancerous conditions
may be much higher than in huEstimated LOAEL dose
0.21 to 0.55
mans. One study reported that the
Tentative dose recommendation for further
0.46 to 0.55
bioavailability of free EGCG in
research
rats was 27-fold lower than in
Minimum degree of synergism required
uncertain
humans (after oral administration
of 5 grams of pure EGCG to rats,
entirely certain.110 Additional human studies are needed as scaled to humans, and oral administration of 97 millito clarify the pharmacokinetics of EGCG in humans. grams of EGCG to humans).112 The large differences in
For dose calculations, we use the average value for total the doses may have accounted for some of the differEGCG clearance listed in the table.
ences in bioavailability, however. Also note that the
As discussed in Chapter 19, EGCG appears to be ac- clearance of free and total EGCG in the rat studies
tive via cytotoxic mechanisms in vitro at concentrations above were similar (42 and 35 L/hr, respectively). We
of roughly 50 to 80 µM. However, since it may be ac- would have expected a value for free EGCG about fivetive through noncytotoxic mechanisms at lower concen- fold higher than total EGCG, or about 180 L/hr. This
trations (about 9 to 25 µM) and through cytotoxic ones unexpected finding is an additional concern about the rat
at lower concentrations if exposure is prolonged, we still data.
In summary, rat pharmacokinetic data suggest that exuse a target concentration of 15 µM to estimate the required dose. If we assume the conjugates are 2-fold less tremely high doses of EGCG (and GTE) would be necpotent than the free form, the modified in-vivo target essary to produce an anticancer effect in humans. This
concentration becomes 30 µM. Based on these values, is in direct contrast with the low doses found effective in
the estimated required EGCG dose is 9.9 grams every mouse antitumor studies. Additional study is required to
eight hours, or 30 grams per day. We presume the other determine the reasons for this inconsistency. The potencatechin compounds in GTE will increase the cytotoxic- tial usefulness of green tea extract in cancer treatment,
ity of EGCG; as mentioned in Chapter 19, associated and the target dose, will remain uncertain until these
catechins may increase the cytotoxicity of EGCG 2.6- issues are resolved.
fold. The EGCG dose then becomes 12 grams per day,
We have calculated that the required human EGCG
which is still prohibitively large.
dose based on pharmacokinetic studies is about 12
TABLE J.11 ESTIMATED THERAPEUTIC AND LOAEL
DOSES FOR EGCG

A 12-gram dose is much higher than the range of 0.46
to 1.3 grams scaled from mouse antitumor experiments
(see Chapter 19). The differences between these two
doses are perplexing and point to large uncertainties
regarding the pharmacokinetics of EGCG. Two rat studies indicate that the oral clearance of total EGCG (after
oral administration of 240 milligrams and 2.2 grams of
EGCG in GTE, as scaled to humans) is 35 and 27 L/hr,
respectively.103,_111 The data in the second study are less
reliable because it used a relatively large dose and
measured steady-state plasma levels after multiple dosing (rather than AUC values); the measurement of
steady-state concentrations is less accurate in determining clearance. Therefore, we take the oral clearance of

grams per day, but mouse antitumor studies suggest an
effective human dose of 460 milligrams to 1.3 grams per
day. Lacking additional data, we estimate the human
target dose falls within the range of 460 milligrams to 12
grams.
The LOAEL dose is also uncertain. The TOPKAT
model was unable to predict a rat LOAEL dose for
EGCG, but it did predict a value for epicatechin of 34
mg/kg; the human equivalent is about 550 milligrams
per day. We can assume the LOAEL dose for EGCG is
similar, and for further verification, we can estimate it
from the lethal dose. The TOPKAT model tentatively
predicted the oral LD50 of EGCG would be 740 mg/kg
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in rats, or the human equivalent of about 12
grams. Similarly, one mouse study reported
a LD50 for EGCG of about 20 grams, as
scaled to humans.151 We use an average of
the two, or 16 grams, as the LD50. If we assume the LOAEL dose is 13- to 75-fold
lower than the LD50 (see Appendix I), the
LOAEL dose of EGCG in humans is 210
milligrams to 1.2 grams per day. Lacking
additional data, we will estimate the LOAEL
dose to be between 210 and 550 milligrams
per day. This dose is similar to the one
commonly prescribed in noncancerous conditions. One standardized green tea product
recommends an EGCG dose of 200 milligrams per day.
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Figure J.5. Blood Concentration of Total Proanthocyanidin in
Mice After Oral Dose of 130 mg/kg
2.5

2.0

1.5

1.0

0.5

Table J.11 summarizes the therapeutic dose
0.0
estimates for EGCG from this appendix and
0
1
2
3
4
5
6
7
Chapter 19. The dose estimates presented
Time (hr)
are not likely to be inaccurate because of
dose-dependent bioavailability issues. The
human pharmacokinetic studies used doses
of 88 to 220 milligrams, which are below the assumed therefore it appears total anthocyanin plasma concentralinear bioavailability limit of 600 milligrams and similar tions were measured.
to the tentative dose recommendation in the table.
A clearance of 760 L/hr for anthocyanins is roughly
similar to that determined from a mouse study on radiolabeled proanthocyanidins. The blood concentration
Anthocyanidins and Proanthocyanidins
curve for this study is shown in Figure J.5.114 The
The pharmacokinetics of anthocyanidins and proanproanthocyanidin dose was about 1.2 grams, scaled to
thocyanidins are discussed together here because their
humans. The estimated human oral clearance based on
pharmacokinetic characteristics are similar. Although
this study is 110 L/hr; however, since it measured blood
the data are limited, it appears the oral clearance values
rather than plasma clearance, we can estimate the
for both compounds are high enough that cytotoxic conplasma clearance by dividing by a factor of two (see the
centrations would be difficult to achieve in the plasma
discussion on PSK). The adjusted clearance is then 55
after oral dosing. This does not preclude their use in
L/hr. Furthermore, because this is a radiolabeled study
cancer treatment, however, since both compounds may
and is likely to underestimate the clearance, we can mulbe able to inhibit cancer through noncytotoxic means.
tiply the clearance by 7.5 (see Table J.2). The adjusted
In particular, both have a high affinity for vascular tissue
human oral clearance then becomes 410 L/hr, which is
and can reduce high vascular permeability, as discussed
about half the 760 L/hr value calculated for anthoin Chapter 8. Further investigation of their pharmacokicyanins. Both values are similar in that they are much
netic properties is warranted to validate the high clearhigher than those of other flavonoids discussed. We can
ance values noted here.
roughly corroborate the 410-L/hr value for proanthocyaThe pharmacokinetic properties of anthocyanins have nidin by using the TOC model (see Table I.2), which
been investigated in rats and humans. It appears that predicted the total oral clearance would be 320 L/hr.
anthocyanins (the glycoside form) are absorbed partially The high clearance values are likely due to extensive
or mostly intact. In a rat study, after oral administration metabolism and extensive binding to vascular tissues.115
of about 140 mg/kg (the human equivalent of 2.3
We could try to refine our 760- and 410-L/hr values
grams), about 10 prominent anthocyanins were identifor
anthocyanins and proanthocyanidins by using differ113
fied in the plasma.
These same compounds were also
ent assumptions, but this is unnecessary. As we see in
seen in the bilberry extract that was given. Based on
the calculations below, these large clearance values dicthis study, the oral clearance of bilberry anthocyanins in
tate that prohibitively large doses are needed to produce
humans is about 760 L/hr. Apparently, the analytical
cytotoxic effects in vivo, a result not likely to change
techniques used in this study would have detected both
through any minor adjustments to the clearance values.
the glycosides in plasma and any conjugates formed;
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TABLE J.12 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR ANTHOCYANINS
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as scaled from animal anti-edema
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
*

DOSE (g/day)
0.12 to 0.28
0.4 to 3
250
0.06 to 0.12
2.2
0.12 to 1.8 grams*

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

Dose Calculations for Anthocyanins
Even though we are not interested in anthocyanidins
for their cytotoxic properties, we include an analysis of
the required dose based on cytotoxicity to show that excessive doses would be required. As discussed in Chapter 19, anthocyanins and anthocyanidins are cytotoxic at
concentrations between about 5 and 100 µM, with glycosides somewhat less potent than aglycones. This is a
rather large range, and possibly anthocyanins and anthocyanidins from some plants are more potent than those
from others. Looking at studies where the IC50 was below 50 µM (i.e., those on effective anthocyanins and
anthocyanidins), the average IC50 for aglycones was
roughly 6 µM and that for glycosides was about 13 µM,
a twofold difference as expected. We use a value of 15
µM for dose calculations for anthocyanins, similar to
most other compounds. This may be underestimated,
but it does not matter for our purposes because the dose
estimate based on this value is already too high even
with synergism, and a higher target concentration would
only produce a more prohibitive estimate.
Using an oral clearance of 760 L/hr and a target invivo concentration of 15 µM (30 µM after adjustment
for conjugates), the required anthocyanin dose is about
82 grams every eight hours, or 250 grams per day. This
is much larger than the commonly prescribed daily dose
of 60 to 120 milligrams used for noncancerous conditions. It is also larger than the range of 400 milligrams
to 3 grams that was effective in animal anti-edema studies and the range of 120 to 280 milligrams effective in
animal antitumor studies (see Chapter 19).
The LOAEL dose is probably higher than the common
dose of 120 milligrams. In one human pharmacokinetic
study, a single 1.5-gram dose of anthocyanins was given
(in 25 grams of elderberry extract) without ill effects,
but the study did not specifically look for adverse reac-

tions.116 The LOAEL dose for anthocyanidins may be similar to that for
proanthocyanidins. No adverse effects
were mentioned in animal studies using
high proanthocyanidin doses, although
again, such reactions were not specifically sought. In one study, oral administration of 400 mg/kg per day
prevented acute postoperative edema in
rats.117 The human equivalent is about
6.5 grams. In a second one on rabbits,
oral administration of 50 mg/kg per day
altered the aortic cholesterol content.118
The human equivalent is 1.5 grams per
day.

The oral LD50 of proanthocyanidins
in unspecified rodents was 3 g/kg, or
the human equivalent of about 29 grams, assuming the
study was conducted in mice.119 If the LOAEL dose is
13- to 75-fold lower than the LD50 (see Appendix I),
then the LOAEL dose is 390 milligrams to 2.2 grams.
Based on the above, we assume the LOAEL dose for
both anthocyanidins and proanthocyanidins is 2.2 grams.
This value is just below the average LOAEL dose for all
flavonoids discussed here, which is 2.9 grams.
Table J.12 summarizes the therapeutic dose estimates
for anthocyanins from this appendix and Chapter 19.
Based on the available information, it is clear that cytotoxic concentrations of anthocyanins will not be produced in the plasma after oral dosing. Protective effects
on the vasculature can be expected at the tentative recommended range, however, and these may inhibit cancer
progression through indirect means.
Dose Calculations for Proanthocyanidins
We presume that proanthocyanidins are active against
cancer cells in vitro at 15 µM. Although the degree that
proanthocyanidins are conjugated in the plasma is unknown, to be conservative we assume they are conjugated like other flavonoids, and we therefore use an invivo target of 30 µM after adjustment for conjugates.
Using an oral clearance value of 410 L/hr and a 30-µM
target, a dose of 29 grams would be required every eight
hours, or 87 grams per day, which is prohibitive. This is
probably a low estimate, since most in-vitro studies discussed in Chapter 19 reported that concentrations greater
than 15 µM are necessary. Because of the high dose
requirement, proanthocyanidins are not considered here
as cytotoxic compounds.
Proanthocyanidins are available commercially as grape
seed or pine bark extract. Doses are normally 50 to 100
milligrams per day for noncancerous conditions, but for
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stronger effects, up to 300 milligrams daily or more are sometimes prescribed. The estimated
LOAEL dose is 2.2 grams per day,
as estimated above.
Table J.13 summarizes the
therapeutic dose estimates for
proanthocyanidins from this appendix and Chapter 19. The same
conclusions drawn for anthocyanins above apply for these as
well (i.e., they are most useful as
indirect-acting compounds).
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TABLE J.13 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR PROANTHOCYANIDINS
DESCRIPTION
Required dose as scaled from animal anti-edema
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
*

DOSE (g/day)
0.49 to 6.5
87
0.05 to 0.3
2.2
0.49 to 1.8 grams*

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

Chapter 20:
Nonflavonoid Phenolic Compounds
CAPE and Propolis
Although CAPE and bee propolis hold promise, as
evidenced by their in-vitro effects against cancer cells
and in-vivo effects against inflammation, the pharmacokinetic properties of CAPE remain uncertain; they
have not been studied in animals or humans. Still, we
can estimate a value for the total clearance of CAPE by
using the TOC model, which predicted a value of 58
L/hr (see Table I.3). Of all compounds listed in that
table, the predictions for CAPE and the related compound caffeic acid are perhaps the most uncertain. This
is because of a lack of animal studies. Neither the
pharmacokinetic response nor the metabolism of these
compounds has been adequately studied.
One pharmacokinetic study was completed on caffeic
acid in rabbits, but it was not clear whether it measured
free or total caffeic acid. Based on that study, the oral
clearance as scaled to humans was 81 L/hr, which is
roughly half the value of 140 L/hr predicted by the FOC
model.120 Thus if free clearance was measured, the
study suggests that the FOC model overpredicted the
value for free oral clearance. On the other hand, if total
oral clearance was measured, it suggests that about half
the plasma concentration is in the free form (total clearance would be about half the value for free clearance).
Although the actual percentage of free caffeic acid (or
CAPE) in plasma has not been measured, the value of
free ferulic acid, a close relative of caffeic acid and
CAPE, has been measured in human urine. One study
reported that about half the urinary ferulic acid is in the
free form and half is in the conjugate form.121 Therefore, it is possible that free caffeic acid (and possibly
CAPE) accounts for about half the total plasma concentration. This would be a much higher percentage than
for all other phenolic compounds discussed, however,

and it would also be much higher than the 0.5-percent
value used for curcumin, a compound structurally related to caffeic acid. Lacking additional information, we
assume the percentage of free caffeic acid and CAPE in
the plasma is about midway between these values, or 24
percent. In addition, we assume the predictions made
for free oral clearance by the FOC model are accurate.
Thus, using Equation I.2, the predicted total oral clearance values for caffeic acid and CAPE are 34 and 58
L/hr, respectively, as listed in Table I.3. Clearly, additional work remains to determine more trustworthy
clearance values.
CAPE is active at roughly 15 µM in vitro. As discussed above, we assume that most of the plasma concentration is in the conjugate form, and therefore our
target in-vivo concentration becomes 30 µM. To produce an average total plasma concentration of 30 µM, a
CAPE dose of 4 grams would be required every eight
hours, or 12 grams per day.
The most common source of CAPE is propolis; its
concentration in propolis varies from about 0 to 5 percent.122,_123 If we assume that propolis contains 2.5 percent CAPE, a CAPE dose of 12 grams would require a
propolis dose of 480 grams, which is prohibitive. As
discussed in Chapter 20, however, propolis contains additional caffeic acid esters besides CAPE that can contribute to an antitumor effect, although the degree of that
contribution is uncertain. One in-vitro study indicated
that propolis might be about six times less potent than
CAPE, thus we estimate that the required propolis dose
would be about 72 grams (12 grams x 6).
A 72-gram propolis dose is much larger than the 1.3gram dose scaled from a mouse antitumor study in
Chapter 20. It is also larger than the range of 1 to 11
grams per day found effective in animal antiinflammatory experiments (scaled to humans), as discussed in Chapter 20. Clearly, there are uncertainties in
the required dose, and additional research is necessary.
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TABLE J.14 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR PROPOLIS
DESCRIPTION

DOSE (g/day)

Required dose as scaled from animal antitumor
studies
Required dose as scaled from animal antiinflammatory studies

1.3
0.96 to 11

Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits

72
1.3 to 72
0.087 to 4.8

Commonly prescribed human dose in
noncancerous conditions

0.2 to 3

Estimated LOAEL dose

15

Tentative dose recommendation for further
research
Minimum degree of synergism required

3 to 15
uncertain

Because of the inconsistencies, the required target dose
can be estimated only within a large range, 1.3 to 72
grams per day.
As an aside, if the total oral clearance for CAPE were
equal to the geometric average value for all other phenolic compounds listed in Tables I.2 and I.3 (excluding
caffeic acid), its total clearance would be 16 L/hr. If its
free oral clearance were 240 L/hr as predicted by the
FOC model, then from Equation I.2 its percentage in the
plasma would be 5.8. Using a clearance value of 16
L/hr, the final propolis dose would be 20 grams (3.3
grams x 6), which is still high but more reasonable. If
the percentage of free CAPE in the plasma were 0.5 percent, as is used for curcumin, the final propolis dose
would be 1.5 grams per day, which is about equal to the
doses found effective in animal studies.
In one study, the oral LOAEL dose for propolis in
mice was 1.4 g/kg per day.124 The human equivalent is
roughly 13 grams. Similar results were seen in another
mouse study, where oral doses of propolis greater than 2
g/kg began to produce signs of toxicity.125 The human
equivalent is about 19 grams per day. The TOPKAT
model was not able to predict a LOAEL dose for CAPE
itself, but it can be estimated from the LD50. The
TOPKAT model predicted a LD50 for CAPE greater
than 10 g/kg in rats, or the human equivalent of about
160 grams. If the LOAEL dose is 13- to 75-fold lower
(see Appendix I), then the CAPE LOAEL dose would be
greater than 2.1 to 12 grams, as scaled to humans. Using the assumptions above, this is equal to a propolis
dose of greater than 84 to 480 grams. Since propolis

contains other active compounds that
increase its cytotoxicity about sixfold,
we can guess that the LOAEL dose
might also be reduced by sixfold. This
would suggest that the LOAEL dose for
propolis is greater than 14 to 80 grams,
the low end of which is roughly similar
to that of the mouse studies on propolis.
To estimate the LOAEL dose, we use
an average of these three values (13,
19, and 14 grams per day), or 15 grams
per day.
Table J.14 summarizes the therapeutic dose estimates for propolis from this
appendix and Chapter 20. Note that the
15-gram dose of propolis is above the
1.8-gram general bioavailability limit.
This dose would contain only about
350 milligrams of CAPE itself, however, and so should not present a
bioavailability problem.

There is some concern that caffeic acid, a metabolite
of CAPE, may produce carcinogenic effects. At the
propolis doses considered here, however, it does not
appear that such effects would occur. Caffeic acid is a
common dietary component found in coffee and numerous other foods. People who consume moderately high
amounts of coffee ingest about 630 milligrams per day
of caffeic acid.126 Caffeic acid has been reported to be
carcinogenic in the forestomach and kidney of rats and
mice, apparently by inducing cell proliferation rather
than DNA damage.126,_127 It shares this trait with a number of other antioxidants.128,_129 On the other hand, because of its antioxidant effects, caffeic acid inhibited
chemically induced tumor promotion in some studies,
which indicates it can also have anticarcinogenic effects.130,_131 Indeed, its effects appear to be dose related;
low doses may inhibit carcinogenesis and high ones
(270 mg/kg in the rat) may promote cellular proliferation that can lead to cancer.126,_132 The human equivalent of 270 mg/kg is about 4.4 grams per day, which is
greater than the total caffeic acid ester content of a 15gram propolis dose. If propolis contains 19 percent caffeic acid esters, a 15-gram dose would contain 2.9 grams
of caffeic acid esters. Moreover, it appears that only
caffeic acid and not caffeic acid esters cause carcinogenic effects.126 At least this is true for chlorogenic
acid, the caffeic acid ester that is the primary form of
caffeic acid in coffee. CAPE itself and other caffeic
acid esters have demonstrated cancer preventive effects
in animals and inhibition of mutagenesis in vitro.133,_134
Although it seems there would be no problem with carcinogenicity, additional study is needed to ensure no
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carcinogenic potential for propolis exists
with the doses calculated here.

Curcumin
Pharmacokinetics studies of curcumin have
been performed in mice, rats, dogs, and humans. These reported that after oral administration, only a small concentration of free
curcumin exists in the plasma, with the bulk
of curcumin being conjugates of it and its
primary metabolites. Unfortunately, almost
all pharmacokinetic studies have investigated
plasma concentrations of the free form, and
little is known about pharmacokinetics of the
conjugate forms.

Figure J.6. Plasma Concentration of Free Curcumin in Mice
After Oral Dose of 1.0 mg/kg
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In two rat studies, oral administration of 1
0.0
and 2 g/kg produced free curcumin plasma
concentrations of less than the detection limits (0.05 and 13 µM, respectively).135,_136
Free curcumin was also below the detection
limits in the plasma following oral administration of up to 3.5 g/kg in rats and 1 g/kg in dogs.137
One rat study with a lower detection limit did measure
free curcumin in plasma, however.138 In this study, the
oral clearance based on a dose of 2g/kg was about 7,500
L/hr, as scaled to humans.a The equivalent human dose
is about 32 grams.
Free curcumin was also measured in one mouse study.
The plasma concentration curve of free curcumin after
oral administration of 1 g/kg is illustrated in Figure J.6
(based on reference 139). The equivalent human dose is
about 9.6 grams. Oral clearance based on this study is
5,600 L/hr, as scaled to humans.
Based on these rat and mouse studies, the human
clearance of free curcumin may be about 7,500 to 5,600
L/hr (midrange of 6,500 L/hr). It is uncertain if these
values are accurate at doses applicable to humans, since
large doses were given in the animal studies. The two
rodent pharmacokinetic studies on free curcumin used
doses above the general linear bioavailability limit of
600 milligrams per administration (9.6 and 32 grams,
scaled to humans). A radiolabeled study on rats india

In the same study, an oral dose of 2 grams in humans did not
significantly increase the plasma concentration of free curcumin.
When curcumin was combined with a compound that inhibits
conjugation (piperine, from black pepper), a 2-gram dose in humans did raise plasma levels of free curcumin to about 0.5 µM.
However, the concentration did not stay high for long (the halflife was only about 15 minutes). Piperine inhibits glucuronide
conjugation and has increased the bioavailability of a number of
drugs. Given on an empty stomach, it may also increase the
bioavailability of free curcumin.
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cated, however, that similar percentages of the administered dose were absorbed when doses ranged from about
1 and 32 grams (as scaled to humans), but it is likely
that especially the larger doses would have been metabolized differently than a 600-milligram dose.140 The
FOC model predicted the free oral clearance of curcumin would be 200 L/hr, although this seems underestimated compared to a value of 6,500 L/hr. With no
additional data, we use a value of 6,500 L/hr in further
calculations.
Due to the low plasma concentrations produced, early
researchers concluded that curcumin was not bioavailable, but we now known that it is indeed absorbed but
heavily metabolized. For example, one study reported
that excretion of conjugated compounds in the urine
markedly increased in rats fed curcumin.135 Furthermore, the radiolabeled study in rats mentioned above
suggested that up to 66 percent of a curcumin dose is
absorbed but heavily metabolized.
Unfortunately, the oral clearance of total (free plus
conjugated) curcumin in plasma has not been studied.
Lacking concrete data, we can use the TOC model to
predict a value of 33 L/hr (see Table I.3). In Equation
I.2, a 0.5 percent value was used as the percent of free
compound in plasma. This is relatively low but was
used because pharmacokinetic studies suggested that
almost all the compound exists as conjugates in plasma.
As seen in Chapter 20, curcumin is active against cancer cells in vitro at a concentration of about 15 µM.
Since it occurs in plasma as conjugates, we use a target
in-vivo concentration that is twice as large, or 30 µM.
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TABLE J.15 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR CURCUMIN
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as scaled from animal antiinflammatory studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required
*

DOSE (g/day)
0.36 to 3.2
0.23 to 3.2
8.7
0.36 to 8.7

0.75 to 1.5
greater than 43
1.5 to 1.8*
uncertain

TABLE J.16 PHARMACOKINETIC STUDIES OF SILYBIN
IN HUMANS
MEASURED
SUBSTANCE

53 mg of silybin in 140
mg of silymarin*
53 mg of silybin in 140
mg of silymarin
120 mg of silybin in about
300 mg of silymarin
*

Table J.15 summarizes the
therapeutic dose estimates for
curcumin in this appendix and
Chapter 20.

0.024 to 0.58

Upper value based on the general linear bioavailability limit of 1.8 grams per day.

DOSE

positive individuals.137
From
these findings, we assume the
LOAEL dose is more than 43
grams per day. Quite likely, the
majority of this dose would be
excreted in the feces and not absorbed.

REFERENCES

free lignan

ORAL
CLEARANCE
(L/Hr)
280

total lignan

28

141

total lignan

36

142

141

Arctigenin and Arctium
Seed
Unfortunately, the oral clearance of arctigenin has not been
studied in humans or animals.
However, the clearance for two
different lignans—silybin (from
milk thistle) and schizandrin
(from Schizandra chinensis, a
plant used in Chinese herbal
medicine)—have been studied in
humans. Clearance values for
silybin and schizandrin can also
be predicted by the FOC model.
Silybin is actually a hybrid lignan
that also has flavonoid aspects,
but it is close enough to arctigenin
to help verify the accuracy of the
FOC model’s prediction for arctigenin (see Tables I.2 and I.3).

Table J.16 summarizes data obtained from human pharmacokinetic studies on silybin. Note that
the oral clearance for total silybin
(free plus conjugates) is about 11-fold lower than for the
free form. This suggests that about 11 percent of the
total silybin plasma concentration is composed of the
free form, a percentage similar to several other compounds discussed here.

Milk thistle contains silymarin, which is a mixture of flavonolignans. The chief active
flavonolignan is silybin. The content of silymarin in milk thistle is about 1.5% to 3%.143

To produce a 30 µM average plasma concentration of
total curcumin, a dose of 2.9 grams every eight hours
would be required, or 8.7 grams per day, which is above
the range scaled from animal antitumor studies (0.36 to
3.2 grams) and that scaled from anti-inflammatory studies (0.23 to 3.2 grams). Due to the inconsistencies, the
required target dose can be estimated only within a large
range, 0.36 to 8.7 grams per day.
The LOAEL dose for curcumin appears to be very
high, reportedly greater than 3.5 g/kg in rats and 1 g/kg
in dogs.137 The human equivalents are greater than 58
and 43 grams. Long-term curcumin administration over
three generations showed no adverse effects in rats. In
some studies, curcumin administration may have increased the incidence of certain cancers in mice, but this
has not been confirmed. Oral doses of 2 grams per day
for 127 days did not produce adverse effects in HIV-

The table shows the oral clearance for free silybin is
about 280 L/hr, which is nearly identical to the value of
260 L/hr predicted by the FOC model. Furthermore, the
FOC model is reasonably accurate for predicting oral
clearance of the lignan schizandrin. The clearance of
free schizandrin based on a human study (using a dose
of 15 milligrams) is 82 L/hr; this is similar to the value
of 110 L/hr predicted by the FOC model. The model
predicted that the oral clearance for free arctigenin
would be lower, at 44 L/hr. Since the model’s predic-
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tions for silybin and schizandrin
appear reasonably accurate, we
assume that 44 L/hr for arctigenin
is as well.
Clearance for some other lignans
is similar to the above-mentioned
values. For example, the oral
clearance of free sesamin from
sesame seeds is about 83 L/hr, as
scaled from a rat study (after a
dose of 8.4 grams, scaled to humans).144 Sesamin, like the other
lignans, can inhibit proliferation of
cancer cells in vitro.145
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TABLE J.17 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
ARCTIGENIN AND ARCTIUM SEED
DESCRIPTION

Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on pharmacokinetic
calculations
Minimum required antitumor dose assuming
15-fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for
further research
Minimum degree of synergism required

The TOC model discussed in
Appendix I can be used to estimate the oral clearance of total
arctigenin; in Table I.3 it is predicted to be 5.3 L/hr. As with silybin, we assume that
free arctigenin accounts for about 11 percent of the total
plasma concentration (a value of 12 percent is used in
Equation I.2).

Arctigenin is active in vivo at concentrations of about
15 µM. Since it occurs as conjugates in the plasma, we
use a target in-vivo concentration twice as large, or 30
µM. To produce an average plasma concentration of 30
µM, an arctigenin dose of about 470 milligrams every
eight hours would be required, or 1.4 grams per day.
The average arctigenin content of Arctium seed is about
5.6 percent (range 3.2 to 8.4 percent in eight samples),
and 95 percent of this is derived from arctiin, the glycoside of arctigenin.146 Therefore, to produce an arctigenin dose of 1.4 grams, about 27 grams of seed would
be needed. This is greater than the commonly prescribed dose of about 9 grams (in decoction) used in
Chinese herbal medicine. No animal antitumor studies
have been conducted, so we cannot use them to verify
the 27-gram estimate.
The LOAEL dose of arctigenin has not been studied in
animals. The TOPKAT model predicted a LOAEL dose
of only 2.4 mg/kg in rats, or 39 milligrams as scaled to
humans. This is likely to be too low, however. For one
thing, this dose is unusually low compared to LOAEL
doses for other natural compounds (see Table I.5). For
another, using the above assumptions, it would be equal
to an Arctium seed dose of only about 710 milligrams,
which is 13-fold lower than the commonly prescribed
dose of 9 grams.
The TOPKAT model predicted a rat LD50 for arctigenin of 3,000 mg/kg, or about 49 grams, scaled to humans. If this is correct and if the LOAEL dose is 13- to
75-fold lower (see Appendix I), then the LOAEL dose

ARCTIGENIN
DOSE
(g/day)
1.4

ARCTIUM
SEED DOSE
(g/day)
27

1.4

27

0.093

1.7

0.5

9

0.65
0.65

12
12

2.3-fold potency increase

of arctigenin is between 650 milligrams and 3.8 grams
per day. The LOAEL dose of Arctium seed is then between 12 and 68 grams daily. Conservatively, we take
the LOAEL dose to be 650 milligrams of arctigenin, or
12 grams of Arctium seed, which is similar to the commonly prescribed dose.
Table J.17 summarizes the therapeutic dose estimates
for arctigenin and Arctium seed in this appendix and
Chapter 20.
Silybin may also have anticancer effects. In vitro, it
inhibited proliferation of human ovarian and breast cancer cells at an IC50 of 5 to 24 µM. It also effectively
competed with estrogen for type II estrogen binding
sites, and like other type II-active agents, it acted synergistically with multiple chemotherapy drugs.147
Using data in Table J.16, the oral clearance for total
silybin is about 28 to 36 L/hr; we can use a midrange
value of 32 L/hr in dose calculations. Silybin is active at
about 15 µM in vitro, and to account for conjugates we
use an in-vivo target concentration of 30 µM. The required silybin dose is then 3.7 grams every eight hours,
or 11 grams per day. If milk thistle seeds contain about
2.3 percent silymarin (which is mostly comprised of
silybin), a 480-gram daily dose of milk thistle seeds
would be needed, which is prohibitive.
Commercial milk thistle extracts contain up to 80 percent silymarin. Therefore, the required dose of this extract may be about 14 grams per day, which is larger
than the commonly prescribed one of 250 milligrams to
1 gram for noncancerous conditions. If used in synergistic combinations, the 14-gram extract dose could be
reduced to about 930 milligrams, which is within the
common dose range but would require the full 15-fold
increase in potency we are allowing from synergism.
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Flaxseed Lignans
The pharmacokinetic properties of flaxseed lignans
have been studied in humans, but dose calculations
based on this data are inconsistent with doses scaled
from rodent antitumor studies. Those based on the
pharmacokinetic and in-vitro data are about 77-fold
higher than the 60-gram dose scaled from successful
animal experiments. A similar inconsistency has been
reported by other authors, who have noted that achievable plasma concentrations of mammalian lignans in
humans are far below those required for in-vitro activity.148
In one pharmacokinetic study, oral administration of
25 grams per day of flaxseed for eight days produced
average total (free plus conjugate) plasma enterodiol and
enterolactone concentrations of about 86 nM in healthy
women.148 Assuming that 0.052 percent of flaxseed is
converted to mammalian lignans in the human gut, we
can use Equation J.3 to estimate that the oral clearance
for total mammalian lignans is about 21 L/hr. In contrast, other investigators have measured total plasma
lignan values in humans after flaxseed administration
that were roughly 8.7 and 14-fold higher, relative to the
same dose.149,_150 The oral clearance based on these
studies would then be roughly 1.5 and 2.4 L/hr. The
average of all three oral clearance values is 8.3 L/hr, and
we use this value in calculations below.
The FOC model predicted a free oral clearance of 57
L/hr for enterolactone, similar to the value of 44 L/hr for
arctigenin.a The TOC model predicted a total oral clearance of 6.8 L/hr, which is similar to and helps confirm
the 8.3-L/hr value estimated above. The 6.8-L/hr value
predicted by the TOC model assumes that 12 percent of
the enterolactone in the plasma would occur in the free
form. This is a reasonable percentage, since it is similar
to that for other lignans. Moreover, a human study reported that the free plus sulfate forms accounted for
about 21 percent of the total plasma concentration.55
Enterolactone is cytotoxic in vitro at concentrations
ranging from 10 to 100 µM. Since so few in-vitro studies have been done, we assume that, like most other phenolics, enterolactone will be active at 15 µM. Since
enterolactone exists in the plasma primarily as conjugates, the in-vivo target concentration is presumed to be
twice as large, or 30 µM. To produce an average plasma
concentration of 30 µM, a 590-milligram dose of mammalian lignans would be needed every eight hours, or
a

The FOC model predicted that the clearance for free enterodiol
would be significantly higher, at 770 L/hr. This larger value does
not conform with data from the human studies; therefore, we use
a clearance value of 57 L/hr for free enterolactone and enterodiol
combined.
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1.8 grams per day. Assuming that the yield of enterolactone from flaxseed is 0.052 percent (see Chapter 20), a
1.8-gram dose of enterolactone is supplied by about
3,500 grams of flaxseed per day (or 3.5 grams of SECO,
the active flaxseed lignan). This flaxseed dose is excessive and is 58-fold larger than the 60-gram dose scaled
from rodent studies cited in Chapter 20.
The reasons for the large difference are not clear. Perhaps the oral clearance value is overestimated. Chronic
administration of flaxseed increases tissue levels more
effectively than acute exposure, and the human pharmacokinetic studies tested relatively acute exposure (they
were conducted over periods of less than two weeks).
Alternatively, mammalian lignans possibly are effective
at lower concentrations in vivo than the assumed 15-µM
concentration, or perhaps the effect of flaxseed in rodents was due to constituents other than SECO. For
example, flaxseed contains 35 to 45 percent oil, about
half of which is alpha-linolenic acid, an omega-3 fatty
acid (see Table 17.1).151 When scaled to humans, the
daily dose of 60 grams of flaxseed would contain about
12 grams of alpha-linolenic acid, which is a considerable
amount. Nonetheless, even though alpha-linolenic acid
could play a role in flaxseed’s antitumor effects, one of
the rodent studies administered pure SECO diglycoside
(SD), which would not contain alpha-linolenic acid, and
the same antitumor effects occurred. This suggests that
SECO is capable of producing antitumor effects on its
own at the doses used. In summary, questions remain
regarding the pharmacokinetics, effective concentrations, and active constituents of flaxseed, and consequently the required dose remains uncertain.
The commonly prescribed flaxseed dose as a bulking
agent to treat constipation is 10 to 30 grams daily. The
LOAEL dose is uncertain, but it is likely the 60-gram
dose scaled from animal experiments would be safe. In
two studies, daily doses of 50 grams for four weeks did
not produce adverse effects in healthy humans.152,_153
Thus we assume the LOAEL dose is greater than 60
grams per day.
Table J.18 summarizes the therapeutic dose estimates
for flaxseed from this appendix and Chapter 20.

Resveratrol
The pharmacokinetic properties of free resveratrol
have been investigated in rats, and the plasma concentration curve after oral administration is shown in Figure
J.7 (based on reference 154). Other rat studies have reported similar peak concentrations relative to this
dose.155
Based on the data in the figure, the estimated human
oral clearance of free resveratrol is 45 L/hr. The FOC
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model predicted a clearance about
TABLE J.18 ESTIMATED THERAPEUTIC AND LOAEL DOSES
sevenfold higher (310 L/hr). It is
FOR FLAXSEED
a judgment call as to which is
DESCRIPTION
DOSE (g/day)
more accurate, since no human
Required dose as scaled from animal antitumor
60
pharmacokinetic studies have
studies
been conducted. A value of 310
Required cytotoxic dose as determined from
3,500
L/hr is more in keeping with the
pharmacokinetic calculations
free oral clearance values for other
Target dose based on range from animal
60 to 3,500
phenolic compounds discussed
antitumor studies and pharmacokinetic
(which have a geometric mean
calculations
free oral clearance of 350 L/hr). It
Minimum required antitumor dose assuming 154 to 230
is also in keeping with the free
fold synergistic benefits
oral clearance values for most
Commonly prescribed human dose in
10 to 30
flavonoids, which are structurally
noncancerous conditions
related to resveratrol. For lack of
Estimated LOAEL dose
greater than 60
additional information, we use
Tentative dose recommendation for further
30 to 60
310 L/hr, as obtained by the FOC
research
model. It is uncertain why the
Minimum degree of synergism required
uncertain
value based on the rat study is so
small in comparison. Perhaps the
study inadvertently measured conjugate concentrations in addition to that of the free
Figure J.7. Plasma Concentration of Free Resveratrol in Rats
compound.
After Oral Dose of 0.14 mg/kg
The clearance for total resveratrol has not
been studied in animals or humans, but we
can use the TOC model to estimate a value.
As shown in Table I.3, the total oral clearance for resveratrol is predicted to be 4.7
L/hr. This was calculated using a value of
1.5 percent for the percentage of free resveratrol in the plasma. This value is consistent with in-vitro absorption studies using
isolated small intestine tissue, as well as values of most flavonoids (for example, genistein).156
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0.08

0.06

0.04

0.02

Resveratrol is active in vitro at concentrations of about 15 µM. Due to the presence of
conjugates, we use a target in-vivo concentration of 30 µM. To produce an average
concentration of 30 µM in the plasma, 260
milligrams of resveratrol would be required
every eight hours, or 770 milligrams per day.
A 770-milligram dose is larger than the 68-milligram
dose scaled from the rat antitumor study mentioned in
Chapter 20. It is also larger than the commonly prescribed dose of 20 milligrams recommended for some
resveratrol products. Due to the inconsistencies, the
required target dose can be estimated only within a large
range, 68 to 770 milligrams per day.
The LOAEL dose of resveratrol is uncertain; animal
LOAEL dose studies have not been conducted, and the
TOPKAT model was unable to predict a value. It did
predict, however, a LD50 of 1.9 g/kg in rats, or 31 grams
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as scaled to humans, and this can be used to roughly
estimate a LOAEL dose. If we assume that the LOAEL
dose is 13- to 75-fold lower than the LD50 (see Appendix I), the human LOAEL dose would be 410 milligrams
to 2.4 grams per day. Conservatively, we take the
LOAEL dose to be 410 milligrams. Obviously, additional toxicity studies are needed to verify this estimate.
Table J.19 summarizes the therapeutic dose estimates
for resveratrol in this appendix and Chapter 20.
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TABLE J.19 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR RESVERATROL
DESCRIPTION
Required dose as scaled from an animal antitumor study
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from animal antitumor
studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further research
Minimum degree of synergism required

DOSE (mg/day)
68
770
68 to 770
4.5 to 51
20
410
68 to 410
uncertain

Figure J.8. Plasma Concentration of Free Emodin in Rabbits
After Oral Dose of Roughly 48 mg/kg
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Emodin
Few studies exist on the pharmacokinetics of emodin
after oral administration. One investigated emodin
pharmacokinetics in rabbits, but unfortunately, the actual dose given was not clearly specified.157 The plasma
concentration-time curve from this study is shown in
Figure J.8. The dose needed to produce this peak concentration can be estimated by using data from three
different studies: emodin studies in rabbits and mice and
an aloe-emodin one in rats.158,_159,_160 These suggest that
a dose of roughly 48 mg/kg may have produced this
peak in rabbits.

In analyzing the mouse data, we
supposed that free emodin accounted for 10 percent of the total
plasma concentration. This is the
approximate percentage suggested
by the rat study; it also appears
reasonable based on other studies
with compounds similar to
emodin.
Rhein is an anthraquinone closely related to
emodin, and diacerein is a drug
form of rhein that is better absorbed than rhein itself. In humans, diacerein is excreted in the
urine in its free form (20 percent),
glucuronide conjugate form (62
percent), and sulfate conjugate
form (18 percent).161

The oral clearance in humans based on the
data in Figure J.8 is 78 L/hr. This is similar
to and helps confirm the oral clearance of
110 L/hr predicted by the FOC model, so we
use the FOC prediction for dose calculations.
Since the clearance of total emodin has not
been studied in animals, we can use the TOC
model to estimate total oral clearance. As
listed in Table I.3, the total oral clearance of
emodin is predicted to be 13 L/hr. In using
Equation I.2, a value of 12 percent was utilized for the percentage of free emodin in
plasma. This is consistent with the rat data
mentioned above.

Emodin is active in vitro at a concentration
of roughly 15 µM. Since it probably occurs
as conjugates, we use a target in-vivo concentration twice that, or 30 µM. To generate
25
an average plasma concentration of 30 µM,
840 milligrams would be needed every eight
hours, or 2.5 grams per day. This dose is
large and may cause adverse effects, but it is
within the range of 330 milligrams to 4.9 grams as
scaled from mouse antitumor studies cited in Chapter
20.
The commonly prescribed dose of emodin in noncancerous conditions is about 20 milligrams per day. This
is based on the label of some commercial products of
Polygonum cuspidatum standardized for emodin. A
similar dose is obtained when making decoctions from
the crude herb, as is done in Chinese herbal medicine.
The concentration of emodin in Polygonum is approximately 1.1 percent, and the common dose of Polygonum
is about 15 grams per day (in decoction).160 Since about
12 percent of the emodin content in plants is extracted
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by hot water, most decoctions contain about 20 milligrams of
emodin.160 This is lower than the
commonly prescribed dose of 100
milligrams per day for the related
drug diacerein.161
The TOPKAT model predicted a
LOAEL dose of 180 mg/kg for
emodin in rats. The human equivalent is about 3 grams per day. Like
other anthraquinones, emodin may
have a purgative effect; the purgative dose in mice is greater than 500
mg/kg for a single administration.162
The human equivalent is about 4.8
grams. A slight purgative effect
was caused by a single dose of 50
mg/kg in rats.163
The human
equivalent is about 810 milligrams.
Therefore, we conservatively take
the human LOAEL dose to be about
810 milligrams per day.
Table J.20 summarizes the therapeutic dose estimates for emodin
from this appendix and Chapter 20.
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TABLE J.20 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR EMODIN
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15-fold
synergistic benefits
Commonly prescribed human dose in noncancerous
conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (g/day)
0.33 to 4.9
(average 2.2)
2.5
2.4
0.16
0.02
0.81
0.16 to 0.81
3-fold potency increase

TABLE J.21 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR HYPERICIN
DESCRIPTION
Required dose as scaled from animal antitumor
studies (photoactivated)
Required cytotoxic dose as determined from
pharmacokinetic calculations
(nonphotoactivated)
Target dose based on range from animal
antitumor studies and pharmacokinetic
calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

Hypericin
The pharmacokinetic properties of
hypericin have been investigated in
humans. In three studies, hypericin
doses in the range of 1.5 to 2.2 milligrams in a standardized Hypericum extract produced oral
clearance values of 3.9, 3.1, and 2.4
L/hr.164,_165,_166 We use an average
of these values, or 3.1 L/hr, in dose
calculations. These studies apparently measured free hypericin, even
though the resulting oral clearance values are far lower
than the geometric mean free oral clearance value for
other phenolics (350 L/hr). The next highest free clearance value to 3.1 L/hr is the 44-L/hr value for arctigenin.
Since pharmacokinetic studies have not measured the
clearance of total hypericin, we can use the TOC model
to make a prediction. Using equation I.2 and a value of
12 for the percentage of free hypericin in the plasma, the
predicted total oral clearance value is 0.37 L/hr. A 12
percent value is used, since this is in keeping with
emodin, the other anthraquinone compound discussed
here.
As discussed in Table D.2 (Appendix D), hypericin inhibits proliferation of a variety of cancer cell lines at

DOSE (mg/day)
120 to 920
(average 520)
130

130 to 520

9 to 35
2.7
5.6 to 11
5.6 to 11
uncertain

concentrations of 5 to 25 µM. As with other phenolic
compounds, we employ a target concentration of 15 µM
and adjust this to 30 µM due to the presence of conjugates. To achieve an average plasma concentration of
30 µM, a dose of 45 milligrams of hypericin would be
needed every eight hours, or 130 milligrams per day.
The commonly prescribed daily dose in noncancerous
conditions is 900 milligrams of Hypericum extract, containing a hypericin dose of about 2.7 milligrams. The
LOAEL dose is slightly higher. In one study, a daily
total hypericin oral dose of 11 milligrams (containing
both hypericin and pseudohypericin) was generally well
tolerated, but slight photosensitivity was experienced.
Doses as low as 5.6 milligram per day of total hypericin
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Perillyl alcohol has also been tested in human pharmacokinetic studies. The plasma
concentration curve for perillic acid in one
human after a 900-milligram dose of perillyl
alcohol is shown in Figure J.9 (based on reference 169). The oral clearance derived
from this data is about 32 L/hr, a value similar to those from other studies; in a phase I
study, the average oral clearance for perillic
acid after perillyl alcohol administration was
27 L/hr on day 29. As with the study on
limonene, plasma levels were about half as
high after repeated administration.174 On day
one, the oral clearance was roughly 11 L/hr,
similar to the human oral clearance based on
a study in dogs.170 We use the 27 L/hr value
in dose calculations.b

Figure J.9. Plasma Concentration of Perillic Acid in a Human
After Oral Perillyl Alcohol Dose of 900 mg
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increased photosensitization in sensitive individuals.166
In a study on HIV-infected patients, a daily oral dose of
35 milligrams was not tolerated.167 The most common
side effect was photosensitivity. Based on all the above,
we assume a LOAEL dose of 5.6 to 11 milligrams.a
Table J.21 summarizes the therapeutic dose estimates
for hypericin from this appendix and Chapter 20.

Chapter 21: Terpenes
Monoterpenes
We first discuss the pharmacokinetics of limonene and
perillyl alcohol, then calculate required doses. From
these, we estimate the required dose for geraniol.
Based on a phase I trial in which an 18-gram limonene
dose was given to humans, the oral clearance for production of perillic acid, the active metabolite of limonene, was 110 L/hr.168 Plasma concentrations of perillic
acid after repeated limonene administrations were about
half as high, however, which suggests that treatment
induces detoxification enzymes. The oral clearance after repeated administrations was about 220 L/hr, which
we use for our calculations.

Perillic acid inhibits cancer cells in vitro at
concentrations of about 520 µM (see Chapter
21). To achieve that average concentration
in the plasma, a dose of 124 grams of limonene would be needed every eight hours, or
370 grams per day. The required dose for perillyl alcohol would be 19 grams every eight hours, or 56 grams
per day. These doses are prohibitive, but significant
amounts of other monoterpenes occur in the plasma after
limonene and perillyl alcohol administration, and so
lower doses may be effective. When limonene is given
orally, the unchanged compound as well as perillyl alcohol and high amounts of dihydroperillic acid and other
metabolites are found in the plasma. Indeed, in one
study monoterpenes other than perillic acid account for
about 71 percent of the total plasma monoterpene concentration after limonene administration.168 When perillyl alcohol was given, intermediate metabolites such as
perillaldehyde occurred in sizable quantities. It is likely
that these other monoterpenes and monoterpene metabolites increase the effectiveness of limonene and perillyl
alcohol, although to what degree is unknown. One
study reported that perillaldehyde is about 2.5-fold more
potent than perillyl alcohol, and more than 2.5-fold more
potent than perillic acid, in inducing apoptosis in prostate cancer cells.171
8

The doses scaled from animal studies in Chapter 21
suggest that the required limonene dose is about 91
grams per day and the required perillyl alcohol dose is
12 to 24 grams per day. These values are roughly threeb

a

The TOPKAT model greatly overestimated the LOAEL dose,
probably due to the lack of compounds in the model’s database
that are similar enough to hypericin. The model predicted that
the LOAEL dose would be 260 mg/kg in rats. The human equivalent is about 4.2 grams per day.

The FOC model predicted an oral clearance of 0.1 L/hr for
limonene, 45 L/hr for geraniol, and 51 L/hr for perillyl alcohol,
but these values were not based on the production of perillic acid.
The prediction for perillic acid itself was 7.7 L/hr, which is lower
than the value of 27 L/hr for production of perillic acid from perillyl alcohol, as would be expected.
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to fourfold higher than the doses
of 370 and 56 grams per day for
limonene and perillyl alcohol calculated above. It is reasonable to
assume then that the other
monoterpenes in the plasma could
account for this three- to fourfold
difference.
Doses required for geraniol appear to be lower than those for
limonene and perillyl alcohol. As
discussed in Chapter 21, geraniol
was effective in animal studies at
doses of 2.4, 5.8, and 34 grams per
day, as scaled to humans. Since
the 34-gram dose is much larger
than the others, we will assume
that the required dose is an average of 2.4 and 5.8 grams, or 4.1
grams.
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TABLE J.22 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR MONOTERPENES
DESCRIPTION

Required dose as scaled from
animal antitumor studies
Required cytotoxic dose as
determined from
pharmacokinetic calculations
Target dose based on an average
from animal antitumor studies
and pharmacokinetic
calculations
Minimum required antitumor
dose assuming 15-fold
synergistic benefits
Estimated LOAEL dose
Tentative dose
recommendation for further
research
Minimum degree of synergism
required

LIMONENE
DOSE (g/day)

91

PERILLYL
ALCOHOL
DOSE
(g/day)
12 to 24
(average 19)

GERANIOL
DOSE
(g/day)

120†

19†

2.4 to 34
(average 4.1)*
uncertain

110

19

4.1

7.3

1.3

0.27

14‡
7.3 to 14

9

5.7

1.3 to 9

0.27 to 5.7

The maximum tolerated dose of
7.9-fold
2.1-fold
none
limonene has been investigated in
potency
potency
humans; in a phase I study, it was
increase
increase
14 grams per day (8 g/m2).168
*
The highest of the three available doses was omitted to calculate the average.
Dose-limiting toxicities were nau†
sea, vomiting, and diarrhea, all of
Assumes that other monoterpenes in the plasma besides perillic acid allow a threefold
which were reversible when
dose reduction.
‡
treatment was discontinued. The
Maximum tolerated dose.
LOAEL dose is probably slightly
lower than the maximum tolerated
only one cancer patient exhibited mild gastrointestinal
dose but greater than 7 grams per day, since one study
toxicity.a
reported that a limonene dose of 7 grams (100 mg/kg)
produced no signs of toxicity in humans.172
The animal studies cited in Chapter 21 suggest that geraniol did not cause adverse effects in rodents at a dose
The maximum tolerated dose of perillyl alcohol has
equivalent to 34 grams per day in humans; this dose was
been studied in dogs. In 90- and 28-day studies, it was
probably near the maximum tolerated one. Since we do
173
about 400 and 600 mg/kg per day.
The human
not have actual human or animal LOAEL data for geraequivalent of 400 mg/kg is about 18 grams daily.
niol (or human maximum tolerated dose data), we conAgain, the LOAEL dose is probably slightly lower. In
servatively estimate that the LOAEL dose is about onefact, in studies on dogs, the LOAEL dose of perillyl alsixth the maximum tolerated rodent dose. (The LOAEL
cohol was about 300 mg/kg per day (about 13 grams per
dose for perillyl alcohol was one-third the maximum
173
day, scaled to humans).
A 13-gram daily dose of pertolerated rodent dose.) The estimated daily human
illyl alcohol has been tested in human phase I studies (in
LOAEL dose for geraniol is then about 5.7 grams.
three divided doses per day); it was generally well tolerTable J.22 summarizes the therapeutic dose estimates
ated but did produced mild to moderate gastrointestinal
toxicity and fatigue in some patients.174 (Disease pro- for monoterpenes from this appendix and Chapter 21.
gression was stabilized for six months or more in 4 of
the 18 patients who received treatment.) A daily dose of a The TOPKAT model predicted a human LOAEL dose of 4.1
about 9 grams per day was better tolerated. A second grams for perillic acid (as scaled from the rat dose). As menphase I study also reported that a dose of 9 to 11 grams tioned, perillyl alcohol is metabolized to perillic acid in vivo.
was generally well tolerated.175 Based on these phase I However, the TOPKAT predictions for limonene and perillyl alcohol itself were greatly underestimated. The model predicted
studies, we estimate that the LOAEL dose of perillyl in LOAEL doses equivalent to 1.2 grams for limonene and 250 milmost patients is about 9 grams per day. At this dose, ligrams for perillyl alcohol in humans, respectively. The model
was unable to make predictions for geraniol.
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found effective in animal antitumor studies
requires a judgment call.

Figure J.10. Plasma Concentration of Asiatic Acid in Humans
After Oral Dose of 60 mg TTFCA (28 mg potential asiatic acid)
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Centella Triterpenoids
The primary active component of Centella triterpenoids is thought to be asiatic acid. (The effects of asiaticoside, a glycoside of asiatic acid, may be mediated
through its conversion to asiatic acid in vivo.) The
pharmacokinetic parameters of asiatic acid have been
studied in humans. The plasma concentration curve after oral administration in one study is shown in Figure
J.10 (based on reference 176). Based on data from this
study, the oral clearance after a single dose is about 3
L/hr. In another human study, the oral clearance of asiatic acid (and its equivalent dose in asiaticoside) was 20
L/hr.177 In contrast, the FOC model predicted a higher
clearance of 76 L/hr. Because of these differences, we
will examine the oral clearance values for other similar
compounds.
Asiatic acid is structurally similar to both ursolic acid
and boswellic acid. The FOC model predicted clearance
values of 29 and 27 L/hr for these compounds. All three
compounds are structurally similar to the terpenoid glycyrrhetic acid obtained from licorice. The FOC model
predicted an oral clearance of 20 L/hr for this compound, which is reasonably close to the value of 12 L/hr
calculated from a human study.178 In short, we have
four similar compounds with more or less similar clearance values predicted by the FOC model and human
studies. There are some differences among these values,
however, and since few data are available, any attempt
to balance these with one another and with their doses

25

To estimate this balance, we assume that
the 76 L/hr value predicted for asiatic acid by
the FOC model is overestimated and drop it
from further consideration. We can then
estimate the oral clearance for asiatic acid as
an average of the two human studies discussed above, or 12 L/hr. There are no
pharmacokinetic studies for boswellic acid,
and the FOC model predicted a clearance of
27 L/hr. Since the FOC model appears to be
overestimating the clearance for terpenoid
compounds (1.7-fold for glycyrrhetic acid
and more for asiatic acid), we take the true
clearance to be about half the value predicted. We can estimate then that the oral
clearance for boswellic acid is 14 L/hr,
which is about equal to our estimate for asiatic acid. Obviously, additional pharmacokinetic studies are needed to determine if
these values are accurate, but in the meantime, this method provides a rough estimate.

Assuming that asiatic acid, like the related compound
ursolic acid, produces cytotoxic effects in vivo at
roughly 15 µM, a dose of 700 milligrams would be
needed every eight hours, or 2.1 grams per day. This is
similar to and helps confirm the 1.3-gram dose of ursolic
and oleanolic acids scaled from mouse antitumor studies
in Chapter 21. Human studies suggested that conversion
of asiaticoside to asiatic acid is complete.177 Since
TTFCA, the total triterpene fraction of Centella, contains about 55 percent asiatic acid (as asiatic acid and
asiaticoside), a 2.1 gram dose of asiatic acid would be
equal to a TTFCA dose of about 3.8 grams per day.
This is about 21-fold higher than the commonly prescribed TTFCA dose of 180 milligrams per day.
Although a 2.1 gram dose of asiatic acid is high and
the exact LOAEL dose is uncertain, it is likely to be
safe. The TOPKAT model tentatively predicted that the
LOAEL dose for asiatic acid would be 460 mg/kg in
rats. The human equivalent is about 7.5 grams per day.
The TOPKAT model predicted a human LOAEL dose
(scaled from rat doses) for boswellic acid of 2.7 grams.
Since this is lower, to be conservative we use it as the
LOAEL dose for both asiatic and boswellic acid. Therefore, a 2.1-gram dose of asiatic acid is just below the
2.7-gram LOAEL dose.
Table J.23 summarizes the therapeutic dose estimates
for asiatic acid in this appendix and Chapter 21.
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Boswellic Acid
The pharmacokinetic properties of
boswellic acid have not been studied in animals or humans. As discussed above in relation to Centella
pharmacokinetics, we estimate the
oral clearance for boswellic acid is
14 L/hr.
Like asiatic acid, boswellic acid
appears to be active in vitro at a
concentration of roughly 15 µM.
To produce this average plasma
concentration, a dose of about 770
milligrams would be needed every
eight hours, or 2.3 grams per day.
This dose is within the range found
effective in animal antitumor studies (0.34 to 2.4 grams daily).
The LOAEL dose predicted by the
TOPKAT model is 160 mg/kg in
rats. The human equivalent is about
2.7 grams.
Table J.24 summarizes the therapeutic dose estimates for boswellic
acid from this appendix and Chapter
21.
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TABLE J.23 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
ASIATIC ACID
DESCRIPTION
Required dose as scaled from animal antitumor
studies (for oleanolic and ursolic acids)
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic
calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (g/day)
1.3
2.1
1.7

0.11
0.03 to 0.09
2.7
1.7
none

TABLE J.24 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
BOSWELLIC ACID
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required dose as scaled from animal antiinflammatory studies
Doses used in human anticancer studies

DOSE (g/day)
0.34 to 2.4
0.73 to 3.2
3.6 to 5.4
as Boswellia extract*
2.3

Horse Chestnut and Escin
Required cytotoxic dose as determined from
The pharmacokinetics and dose
pharmacokinetic calculations
response of escin are perplexing.
Target dose based on an average from animal
1.8
The bioavailability of escin is low;
antitumor studies and pharmacokinetic calculations
doses of 50 to 100 milligrams proMinimum required antitumor dose assuming 150.12
duced a serum concentration of only
fold synergistic benefits
about 13 nM in healthy subjects. It
Commonly studied human dose in noncancerous
0.6 (boswellic acid)
follows that the oral clearance of
conditions
0.9 to 1.1 (Boswellia extract)
escin in humans is high, roughly
Estimated LOAEL dose
2.7
300 to 470 L/hr.179,_180 According to
Tentative dose recommendation for further
1.8
one paper, escin reduces vascular
research
permeability in part by increasing
Minimum degree of synergism required
none
production of prostaglandin F2, an
*
The concentration of boswellic acid in the Boswellia extracts used is uncertain.
eicosanoid that causes vessel contraction. This occurs at concentrations of about 4.1 to 9.1 µM in vitro.181 As discussed in lar permeability, yet it has been reported effective in
Chapter 21, cytotoxic concentrations are similar (10 placebo-controlled trials (see Chapter 21). The reasons
µM). Because of the high clearance value and high mo- for its effectiveness are uncertain. Perhaps active melecular weight, however, a daily dose of about 100 tabolites of escin are present at higher concentrations
grams would be required to produce an average plasma than escin itself, or the effect may be due to a very high
concentration of 10 µM. This dose is prohibitive, and it affinity for vascular tissue or to synergism occurring
is far higher than the commonly prescribed one of 100 to with other components of horse chestnut extract. To
150 milligrams per day for treating vascular insuffi- some extent, the latter has been found true. Adding flaciency. The high oral clearance value indicates that vonoids that occur naturally in horse chestnut to escin
escin would not be effective in vivo for reducing vascu- (at a 10:1 ratio) increased escin bioavailability by as
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TABLE J.25 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR ESCIN
DESCRIPTION
Required dose as scaled from animal antiedema studies
Required dose as determined from human antiinflammatory or anti-edema studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research

DOSE (mg/day)
150 to 600
100 to 150
100 grams
100 to 150

ligrams. The lower portion of this range
is well below the normal dose range of
100 to 150 milligrams. Conservatively,
we take the LOAEL dose to be 150 milligrams.
Table J.25 summarizes the therapeutic
dose estimates for escin in this appendix
and Chapter 21.

Butcher’s Broom
Ruscogenins, the active saponins in
150
butcher’s
broom, are considered as indi150
rect-acting compound here, rather than
as cytotoxic ones. Nonetheless, there is
the possibility that ruscogenins may inTABLE J.26 ESTIMATED THERAPEUTIC AND LOAEL DOSES
duce direct cytotoxic effects. PharmaFOR RUSCOGENINS
cokinetic studies of ruscogenins in
animals or humans are not available,
DESCRIPTION
DOSE (mg/day)
*
although one source briefly mentions
Required cytotoxic dose as determined from
1,500
that they are absorbed after oral adminipharmacokinetic calculations
stration.184 We can, however, estimate
Commonly prescribed human dose in
100
their oral clearance based on that of the
noncancerous conditions
other simple triterpenoids and saponins
Estimated LOAEL dose
130
discussed here. The estimated oral
Tentative dose recommendation for further
100 to 130
clearance values for asiatic acid, bosresearch
*
wellic acid, and ginseng metabolites
Based on an average clearance value obtained from other simple triterpenoids
(see below) range from 3.6 to 14 L/hr;
and saponins.
we use the average of 9.9 L/hr as an
estimate for ruscogenins. (The clearmuch as 50 percent in mice.182 Still, increased bioavail- ance for escin is not used in making this average, since
ability alone would not account for the huge difference escin is a more complex saponin.)
in dose.
As discussed in Chapter 21, ruscogenins may be active
In summary, although issues with pharmacokinetics
in vitro at about 4 µM. This value is from only one
and dose response are unresolved with respect to vaso- study, however, and therefore we assume that ruscogenprotective concentrations, many animal and human studins, like most other compounds, are active at 15 µM. To
ies have demonstrated that horse chestnut extract is
produce this average concentration in the plasma would
effective in protecting the vascular system and reducing
require a dose of about 510 milligrams every eight
edema. Due to its effects in humans, it is a promising
hours, or 1.5 grams per day, which is about 15-fold
compound for reducing vascular permeability and has
higher than the commonly prescribed dose of up to 100
the potential to indirectly inhibit cancer progression, but
milligrams daily for noncancerous conditions.185
it is unlikely that cytotoxic concentrations could be
reached safely in humans after oral administration.
It is uncertain whether a dose of 1.5 grams would be
safe for long-term use. Although no toxicity studies
Oral administration of horse chestnut extract is likely
have been conducted on ruscogenins, the TOPKAT
to be safe at normal escin doses (100 to 150 milligrams
model predicted a LOAEL dose of 7.8 mg/kg in rats.
per day), although the risk of adverse effects may inThe human equivalent is about 130 milligrams per day.
crease sharply with larger doses. The oral LD50 of soIf the maximum safe dose is 130 milligrams, synergistic
dium beta-escin in mice, rats, and guinea pigs is 134,
interactions would need to produce about a 12-fold in400, and 188 mg/kg, respectively (beta-escin is the natucrease in potency. As discussed in Chapter 21, a 12-fold
rally occurring form).183 The human equivalents are
increase is theoretically possible, but the 1.5-gram target
about 1.3, 6.5, and 3.9 grams, or an average of 3.9
dose is based on very limited pharmacokinetic and ingrams. Using the average value and assuming that the
vitro data; therefore, while direct effects may be possible
LOAEL dose is 13- to 75-fold lower (see Appendix I),
the LOAEL dose is likely to be between 52 and 300 mil-
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in synergistic combinations, it is best at this
stage to think of ruscogenins as indirectacting compounds.
Table J.26 summarizes the therapeutic dose
estimates for ruscogenins from this appendix
and Chapter 21.

Ginseng
Ginseng is characterized in this book as an
immune stimulant, but it could also directly
inhibit cancer cells. The pharmacokinetic
properties of ginseng saponins have been
investigated in mice.186 Since M1 appears to
be the active metabolite, we focus on its
properties. The plasma concentration curve
for M1 in mice after an oral dose of ginsenoside Rb1 is shown in Figure J.11 (based
on reference 187).

Figure J.11. Plasma Concentration of M1 in Mice After Oral Dose
of 80 mg/kg Rb1
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Using the data in this figure, the human
oral clearance of M1 after ginseng saponin
administration is about 3.6 L/hr.
From the discussions in Chapter
TABLE J.27 ESTIMATED THERAPEUTIC AND LOAEL DOSES
21, we estimate M1 is active in
FOR GINSENG
vivo at 25 µM and all ginsenosides
DESCRIPTION
GINSENOSIDE
GINSENG
produce M1 equally. To achieve
DOSE
ROOT
DOSE
an average plasma concentration of
(g/day)
(mg/day)
25 µM, a ginsenoside dose of 610
Required dose as scaled from animal
120 to 610
3.2 to 16
milligrams would be required every
antitumor studies
eight hours, or 1.8 grams per day.
Required cytotoxic dose as determined from
1,800
47
This is equal to about 47 grams per
pharmacokinetic calculations
day of root, which is greater than
Target dose based on range from animal
120 to 1,800
3.2 to 47
the commonly prescribed daily
antitumor
studies
and
pharmacokinetic
dose of 3 to 9 grams. It is also
calculations
greater than the human dose of 3.2
Minimum required antitumor dose assuming
8 to 120
0.21 to 3.1
to 16 grams of root as scaled from
15-fold synergistic benefits
rodent experiments (see Chapter
Commonly prescribed human dose in
110 to 340
3 to 9
21). Due to the inconsistencies, the
noncancerous conditions
required target dose can be estiEstimated LOAEL dose
340
9
mated only within a large range,
Tentative dose recommendation for
110 to 340
3 to 9
3.2 to 47 grams per day.
further research

A daily dose of 48 grams would
Minimum degree of synergism required
uncertain
for direct inhibition of cancer
probably cause adverse effects. In
Chinese herbal medicine, up to 30
grams per day is sometimes used,
milligrams and 1.2 grams, or about 5.5 to 32 grams of
but only in acute situations such as hemorrhagic root. The commonly prescribed dose of 9 grams of root
shock.188 The LOAEL dose of ginseng or its gin- falls within this range. To be conservative, we presume
senosides is uncertain. In one study in mice, the intrap- that the LOAEL dose is 9 grams of root per day, or 340
eritoneal LD50 for ginsenosides was 910 mg/kg. The milligrams of ginsenosides.
equivalent human oral dose is about 16 grams per day.
Table J.27 summarizes the therapeutic dose estimates
If we assume the LOAEL dose is 13 to 75-fold lower
than the LD50 (see Appendix I), then the oral LOAEL for ginseng in this appendix and Chapter 21.
dose of ginsenosides in humans would be between 210
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meaning of these large differences is unclear,
and the implications for estimating parthenolide clearance are uncertain. One might
think that the oral clearance for parthenolide
and other sesquiterpene lactones could also
be as high as 410 L/hr, since their structures
are similar to artemisinin. However, based
on the small dose of parthenolide that is apparently effective in noncancerous conditions, as well as the radiolabeled data on
plenolin and the magnitude of sesquiterpene
lactone doses used in rodent antitumor studies, it seems that a clearance value of 1.9
L/hr for parthenolide is more reasonable than
one of 410 L/hr. Therefore, we assume the
FOC model is accurate for parthenolide and
that the oral clearance is 1.9 L/hr.

Figure J.12. Plasma Concentration of Total Plenolin in Mice
After Oral Dose of 2.2 mg/kg
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Parthenolide
The pharmacokinetic properties of parthenolide have
not been investigated in rodents or humans, but those for
a similar sesquiterpene lactone, plenolin, have been in
mice (see Figure J.12).189,_a Plenolin is a synthetic analog of helenalin, a sesquiterpene lactone isolated from
the Helenium species. Like the Tanacetum species
(feverfew, Tanacetum parthenium), the Helenium species is also a member of the Compositae family. The
study in mice was done with radiolabeled plenolin, and
therefore it can be expected to generate minimum values
for oral clearance. The estimated human oral clearance
based on this study is 0.16 L/hr. If the clearance were
7.5-fold higher, as suggested by the average value in
Table J.2, it would be 1.2 L/hr.
The FOC model predicted an oral clearance of 1.9 L/h
for parthenolide, which would seem reasonable given
the data from the radiolabeled study. The model also
predicted similar values (5.1 and 6 L/hr) for two other
sesquiterpene lactones, helenalin and artemisinin. Helenalin was mentioned above and artemisinin in Chapter
21.
Although the FOC model predicted a clearance for artemisinin of 6 L/hr, the oral clearances calculated from
three different human studies on artemisinin were 500,
310, and 430 L/hr (average 410 L/hr).190,_191,_192 The
a

Calculations based on this study assumed a plasma volume of
1.2 milliliters in mice.

Parthenolide is active in vitro at concentrations of roughly 5 µM (see Chapter 21). To
produce this concentration in plasma, a dose
of 19 milligrams every eight hours would be
required, or 57 milligrams per day. This is
similar to the dose of 96 milligrams per day
scaled from the mouse antitumor study mentioned in
Chapter 21; however, 57 milligrams per day is about 10fold greater than the oral doses of up to 5.8 milligrams
recommended by some manufacturers for noncancerous
conditions. It is also higher than the 0.54-milligram
doses used in successful studies on migraine patients.193
80

The LOAEL dose of parthenolide is uncertain. The
TOPKAT model predicted that the rat LOAEL dose
would be 12 mg/kg per day. The human equivalent
would be about 190 milligrams per day. Although this
dose may be correct, it is large compared to the commonly prescribed dose of 0.54 to 5.8 milligrams. Because it is so large and there are no animal LOAEL dose
studies to back it up, we also estimate a LOAEL dose
based on the LD50.
The TOPKAT model predicted that the rat LD50 for
parthenolide would be 5 g/kg, or 81 grams as scaled to
humans. This estimate is high compared with TOPKAT
predictions and animal studies on related compounds.
The model predicted that the LD50 for helenalin would
be 130 mg/kg, or 2.1 grams as scaled to humans. In addition, the intraperitoneal LD50s of helenalin and plenolin have been reported to be about 43 and 100 mg/kg in
mice, respectively.194 The equivalent human oral doses
are about 0.58 and 1.3 grams. The average of these
three values (2.1, 0.58, and 1.3 grams per day) is 1.3
grams. If we assume that the human LD50 for parthenolide is 1.3 grams per day, and if the LOAEL dose is 13to 75-fold lower than the LD50, then the LOAEL dose is

Appendix J

17 to 100 milligrams. Conservatively,
we take the LOAEL dose to be 17
milligrams per day.
Table J.28 summarizes the therapeutic dose estimates for parthenolide
from this appendix and Chapter 21.

Chapter 22: Lipid-Soluble
Vitamins
Vitamin A
Transport and Metabolism of
Vitamin A
Because the metabolism, transport,
and mode of action of vitamin A differ from most other natural compounds discussed in this book, it is
worthwhile to discuss these aspects in
more detail.
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TABLE J.28 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR PARTHENOLIDE
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on an average from animal
antitumor studies and pharmacokinetic
calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

Most natural compounds affect cancer cells by altering
events at the plasma membrane or in the cytoplasm. In
contrast, ATRA travels directly to the nucleus and affects gene transcription. The effects of ATRA are mediated through its ability to bind to retinoid receptors in
the nucleus. These receptors are the retinoic acid receptor (RAR) and the retinoid X receptor (RXR); both belong to the superfamily of steroid and hormone receptors
and function as transcription factors (much like NF-κb)
to regulate the expression of various genes.195
The transportation and metabolism of retinol in vivo is
illustrated in Figure J.13 (adapted from references 196
and 197). Upon absorption, retinyl esters are incorporated, along with other fatty substances such as triglycerides and cholesterol, into a group of fatty substances
called chylomicrons. These, in turn, are transported into
the general blood circulation via the lymphatic system.
Once in the circulation, chylomicron remnants can be
absorbed by the liver and by other tissues. In many tissues, the uptake of chylomicron remnants is mediated by
the low-density lipoprotein (LDL) receptor.
The liver is the primary metabolism and storage organ
for vitamin A. When the need arises, some of the retinyl
esters stored there are metabolized to retinol or retinoic
acid compounds such as ATRA. Retinol, after binding
with retinol-binding protein, enters the circulation,
where it can be used by other tissues. ATRA also binds
to a transport protein and enters the circulation, but its
plasma concentration is generally less than 1 percent of
that of retinol.198 The liver maintains steady plasma
concentrations of retinol and ATRA; these concentra-

DOSE (mg/day)
96
57
77

5.1
0.54 to 5.8
17
17
4.5-fold potency increase

tions rise only slightly following ingestion of a meal or
supplements containing retinol or retinyl esters.
Under normal circumstances, the circulating levels of
retinyl esters (in chylomicrons) and retinol and ATRA
(bound to proteins) are adequate to affect gene transcription in appropriate tissues. The word appropriate is key
here, since tissues vary in their sensitivity to vitamin A.
Whether a tissue is influenced depends on the extent of
vitamin A uptake by the cell, the extent of vitamin A
metabolism within the cell, and the expression of retinoic acid receptors (RAR and RXR) in the cell’s nucleus. These three factors form a regulatory system to
ensure the correct tissues are affected by vitamin A at
the correct time and that its toxic effects do not manifest.
To understand how retinol might be used therapeutically, the uptake and metabolism of vitamin A and the
expression of nuclear receptors demand more explanation. Cells can uptake each of the three circulating
forms of vitamin A (retinyl esters, retinol, and ATRA or
other retinoic acids), but some cells have an affinity for
specific forms. For example, chylomicron uptake in
some cells is mediated by the LDL receptor, as mentioned above, and cells vary in their expression of this
receptor. Regardless of the specific uptake mechanism,
about 25 percent of postmeal retinol is cleared from the
circulation by tissues other than the liver.199 Human
leukocytes, fat cells, muscle cells, and bone marrow
cells are all capable of taking up retinyl esters from chylomicrons.200–203 Similarly, the uptake of retinol and
ATRA from the circulation can also vary. Among other
things, retinol and ATRA uptake depends on the expression of certain cellular proteins called cellular retinolbinding proteins (CRBP) and cellular retinoic acidbinding proteins (CRABP).197 As the names imply,
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Figure J.13

Simplified Transportation and
Metabolism of Dietary Retinol
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We can see from the above that the uptake and sensitivity of normal cells to
vitamin A can vary depending on a number of factors, such as the presence of
LDL receptors, cellular binding proteins,
enzymes needed for retinol metabolism,
The
and nuclear receptors.198,_208,_209
same is true for cancer cells.210–214 In
fact, it has been postulated that the development of some cancers like breast
cancer may be associated with defects in
CRBP expression.215
Such defects
would reduce the ability of vitamin A to
perform its normal role in controlling
cell proliferation. In addition, defects in
nuclear receptor expression are associated with the development of promyelocytic leukemia.216 Thus the effectiveness of retinol or ATRA administration
in cancer treatment can be expected to
vary depending on the characteristics of
the cell line.
Pharmacokinetics of Vitamin A

storage as RE

The pharmacokinetic parameters of
retinol, retinyl esters, and ATRA have
ATRA and other
been investigated in humans, all after
metabolites
retinol
retinyl ester administration. Clearance
calculations from these studies are
RBP
summarized in Table J.29. As seen,
common clearance values for retinol,
ATRA bound to its
retinyl esters, and ATRA are 45, 4.6,
carrier protein
and 730 L/hr. In some studies, however,
oral administration of retinyl esters did
not increase ATRA concentrations.
these proteins bind retinol and retinoic acid within the Note that although clearance values for retinol are relacell.
tively low, its toxicity is high. Toxic doses (2,700,000
I.U.) of retinyl esters would be required to raise the
Once in the cell, ATRA is able to directly affect nuclear receptors; however, retinol, the predominant form plasma retinol concentration by even 3 µM, for example.
of vitamin A, must first be metabolized to ATRA. The Other human studies indicated that oral administration
ability of cells to form ATRA from retinol varies ac- of 300,000 I.U. of retinyl esters increased average reti217
cording to a number of factors, which include the nol plasma concentrations only by about 20 percent.
amount of CRBP and CRABP within the cell and the Thus retinol concentrations are unlikely to change appreciably with retinyl ester (or retinol) administration.
presence of needed cellular enzymes.
retinol bound to
retinol-binding
protein (RBP)
in plasma

Once adequate intracellular ATRA concentrations are
available, gene transcription can be affected if sufficient
amounts of RAR and RXR nuclear receptors are present.
Cells vary in their expression of these nuclear factors.
In some studies, exposure of normal, precancerous, and
cancer cell lines to high concentrations of retinoids
upregulated the expression of retinoid nuclear receptors.204–207

Although we do not discuss ATRA as a treatment
agent, we still examine its pharmacokinetics and its
commonly used clinical dose. The results allow us to
estimate a target in-vivo concentration of ATRA for use
with retinyl ester administration.
Clearance of ATRA after its oral administration has
been investigated in humans. Studies indicate that its
pharmacokinetic properties are highly variable among
subjects and change with increasing exposure. As with

Appendix J

vitamin C, asiatic acid, and
possibly many other compounds discussed in this
book, prolonged administration induces detoxification
enzymes, increases excretion,
or both, resulting in lower
plasma concentrations.
In
four studies, the mean oral
clearance values for ATRA
after its administration were
88, 110, 330, and 750 L/hr
(an overall average 320
L/hr).218–221,_a
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TABLE J.29 ORAL CLEARANCE VALUES FOR RETINOIDS AFTER
ADMINISTRATION OF RETINYL ESTERS
DOSE
(I.U.)
150,000
440,000

150,000
440,000
50,000/meter sq.*
100,000
130,000

COMPOUND MEASURED CLEARANCE REFERENCES
(L/Hr)
Retinol Clearance
retinol
retinol
Average retinol clearance
Retinyl Ester Clearance
retinyl palmitate
retinyl palmitate
retinyl esters
retinyl esters
retinyl esters

24
65
45

222

4.8
7.9
1.4

222

5.8
3.2†
4.6

—

203
223
224

In-vitro studies indicate that
Average retinyl ester clearance
—
the IC50 of ATRA for inducing differentiation or inhibitATRA Clearance
ing proliferation occurs over
5,000, 10,000, and
ATRA
225
incalculable§
‡
a wide range of concentra25,000
tions, roughly 0.01 to 10 µM
150,000
ATRA
580
222
depending on the cell line and
440,000
ATRA
880
conditions (see Chapter 22
Average ATRA clearance
730||
—
and Appendix D). The aver*
Dose given to children.
age ATRA dose in clinical
†
Reported as retinol but more likely to be retinyl esters.
studies is roughly 300 to 400
‡
218,_219
Type
of ester was not specified. Retinyl palmitate was administered in all other studies.
If
milligrams per day.
§
These doses did not produce a change in the area under the curve (AUC).
the oral clearance is about
||
320 L/hr as estimated above,
Omits incalculable values in calculation of average.
from Equation J.3 we can
estimate that the average
Chapter 22). If the clearance of retinyl esters after their
ATRA plasma concentration over a 24-hour period
oral administration is 4.6 L/hr (see Table J.29), then a
would be about 0.15 µM. Normal plasma levels of retinyl ester dose of 250,000 I.U. would be required
ATRA are approximately 4 to 12 nM, or about 19-fold every eight hours, or 740,000 I.U. per day.b This is also
lower than 0.15 µM.226,_227 An average concentration of prohibitive.
0.15 µM is within the effective range of 0.01 to 10 µM
We can conclude from the above that orally adminisgiven above and will be used as a target in-vivo concentration. Of course, the selection of this target value is tered retinyl esters are unlikely to produce cytotoxic
somewhat arbitrary, given the large range of possibili- concentrations of retinyl esters or ATRA in the plasma,
since the doses required would be prohibitive. Thus
ties.
retinyl esters may be most effective when used in synerWe have determined that the oral clearance of ATRA gistic combinations with other compounds. We can also
after oral administration of retinyl esters is about 730 conclude that after dosing with retinyl esters, the greatL/hr and that a reasonable in-vivo target concentration is est cytotoxic effect is likely to come from elevated reti0.15 µM. Based on these values, a retinal ester dose of nyl ester plasma concentrations, rather than elevated
540,000 I.U. would be required every eight hours, or ATRA ones. However, this conclusion is based on a
1,600,000 I.U. per day, to produce cytotoxic concentra- somewhat arbitrary choice for an effective in-vivo contions of ATRA in the plasma, but this dose is prohibi- centration for ATRA (0.15 µM), and it is therefore sustive.
pect. Retinol plasma concentrations would likely
We know from in-vitro studies that the IC50 of retinyl
esters for inhibition of proliferation is about 10 µM (see b One I.U. is equal to 0.3 micrograms of retinol, 0.344 µg of
a

The FOC model predicted an oral clearance for ATRA of 2,100
L/hr, which is on average 6.6-fold higher than the values obtained
from human studies.

retinyl acetate, and 0.550 µg of retinyl palmitate. Retinyl esters
in the plasma and supplements tend to be primarily retinyl palmitate. We use a value of 0.49 µg per I.U. here for mixed retinyl
esters.
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TABLE J.30 ESTIMATED THERAPEUTIC AND LOAEL DOSES FOR
RETINYL ESTERS
DESCRIPTION
Required dose based on human anticancer studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on range from human and
animal studies and pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated maximum tolerated dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

DOSE (I.U./day)
16,000 to 270,000
(average of 140,000)
740,000
140,000 to 740,000
9,300 to 49,000
2,500 to 5,000
50,000 to 600,000
50,000 to 600,000
uncertain

produce the weakest cytotoxic effect. The retinyl ester
dose needed to generate a cytotoxic concentration of
retinol (about 7 µM, or a change of about 5 µM from
baseline) would be about 3,200,000 I.U. per day. This
dose is far higher than that for producing cytotoxic concentrations of retinyl esters (740,000 I.U. per day) or
ATRA (1,600,000 I.U. per day).
Assuming that cytotoxicity will be caused by retinyl
esters in the plasma rather than ATRA or retinol, the
target dose for retinyl esters is about 740,000 I.U. per
day, as calculated above. This dose, however, is not in
close agreement with the average retinyl ester dose of
140,000 I.U. scaled from human studies in Chapter 22.
Due to the inconsistencies, the required target dose of
retinyl esters can be estimated only within a large range,
140,000 to 740,000 I.U. per day.
Based on a phase I study, the maximum tolerated dose
of retinol (apparently as retinol itself) is about 360,000
I.U. per day (200,000 I.U. per square meter).228 Adverse
effects were reversible when it was discontinued. In
sensitive patients, the adverse effects included dry skin,
increased triglycerides, neuropsychiatric symptoms,
headache, hepatomegaly, and lesions on the lips. Other
studies indicated that adults can generally tolerate
300,000 to 600,000 I.U. of retinyl esters for several
months with no toxicity symptoms.a In some studies,
300,000 I.U. of retinyl esters were safe for periods of up
to two years, but daily intake as low as 50,000 I.U. was
toxic in some individuals if taken for more than 18
months.195 We assume here that the maximum tolerated
a

It would be expected that retinyl palmitate would be about 1.8fold less toxic than retinol due to the difference in their molecular
weights (i.e., the palmitate group in retinyl palmitate is not toxic,
only the retinol group).

dose of retinyl esters is 50,000 to
600,000 I.U. per day. This wide range
reflects the differing sensitivities of
patients to vitamin A.
For general health purposes, retinyl
ester doses of 5,000 I.U. per day for
men and 2,500 I.U. per day for
women (excepting pregnant women)
are reasonable.229 In 2,297 healthy
subjects, administration of 2,500 I.U.
of retinyl esters for periods greater
than three years produced no severe
adverse effects but may have had a
minor impact on the liver.230 In a
study on 146 healthy subjects, no adverse effects were noted at doses of
1,800 I.U. per day for periods up to 12
years.231

While oral administration of ATRA itself is generally
well tolerated by most patients, serious adverse effects
may be encountered in some. Common side effects include dry skin, dry lips, skin rash, headache, and nasal
stuffiness. A severe retinoic acid syndrome may be produced in 25 percent of cases at high doses, which can be
reversed by corticosteroid administration. An increase
in white blood cell count occurs in 30 percent of cases
and requires management with chemotherapy or corticosteroids. Based on phase I trials, the maximum tolerated dose of ATRA is about 270 milligrams per day
(150 mg/m2). The dose limiting toxicities are usually
skin reactions, such as erythema. Other toxicities can
include headache, nausea, vomiting, as well as alterations in liver enzyme levels.232,_233
Table J.30 summarizes the therapeutic dose estimates
for retinyl esters in this appendix and Chapter 22.

Melatonin
The pharmacokinetic properties of melatonin after oral
administration have been studied in humans. Figure
J.14 illustrates the plasma concentration curve after oral
administration of 100 milligrams (based on reference
234). The oral clearance based on this study is 560 L/hr,
which is very similar to the values of 530 and 500 L/hr
calculated from two other human studies after a single
dose of 3 milligrams and multiple administrations of 50
milligrams every four hours, respectively.235,_236 We use
an average value of 530 L/hr in dose calculations. The
peak melatonin concentration after the 3-milligram dose
was about 16 nM. This dose is equal to the commonly
prescribed one in noncancerous conditions.
Melatonin is active against cancer cells at concentrations between about 0.1 to 1 nM, which is within the
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range of normal peak plasma concentrations.
Therefore, administration of melatonin may
not be needed to produce cancer inhibition.
Nonetheless, as discussed in Chapter 22,
melatonin administration may increase the
chance of producing anticancer effects.
Human anticancer studies commonly used
melatonin doses of 10 to 20 milligrams per
day. Based on the data above, it is likely that
a 10-milligram dose would produce a peak
concentration of about 53 nM and an average
nighttime concentration of about 14 nM.
This 14-nM value is reasonably close to the
1-nM concentration found optimally effective in in-vitro studies, which suggests that
cytotoxic effects may be occurring in vivo at
this dose (concentrations of 100 nM or
higher appear to be less effective than concentrations of 1 nM).
The antioxidant effects of melatonin are
perplexing. As discussed in Chapter 23,
doses of about 20 to 50 milligrams,
scaled to humans, produced antioxidant
effects in animals. A 50-milligram dose
would increase the average nighttime
plasma concentration to about 70 nM;
however, the antioxidant effects of melatonin are only seen in vitro at very high
concentrations, between about 20 and
100 µM.237 A daily dose of about 15
grams would be needed to produce an
average nighttime plasma concentration
of 20 µM. Thus the antioxidant effects
produced in vivo at small doses are not
explained by those seen in vitro. The
animal studies suggested that much
smaller concentrations (about 28 to 70
nM) may produce antioxidant effects in
vivo.
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Figure J.14. Plasma Concentration of Melatonin in Humans After
Oral Dose of 100 mg
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TABLE J.31 ESTIMATED THERAPEUTIC AND LOAEL DOSES
FOR MELATONIN
DESCRIPTION
Required dose as scaled from animal antitumor
studies
Doses used in human anticancer studies
Required cytotoxic dose as determined from
pharmacokinetic calculations
Target dose based on human studies and
pharmacokinetic calculations
Minimum required antitumor dose assuming 15fold synergistic benefits
Commonly prescribed human dose in
noncancerous conditions
Estimated LOAEL dose
Tentative dose recommendation for further
research
Minimum degree of synergism required

The LOAEL dose for melatonin is uncertain. One recent paper has reported
that doses of 10 milligrams per day for 28
to 40 days did not cause adverse effects
in healthy subjects.238 Two reviews of the toxicology of
melatonin have also been published, but unfortunately
they did not give a LOAEL dose, since the amount of
information available is still insufficient.239,_240 Although no major adverse effects have been reported in
any of the literature, even at high doses, minor and transient ones include sleepiness, nightmares, hypotension,
sleep disorders, fever, headache, hyperglycemia, dizziness, and other effects. Based on the available information, it appears that doses of 10 milligrams or less are

DOSE (mg/day)
commonly 10 to 50
10 to 50
(commonly 10 to 20)
0 to 10
0 to 20
0.67 to 1.3
3
10 to 50
3 to 20
none

safe in most individuals. The human cancer studies discussed in Chapter 22 suggested that doses of 10 to 50
milligrams were safe. Clearly, more study is required to
define the toxicology of melatonin. Lacking additional
information, we estimate the LOAEL dose to be between 10 and 50 milligrams per day.
Table J.31 summarizes the therapeutic dose estimates
for melatonin in this appendix and Chapter 22. The
maximum tentative recommended dose was chosen to be

Natural Compounds in Cancer Therapy

484

no more than 20 milligrams, since this is the maximum
dose used in most human studies.
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SUPPLEMENTAL MATERIAL FOR CHAPTER 19
Supplemental material for Chapter 19, “Flavonoids,” contains of Table K.1, which summarizes studies on the cytotoxic effects of flavonoids against cancer cells. See also Tables D.1 and D.2 which review studies on the ability of
flavonoids and other compounds to induce differentiation and apoptosis.

TABLE K.1 SELECTED STUDIES ON THE IN-VITRO CYTOTOXIC EFFECTS OF FLAVONOIDS
CELL LINE

EFFECTS
Apigenin

Human breast cancer

For estrogen-dependent cells, the IC50s for genistein and apigenin were about 15 and 7 µM,
respectively. For estrogen-independent cells, the IC50s were about 520 and 7 µM,
respectively.1

Human breast cancer

IC50 = 13 µM.2

Nasopharynx carcinoma (KB line) IC50 = 27 µM. Apigenin was inactive in three in-vivo NCI standard test systems.3
Mouse leukemia

IC50 = about 15 µM. The effect may have been due to topoisomerase inhibition.4

Four human thyroid cancer cell
lines
Five human cancer cell lines

IC50 from 22 to 32 µM.5
IC50 = 16 to 29 µM.6
Luteolin

Human leukemia

Complete ATP depletion and inhibition of glucose uptake at 30 µM.7

Four human thyroid cancer cell
lines
Five human cancer cell lines

IC50 from 22 to 32 µM.5

Four human cancer cell lines

IC50 = 1.3 to 3.1 µM. Luteolin was the most effective of 27 flavonoids tested.8

Androgen-independent rat
prostate cancer

70% to 80% inhibition at 10 µM.9

IC50 = 7 to 15 µM.6

Genistein
Estrogen-dependent and estrogen- IC50 = 24 to 44 µM. The effects were not reduced by overexpression of the multidrugindependent human breast cancer resistance gene.10
cells
IC50 = 21 to 31 µM.11
Cell inhibition at 40 to 50 µM. The effect appeared to be due to PTK inhibition.12
Estrogen-dependent human breast IC50 = 19 µM. Inhibition was reversed by the addition of excess estrogen. Inhibition by
cancer
other flavonoids was not affected by estrogen.13
At low concentrations (1 nM to 1 µM) genistein stimulated cell proliferation. At
concentrations greater than 10 µM, however, cell proliferation was strongly inhibited.14,_15
Three human breast cancer cell
lines

Cell inhibition at 7 to 37 µM. Genistein acted synergistically with doxorubicin.16

Human breast cancer

In 1:1 combinations with other flavonoids, the IC50 was 7 to 11 µM.18

Human breast cancer

Inhibited DNA synthesis by 49% at 37 µM. The effect appeared to be due to PTK and ras
inhibition.19

Human breast cancer

IC50 = 8.8 µM.20

Rat prostate cancer

70% to 80% inhibition at 0.1 to 10 µM in an androgen-independent cell line.9

IC50 = 10 µM. Normal fibroblasts were not affected. Genistein counteracted the growthstimulatory effects of estrogen and growth factors.17
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TABLE K.1 SELECTED STUDIES ON THE IN-VITRO CYTOTOXIC EFFECTS OF FLAVONOIDS (continued)
CELL LINE
Human prostate cancer cells
obtained from patients
Human prostate cancer

EFFECTS
Dose-dependent inhibition at 5 to 37 µM.

21

IC50 = 40 µM. The expression of PSA was also reduced.22

Two human prostate cancer cell
lines
Six human prostate cancer cell
lines
Human prostate cancer

IC50 = 16 to 100 µM.23

Human and rat prostate cancer

IC50 = about 22 to 73 µM.26

Three human testicular cancer
cell lines
Human brain cancer

IC50 = about 130 to 185 µM.27

Three human brain cancer cell
lines

IC50 = 8 µM. The effect appeared to be due to PKC inhibition. Although genistein is a weak
inhibitor of PKC, in this study it inhibited PKC secondary to PTK inhibition. Growth factors
in the culture stimulated PTK, which in the absence of genistein led to downstream
stimulation of PKC.29
IC50 = 10 to 23 µM.30

Human stomach cancer

IC50 = 35 to 110 µM. The average IC50 was 75 µM.24
IC50 = about 38 µM.25

IC50 = 5 to 10 µM.28

IC50 = 20 µM (after 4 days).31

Rat lymphoma
Human colon cancer

Caused 100% cell death in HML cells at 37 µM. IC50 in HLL cells was 11 µM. Genistein
was not cytotoxic to normal lymphocytes.32
IC50 = 15 to 25 µM.30
IC50 = about 45 µM.33

Six neuroblastoma cell lines

Inhibited five of six cell lines. IC50 = about 19 µM.34

Four human bladder cancer cell
lines

IC50 = about 37 to 74 µM. The motility of cell lines that express EGF was also inhibited at 37
µM.35

ras-dependent human bladder
cancer

IC50 = about 37 µM. Cell migration was also reduced, possibly due to an inhibition of
kinases.36
IC50 from 24 to 185 µM. The average was 65 µM.37

Human myelogenous and human
T lymphocytic leukemia

Twelve different human cell
lines
Skin cancer

Quercetin
Of eight flavonoids tested, quercetin and luteolin were the most potent at inhibiting
proliferation of skin cancer cells. Their IC50s were 19 and 21 µM, respectively.38

Human leukemia

IC50 = about 10 µM.39

Human leukemia
Human ovarian cancer

IC50 = 43 µM.40
IC50 = 66 µM. Synergistic inhibition occurred when genistein was added to the culture.41

Human ovarian cancer

Dose-dependent inhibition between 10 nM and 10 µM.42

Human non-small-cell lung
cancer
Squamous cell carcinoma

Dose-dependent inhibition between 10 nM and 1 µM.43

Human breast cancer

Dose-dependent inhibition between 17 µM and 33 µM.45

Human stomach cancer
Human meningioma

IC50 = 32 to 55 µM.46
Inhibition at 10 µM.47

Human lymphoblastoid

Dose-dependent inhibition between 10 nM and 10 µM.48

Human melanoma

Dose-dependent inhibition between 1 nM and 1 µM.49

Proliferation was inhibited at 26 µM.44
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SOFTWARE AND SERVICES
This appendix lists the software and services generously provided to help in preparing this book.

MATHCAD AND AXUM
Mathcad is a robust advanced calculation software
package for the technical community. This application
tool is designed to solve complex mathematical problems (i.e., linear, nonlinear, quadratic, and mixed-integer
programming), create graphs and sketches, and share
results via the Internet. Axum is a technical publicationquality graphing and data analysis package used for exploring, customizing, and presenting data. Several of
the figures shown in this book were created in Axum,
and it was used to perform linear regression analysis for
the models discussed in Appendix I.
Contacts:
MathSoft, Inc.
101 Main Street
Cambridge, MA 02142-1521
E-mail: info@mathsoft.com
Web: www.mathsoft.com
Phone: 617-577-1017
Sales: 1-800-628-4223

MOLECULAR MODELING PROTM
Molecular Modeling ProTM is a 3-D chemical modeling program that allows estimation of over 70 physical
descriptors based on chemical structure and also allows
structure minimization, structural modeling, and graphical display in several formats. Molecular Modeling
ProTM was used along with the Topix program to generate descriptors for use in the Free Oral Clearance (FOC)
model described in Appendix I.
Contacts:
ChemSW, Inc.
420 F Executive Court North
Fairfield, CA 94585-4019
Web: www.chemsw.com
Phone: 707-864-0845

NEUROGENETIC OPTIMIZER
Neurogenetic Optimizer is a neural network development program that uses genetic algorithms to simultaneously optimize the inputs and structure of a neural
network. The program can automatically test hundreds
of combinations of input variables and neural designs to
evolve optimum solutions. Neurogenetic Optimizer was
tested as an alternative to standard linear regression
analysis for the models discussed in Appendix I.
Contacts:
BioComp Systems, Inc.
4018 148th Ave. NE
Redmond, WA 98052
E-mail: info@biocompsystems.com
Web: www.biocompsystems.com
Phone: (425) 869-6770
Sales: (800) 716-6770

TOPIX
Topix is a program that calculates structural descriptors based on 2-D chemical structures. It calculates both
simple descriptors such as ring counts, as well as various
substructure and topological descriptors. Topix was
used along with Molecular Modeling ProTM to generate
descriptors for the Free Oral Clearance (FOC) model
described in Appendix I.
Contacts:
E-mail: helpdesk@lohninger.com
Web: www.lohninger.com

TOPKAT TOXICITY ASSESSMENT
TOPKAT is a software package that computes and
automatically validates assessments of toxic and environmental effects of chemicals solely from molecular
structure. TOPKAT employs Quantitative Structure
Toxicity Relationship (QSTR) models for assessing
various measures of toxicity. In addition to selling the
TOPKAT program, Oxford Molecular also provides a
toxicity assessment service for those who would like to
submit individual compounds for analysis. This service
provided LD50 and LOAEL dose estimates for most of
the natural compounds discussed in this book (see Appendix I).
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Contacts:
Oxford Molecular Group, Inc.
11350 McCormick Road, Executive Plaza III,
Suite 1100
Hunt Valley, MD 21030
Web: www.oxmol.com
Phone: (410) 527-4500
Sales: (800) 876-9994

WINNONLIN



WinNonlin is comprehensive pharmacokinetic,
pharmacodynamic, and PK/PD link modeling program
that supports both compartmental and noncompartmental analysis. It allows simultaneous fitting of functions

and differential equations, complex statistical analysis,
analysis and simulation based on predefined and user
defined libraries, and complex graphical output.
WinNonlin was used to conduct all pharmacokinetic
modeling and produce all pharmacokinetic graphics that
appear in this book. WinNonlin is a registered trademark of Pharsight Corporation.
Contacts:
Pharsight Corporation
800 W. El Camino Real, Suite 200
Mountain View, CA 94040
E-mail: info@pharsight.com
Web: www.pharsight.com
Phone: 650-314-3800
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NATURAL COMPOUNDS RESEARCH FUND
This book presents many reasons to believe that natural compounds hold promise in cancer treatment. The
field is in its infancy, however, and many new studies
are needed. The anticancer effects of natural compounds, both alone and in combination, must be better
characterized, and their potential to cause adverse effects must be more fully investigated. Completion of
these tasks will require adequate funding, but such funding is not easily obtained through traditional sources. If
the ideas and material presented here inspire you, and if
you have the ability to help, we need your assistance.
M. D. Anderson Cancer Center at the University of
Texas in Houston has agreed to create a fund expressly
for donations to further research on natural compounds
in cancer treatment. My colleague, Robert A. Newman,

Ph.D., Pharmacology Section Chief, will directly oversee this fund. M. D. Anderson Cancer Center is one of
the world’s leading cancer research institutions; information about it can be found at www.mdanderson.org.
All donations will be deeply appreciated and will help
further scientific investigation of nontoxic natural compounds in cancer therapy. For additional information on
this fund, please visit the Oregon Medical Press web site
at www.ompress.com. Tax-deductible donations can be
sent to:
M. D. Anderson Cancer Center
P.O. Box 297153
Houston, Texas 77297
Attention: Natural Compounds Research Fund

ACRONYMS
1,25-D3
AFR
AP-1
ATP
ATRA
AUC
bFGF
CAM
CAPE
CD
Cdk
CL
COX-1 and -2
DADS
DHA
DHAsc
DNA
ECM
EGCG
EGF
EPA
FGF
FOC
g
GAG
GGT
GM-CSF
GTE
H2O2
HMGR
I.U.
IC50
ICAM
IFN
IGF
IL
kg
LAK
LD50
LOAEL
LT

active form of Vitamin D3
ascorbate free radical
activator protein-1
adenosine triphosphate
all-trans retinoic acid
area under the curve
basic fibroblast growth factor
cell adhesion molecule
caffeic acid phenethyl ester
cluster of differentiation (e.g., CD44)
cyclin-dependent kinase
clearance
cyclooxygenase 1 and 2
diallyl disulfide
docosahexaenoic acid
dehydroascorbate
deoxyribonucleic acid
extracellular matrix
epigallocatechin gallate
epidermal growth factor
eicosapentaenoic acid
fibroblast growth factor
free oral clearance
grams
glycosaminoglycan
gamma-glutamyl transpeptidase
granulocyte-macrophage colony
stimulating factor
green tea extract
hydrogen peroxide
hydroxymethylglutaryl-coenzyme A
reductase
international units
50% inhibitory concentration
intercellular adhesion molecule
interferon
insulin-like growth factor
interleukin (e.g., IL-2)
kilograms
lymphokine-activated killer cell
lethal dose (in 50% of animals)
lowest-observable-adverse-effects level
leukotriene (e.g., LTB4)

m2
MAPK
mg, mM
MHC
MMP
MRD
MTD
NAC
NADH
NF-κB
ng, nM
NK cell
NO •
NOAEL
O2
O2 • –
OH •
PDGF
PG
PhK
PI kinase
PKC
PSK
PSP
PTK
RNA
ROS

square meters of body surface area
mitogen-activated protein kinase
milligrams, millimoles
major histocompatibility complex
matrix metalloproteinase
maximum recommended dose
maximum tolerated dose
N-acetylcysteine
reduced nicotinamide adenine dinucleotide
nuclear factor-kappa B
nanograms, nanomoles
natural killer cell
nitric oxide
no-observable-adverse-effects level
molecular oxygen
superoxide radical
hydroxyl radical
platelet-derived growth factor
prostaglandin (e.g., PGE2)
phosphorylase kinase
phosphatidylinositol kinase
protein kinase C
polysaccharide K
polysaccharide peptide
protein tyrosine kinase
ribonucleic acid
reactive oxygen species

SAM
SECO
SHBG

S-adenosylmethionine
secoisolariciresinol
sex hormone binding globulin

SOD
TGF
TIMP
TNF
TOC
TTFCA
µg, µM
uPA
VCAM
VEGF
VES

superoxide dismutase
transforming growth factor
tissue inhibitors of metalloproteinase
tumor necrosis factor
total oral clearance
total triterpenic fraction of Centella asiatica
micrograms, micromoles
urokinase plasminogen activator
vascular cell adhesion molecule
vascular endothelial growth factor
vitamin E succinate
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Page numbers in bold refer to the location of the topic’s primary discussion. Page numbers in italics refer to information contained in tables. Please refer to the acronym list for all abbreviations.

Allometric equation, 381
All-trans retinoic acid (ATRA), 317–21.
1,25-D3, 322–26. See also Vitamin D3
See also Vitamin A
and angiogenesis, 97
and angiogenesis, 97, 324
and apoptosis, 33, 396
and apoptosis, 33, 394
and cell migration, 110, 419
and chemotherapy, 354
and chemotherapy, 352
and collagen/collagenases, 109, 419
and differentiation, 31, 391
and differentiation, 31, 391
and gap junctions, 72
and drug detoxification, 358
and integrins, 69
and E-cadherin, 71
and NF-κB, 60
and FOC model, 434
and ORIN model, 439, 441
and gap junctions, 72
and p21/p27, 43, 404
and ORIN model, 441
introduction to, 7
and p21/p27, 43, 404
molecular weight of, 376
and p53, 56
ranking of by studies, 9
and polyamines, 387
structure of, 375
and ras, 44
synergism of in combinations, 149–50
and TGF-beta, 33
therapeutic category of, 8
and TNF, 95
and topoisomerases, 25, 385
molecular weight of, 376
A
potency of conjugates, 455
Absorption, relation of to dose, 154
structure of, 375
Acanthopanax senticosus. See
synergism of in combinations, 149–51,
Eleutherococcus senticosus
266
Activator protein-1 (AP-1), 56–60
Aloe vera, 288
and flow of proliferation signals, 23
Aloe-emodin, 288, 373, 376, 470
and procancer events, 159
Alpha2-macroglobulin, 133–34
and selenium, 166
Alpha-lipoic acid, 355–56
and VEGF, 91
and copper chelation, 98
inhibition of by nonantioxidants, 60
and glutathione, 232, 233
Active immunotherapy, 126
and NF-κB, 59
Adaptive immune system, 119–21
and ORIN model, 441
Adaptogens, definition of, 205n.
molecular weight of, 376
Additive effects, definition of, 147n.
Anemia, and iron/copper, 170, 171, 172
Adenine, structure of, 369
Angiogenesis, 79–88, 91–98
Adenosine triphosphate (ATP), 38, 39, 346,
and 1,25-D3, 97, 149, 324
347
and apigenin, 417
Aesculus hippocastanum. See Horse
and ATRA, 97, 149
chestnut
and bFGF, 86–87, 96
Aglycones
and butcher’s broom, 306
description of, 251n., 452
and calorie intake, 218
potency of vs. glycoside, 454–56
and CAMs, 67
Albumin, 53n., 171, 235, 318
and carcinogenesis, 1
Alkylating drugs, 19, 25
and Centella, 301
Allicin. See also Garlic
and collagen synthesis, 109
and ORIN model, 440
and copper inhibitors, 97–98, 171
and TOPKAT model, 437, 438
and curcumin, 278
molecular weight of, 376
and EGCG, 262
pharmacokinetics of, 451
and eicosanoids, 83–85, 92–93, 217
structure of, 370
and fibrin, 85–86, 95–96
Allinin, 236, 376
and gene expression, 23
Allium sativum. See Garlic
and genistein, 257, 258

1

and ginseng, 308
and glutamine, 234
and growth factors, 39
and histamine, 96
and horse chestnut, 305
and hyaluronic acid, 106
and inflammation, 81–87
and interferons, 127
and lactic acid and insulin, 87–88, 96
and macrophages, 93–95, 124
and metastasis, 113, 116
and molybdenum, 172
and NF-κB/AP-1, 57
and omega-3 fatty acids, 218, 219, 410
and PKC, 41
and proteases and glycosidases, 107
and PSK, 207
and PTK, 40, 107
and selenium, 166
and TGF-beta, 33
and TIMPs, 109
and VEGF, 82, 91–92
and vitamin C, 419
and wound healing, 81–87
as a procancer event, 2
assays for, 159
definition of, 79
factors for, 81
mechanics of, 79–80
Angiostatin, 80
Anthocyanidins, 263–66
and collagen/collagenases, 109, 418
and polyamines, 387
and vascular permeability, 92, 409
anticoagulant effects of, 116
description of, 251
dose estimates for, 461–63
half-life of, 451
in combination design, 157
introduction to, 7
metabolism of, 452–54
molecular weight of, 376
potency of glycosides, 455
ranking of by studies, 9
structure of, 371
therapeutic category of, 8
Anthraquinones, 286, 287, 288, 373, 471
Antibodies, 120, 121, 122, 123, 126
Anticancer, definition of, 163n.
Anticoagulants, 115, 116, 242
Antigenic, definition of, 125
Antigen-presenting cells, 121, 122
Antigens
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and alpha2-macroglobulin, 134
and immune evasion, 126
and membrane fluidity, 220
and MHC molecules, 120
complexes of and proteases, 134, 240
expression of and interferons, 127
neutralization of by antibodies, 121
presentation of and omega-3 fatty acids,
139
Anti-inflammatory actions
of antioxidants, 59
of apigenin, 70, 457
of aspirin and glucocorticoids, 57
of boswellic acid, 107, 302, 303, 304
of bromelain, 133
of butcher’s broom, 306
of curcumin, 278, 279, 280, 351
of cyclooxygenase inhibitors, 84, 85
of Eleutherococcus, 205
of emodin, 287
of enzyme mixtures, 240
of garlic, 236
of luteolin, 457
of NF-κB inhibitors, 60
of omega-3 fatty acids, 84, 139, 218
of propolis, 275
of quercetin, 457
of resveratrol, 285
of triterpenoids, 300
Anti-inflammatory compounds
and immunosuppression, 137, 138
and invasion, 115
and radiotherapy, 357
as inhibitors of angiogenesis, 91, 94, 95
combined with antioxidants, 194
synergism of in combinations, 149
Antioxidants
and angiogenesis,
and lactic acid, 96
and VEGF, 91, 95
and cachexia, 222
and chemotherapy, 344–45, 354
and gap junctions, 71
and gene methylation, 21
and glutathione, 232
and iron, 168–69
and metastasis, 114, 195
and NF-κB, 57, 59
and p21/p27, 43
and p53, 56
and procancer events, 159
and radiotherapy, 356–58
and selectins, 70
and selenium detoxification, 164, 165
curcumin as, 278, 279
cycling of, 52
definition of, 52
garlic as, 236
implications for cancer therapy, 22, 179,
190–95
in cancer prevention, 195
in immune support, 132
melatonin as, 331
phenolic compounds as, 255–56

primary and secondary, 179
prooxidant effects of, 53, 61, 189–90
protection of collagen, 109
resveratrol as, 285
synergism of in combinations, 149, 190,
327
types of, 19
use with fish oil, 224
vitamin E as, 327
withholding of as therapy, 22
Antitumor, definition of, 163n.
Apigenin, 252–59
and angiogenesis,
and eicosanoids, 93
and histamine, 96
and lactic acid, 96
effects on, 92
and apoptosis, 33, 394
and ATP, 42
and cell migration, 110, 419
and chemotherapy, 350
and differentiation, 31, 391
and drug detoxification, 358
and eicosanoids, 410
and FOC model, 434
and gap junctions, 72
and histamine, 412
and hyaluronidase, 108, 417
and ICAM/VCAM, 70
and immunosuppression, 138
and MAPK, 42
and NF-κB, 60
and ORIN model, 440
and p21/p27, 43, 404
and PI kinase, 42
and PKC, 42, 402
and polyamines, 387
and PTK, 40, 401
and ras, 42, 44
and TOC model, 436
and TOPKAT model, 437, 438
and topoisomerases, 25, 385
anticancer effects of, 256–58, 493
anticoagulant effects of, 116
as antioxidant, 255–56
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 258–59, 456–59
estrogenic effects of, 253–55
in combination design, 157
in feverfew, 310
in propolis, 275
introduction to, 7
metabolism of, 452–54
molecular weight of, 376
potency of glycosides, 455
prooxidant effects of, 189
ranking of by studies, 9
structure of, 371
synergism of in combinations, 150–51
therapeutic category of, 8
Apoptosis, 31–33
and angiogenesis, 79
and antioxidants, 191, 193, 195, 344–45

and Bcl-2, 58
and boswellic acid, 303
and CAMs, 67
and carcinogenesis, 1
and caspases, 57
and chemotherapy, 187, 344–45
and curcumin, 189
and detachment from the ECM, 106
and do not die signals, 23, 24, 37
and EGCG, 189
and Fas membrane receptors, 139
and glutathione, 231
and leukotrienes, 93
and metastasis, 113, 114
and monoterpenes, 299, 393, 472
and NF-κB/AP-1, 57, 59
and oncogenes, 18
and p53, 16, 55, 56
and PTK, 40, 69
and ras, 44
and ROS, 57, 61
and selenium, 165
and TGF-beta, 33
and vitamin C, 181
and vitamin K3, 188
as a goal for therapy, 29
compounds that induce, 33, 394, 395,
396
definition of, 31
in cells kept from the cell cycle, 31
Arachidonic acid
and eicosanoid synthesis, 84, 93, 216
and lipid peroxidation, 219
and membrane fluidity, 220
and PKC, 41
structure of, 370
Arctigenin, 281–82
and differentiation, 31, 391
and FOC model, 434
and TOC model, 436
and TOPKAT model, 437, 438
category of based on doses, 155
degree of synergism needed for, 152
dose calculations for, 466–67
in combination design, 157
introduction to, 7
molecular weight of, 376
potency of glycosides, 455
ranking of by studies, 9
structure of, 372
synergism of in combinations, 150–51
therapeutic category of, 8
use of in decoctions, 156
Arctiin, 281, 376, 467
Arctium lappa. See Arctigenin
Area under the curve (AUC), definition of,
378
Arginine, 97, 349
Aromatase inhibitors, 282
Artemisinin, 309, 375, 376, 434, 478
Ascorbate free radical, 182, 183, 370
Ascorbic acid. See Vitamin C
Asiatic acid. See also Centella
and FOC model, 434
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and TOPKAT model, 437
molecular weight of, 376
structure of, 374
Aspirin
and CAMs, 70
and cyclooxygenases, 84, 85
and infections, 138
and metastasis, 115
and NF-κB, 57
Assays, 158, 169
Astragalus membranaceus, 204
and chemotherapy, 348
anticoagulant effects of, 116
as immune stimulant, 132, 425
in combination design, 157
in herbal formulas studied, 135–37, 427,
428
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
use of in decoctions, 156
Ayurvedic medicine, 149

B
B lymphocytes, 120, 121, 122, 123, 204
Bacterial antigens, 122, 126
Basal cell carcinoma, 127, 167
Basement membrane
and invasion, 105, 109
and metastasis, 107, 108, 113, 116
and PSK, 206
collagen composition of, 108
damage to and cell arrest, 115
description of, 79
synthesis of and hypoxia, 95
Basic fibroblast growth factor (bFGF)
and procancer events, 159
and PSK, 207
as bound to the ECM, 105
assays for, 159
description of, 39
in angiogenesis,
and cyclooxygenase inhibitors, 93
as a factor for, 86–87, 96
stimulation of by TNF, 94
Basophils, 82, 121
Bax gene
and apoptosis, 32
and flow of proliferation signals, 23
and p53, 55
description of, 18
BCG bacterial product, 126, 195
Bcl-2 gene
activation of by integrins, 69
and apoptosis, 58, 61
and drug resistance, 345
and flow of proliferation signals, 23
description of, 18
Beta-carotene, 321–22
and chemotherapy, 344, 353, 354
and gap junctions, 71
prooxidant effects of, 189, 190
synthesis of, 44

Beta-glucuronidase, 107–8
in-vitro anticancer studies of, 93, 131,
Bile flow, and curcumin, 278
158, 188, 303, 346, 394, 395, 420,
Bioavailability, relation of to dose, 448
494
Bladder cancer
Breast cancer
and differentiating agents, 30
and combination design, 158
and immunotherapy, 126, 127
and differentiating agents, 30
animal antitumor studies of, 209, 348
and HER-2/neu, 18
human anticancer studies of, 195
and IGF, 39
in-vitro anticancer studies of, 419, 420,
and immunotherapy, 126
425, 494
and macrophage infiltration, 94
risk of due to immunosuppression, 124–
and sunlight deprivation, 325n.
25
animal antitumor studies of
Bleomycin
and 1,25-D3, 97, 149, 324
and curcumin, 279, 351
and EGCG, 262
and enzyme mixtures, 241
and emodin, 287, 351
and vitamin C, 354
and exercise, 218
and vitamin E, 353, 354
and flaxseed, 283
mode of action, 25, 187
and genistein, 254, 258
Blood vs. plasma concentrations, 449n.
and glutathione, 233
Bloodletting, 170
and hydroxymatairesinol, 284
Bone marrow
and IL-2 and prostaglandin inhibitors,
and circadian rhythms, 137
138
and retinyl ester uptake, 479
and luteolin, 255
as source of immune cells, 119
and monoterpenes, 298, 393
proliferation rate of, 30
and omega-3 fatty acids, 69, 219, 349,
protection of by herbal formulas, 136,
410, 418
209
and omega-6 fatty acids, 216, 217,
stem cells in, 29
418
Bone marrow transplantation, 233, 234, 357
and selenium, 91, 166
Boswellic acid (in Boswellia spp.), 302–4
and soybeans, 254
and apoptosis, 33, 394
and sulfated polysaccharides, 108
and cell migration, 419
and vitamin A, 149, 319, 324
and differentiation, 31, 391
and vitamin E, 328
and eicosanoids, 93, 302, 410
human anticancer studies of, 133, 187,
and FOC model, 434
205, 208, 218, 241, 242, 349, 352
and hyaluronidase, 417
in-vitro anticancer studies of
and invasion,
and 1,25-D3, 323, 352, 396, 404
and cell migration, 110
and apigenin, 254, 493
and GAG production, 107, 109
and caffeic acid, 277
and hyaluronidase, 108
and curcumin, 150, 278, 394
and ORIN model, 441
and EGCG, 262, 404
and TOPKAT model, 437
and emodin, 158, 287, 392
and topoisomerases, 25, 385
and enterolactone, 254, 283
category of based on doses, 155
and genistein, 97, 150, 254, 350, 392,
degree of synergism needed for, 152
395, 418, 493
dose estimates for, 475
and hypericin, 289
in combination design, 157
and large combinations, 150, 151
introduction to, 7
and luteolin, 254, 255
molecular weight of, 376
and melatonin, 71, 135, 331, 420
oral clearance of, 474
and omega-3 fatty acids, 219, 418
ranking of by studies, 9
and omega-6 fatty acids, 219, 418
structure of, 374
and proanthocyanidins, 266
synergism of in combinations, 150–51
and quercetin, 350, 494
therapeutic category of, 8
and resveratrol, 285, 286
Brain cancer
and selenium, 43, 396, 403
and combination design, 158, 159
and silymarin/silybin, 404, 467
and differentiating agents, 30
and vitamin A, 318, 391, 394, 419
and immunotherapy, 127
and vitamin C, 348
and lack of metastasis, 113
and vitamin E, 327, 396
animal antitumor studies of, 98, 166,
volume doubling time, 30
171, 194, 303
Bromelain, 239–43
human anticancer studies of, 163, 304,
and cell migration, 110, 419
332, 357, 358
and differentiation, 31, 391, 392
and fibrinolysis, 96
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and metastasis, 115
anticoagulant effects of, 116
dose-dependent bioavailability of, 448
in combination design, 157
in immune support, 132, 133–35
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
therapeutic category of, 8
Bu Zhong Yi Qi Tang (formula), 209, 427
Burdock. See Arctigenin
Busulfan, 25
Butcher’s broom, 306–7. See also
Ruscogenins
and vascular permeability, 92, 409
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8

C
Cachexia
and glutamine, 233
and interferons, 127
and melatonin, 355
and omega-3 fatty acids, 218, 220–22
and resveratrol, 285
and vitamin E, 327, 329
definition of, 221
Cadherins, 20, 70–71, 110
Cadmium, and p53, 55
Caffeic acid
and bile flow, 278
and drug detoxification, 358
and FOC model, 434
and ORIN model, 440
and TNF, 95
and TOC model, 436
as antioxidant, 255
as metabolite of CAPE, 277
molecular weight of, 376
pharmacokinetics of, 463
structure of, 371
Caffeic acid phenethyl ester (CAPE), 275–
78
and apoptosis, 33, 394
and differentiation, 31, 392
and EGF/PDGF, 91
and eicosanoids, 93, 410
and FOC model, 434
and gap junctions, 72
and NF-κB, 60
and ORIN model, 440
and PKC, 42, 402
and polyamines, 387
and PTK, 40, 401
and TOC model, 436
and TOPKAT model, 437
as immune stimulant, 131
category of based on doses, 155
dose estimates for, 463–65
in combination design, 157
introduction to, 7

molecular weight of, 376
ranking of by studies, 9
structure of, 371
synergism of in combinations, 150–51
therapeutic category of, 8
Calorie intake, and cancer progression, 217
Camellia sinensis. See EGCG
Camptothecin, 25, 385
Cancer prevention
and 1,25-D3, 325
and antioxidants, 195
and beta-carotene, 321–22
and caffeic acid, 464
and CAPE, 276
and curcumin, 278, 279
and EGCG, 260, 261
and enterolactone, 282
and flaxseed, 283
and garlic, 236
and ginseng, 307, 308
and glutathione, 231
and inflammation, 22
and methyl donors, 25–26
and monoterpenes, 298, 299
and NAC, 195
and polyamine inhibitors, 386
and protocatechuic acid, 266
and quercetin, 259
and resveratrol, 285
and selenium, 163, 167, 322
and soybeans, 254, 257
and the immune system, 124–25
and vitamin A, 317, 322
and vitamin E, 322, 326, 329, 387
and whey proteins, 235
Canola oil, 216
Carboplatin, 344, 352, 355
Carcinogenesis
and oncogenes, 18
latency period of, 22
process of, 1–2
stimulated by
beta-carotene, 321–22
cadmium, 55
caffeic acid, 464
copper, 55
emodin, 288
fat intake, 215, 217
insulin, 88, 97, 217
iron, 53, 168
quercetin, 259
vitamin E, 190
zinc deficiency, 55
Caspases, 57
Catalase
and prevention of cytotoxicity, 188
antioxidant effects of, 19
function of, 53
inhibition of by curcumin, 394
iron in, 168
production of by cancers, 184, 186
Catechin
and chemotherapy, 344
and FOC model, 434

and lipid peroxidation, 224
and radiotherapy, 357
and TOC model, 436
as antioxidant, 255
in green tea, 260
molecular weight of, 376
potency of conjugates, 456
structure of, 371
CD4 T lymphocytes, description of, 121
CD44 surface molecules
and bromelain, 133, 239, 419
and hyaluronidase, 419
and invasion, 110–11
and metastasis, 115
and PKC, 420
and PTK, 420
assays for, 159
CD8 T lymphocytes, description of, 121
Cell adhesion molecules (CAMs), 67–71.
See also Cadherins; Integrins;
Selectins; VCAM; ICAM
and angiogenesis, 80
and immune evasion, 126
and membrane fluidity, 220
and metastasis, 114, 115
and NF-κB/AP-1, 57
and procancer events, 159
and signal transduction, 2
Cell arrest
and CAMs, 68
and metastasis, 114
and trauma, 115, 116
Cell cycle, 15–17
and AP-1, 56
and cyclins, 42
cells entering, and antioxidants, 194, 345
effect of on chemotherapy, 31
preventing cells from entering, 31
Cell migration, 110–11
and boswellic acid, 303
and CAMs, 67, 69
and CD44, 110–11
and hyaluronic acid, 106
and immunosuppression, 137, 138
and membrane fluidity, 220
and metastasis, 114
and NF-κB/AP-1, 57
and procancer events, 159
and PTK, 40
and retinol, 419
and vitamins C and E, 427
compounds that affect, 110, 419, 420
of mast cells, 96
Cell-to-cell communication. See also
CAMs; Gap junctions
and wound healing, 37
as a procancer event, 2
Centella asiatica, 300–302. See also Asiatic
acid
and collagen/collagenases, 109, 418
and GAG production, 109
and hyaluronidase, 108, 417
and vascular permeability, 92, 409
category of based on doses, 155

Index

degree of synergism needed for, 152
dose estimates for, 474
in combination design, 157
introduction to, 7
molecular weight of TTFCA, 376
ranking of by studies, 9
therapeutic category of, 8
c-erb-2. See HER-2/neu
Ceruloplasmin, 171, 172
Cervical cancer
and hypomethylation, 26
in-vitro anticancer studies of, 276, 287,
310, 394
risk of due to immunosuppression, 124–
25
Chalcones, 252, 257, 370
Chelating compounds, 98, 170, 171, 255
Chemotherapy drugs. See also individual
drugs
and alpha-lipoic acid, 355–56
and antioxidants, 191, 193, 194, 195,
344–45, 354
and apoptosis, 31, 344–45
and Astragalus, 204
and bromelain, 239, 240, 242
and caffeic acid, 277
and chelating compounds, 170
and circadian rhythms, 159
and curcumin, 351
and drug resistance, 345–47
and drug uptake, 220
and EGCG, 350–51
and emodin, 287, 351
and enzyme mixtures, 349–50
and Ganoderma, 205
and garlic, 349
and ginseng, 307, 351
and glutamine, 233–35, 349
and glutathione, 231
and hyaluronidase, 107
and iron release, 169
and lentinan, 206
and mechanism-based approach, ix, 343
and melatonin, 354–55
and natural compounds, 343–59
and omega-3 fatty acids, 218, 220, 348–
49
and p53, 56
and plantain, 222
and polysaccharides, 348
and PSK/PSP, 206–8, 426
and risk of secondary cancers, 187
and selenium, 347
and silybin, 467
and tumor blood supply, 80
and vitamin A, 351–52
and vitamin C, 348
and vitamin D3, 352
and vitamin E, 353–54
cellular targets of, 24–25
combined with Chinese medicine, 135–
37
effect of cell cycle on, 31
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metabolism of and natural compounds,
358–59
potency of vs. natural compounds, 4
synergism of in combinations, 148
Chinese herbal medicine
and Arctium, 281, 467
and Astragalus, 204
and Boswellia, 302, 304
and Curcuma, 278
and Eleutherococcus, 205
and Ganoderma, 205
and garlic, 236, 452
and ginseng, 307, 477
and horse chestnut, 305
and Polygonum, 470
and Schizandra, 466
and synergistic combinations, 149
anticancer studies of, 135–37
composition of formulas, 427, 428
theories of, xii
Cholesterol
and curcumin, 278
and garlic, 46, 236
and HMGR inhibitors, 46
synthesis of, 44
Chondroitin sulfate
and ORIN model, 440
half-life of, 451
in the ECM, 105
molecular weight of, 376
pharmacokinetics of, 449
Chromosomes, description of, 14
Chylomicrons, 318, 319, 479–80
Chymotrypsin, 133, 239–43
Circadian rhythms
and combination design, 159
and immunostimulants, 137
and melatonin, 333
Cisplatin
and 1,25-D3, 352
and alpha-lipoic acid, 356
and antioxidants, 344, 345, 354
and Astragalus, 348
and curcumin, 280, 351
and EGCG, 351
and emodin, 351
and glutathione, 233
and HMGR inhibitors, 344
and melatonin, 222, 355
and omega-3 fatty acids, 348
and PSK, 207
and quercetin, 350
and selenium, 347
and Shi Quan Da Bu Tang, 209
and vitamin A, 351, 352
and vitamin C, 348
and vitamin E, 353
mode of action, 25
Clearance, 378, 382
Clusters of procancer events
actions that inhibit, 159
and synergistic combinations, 148, 153
description of, 2
targeting of in combination design, 157

Cocktails, of cytokines, 128
Coconut oil, 216
Cod liver oil, 216
Coenzyme Q10, 44, 46n., 357
Coley’s toxins, 126
Collagen/collagenases
and alpha2-macroglobulin, 133
and angiogenesis, 81, 109
and boswellic acid, 302
and cell migration, 110
and Centella, 300
and EGCG, 262
and invasion, 107, 108–9
and metastasis, 107
and NF-κB, 56
and PKC inhibitors, 92
and ras, 18
and the ECM, 105
and vitamin C, 182
compounds that affect, 109, 418, 419
synthesis of and hypoxia, 95
Colon cancer
and differentiating agents, 30
and hypomethylation, 26
and immunotherapy, 126
and ras, 43
animal antitumor studies of
and Aloe vera, 288
and antioxidants, 357
and chalcones, 257
and curcumin, 394
and garlic, 237
and lactoferrin, 170
and modified citrus pectin, 70
and monoterpenes, 299
and omega-3 fatty acids, 69, 219, 222,
410, 418
and PSK, 207
human anticancer studies of, 136, 241,
242, 320
in-vitro anticancer studies of
and anthocyanidins, 264
and CAPE, 401
and curcumin, 394
and EGCG, 262, 350, 394
and enterolactone, 283
and genistein, 393, 395, 401, 494
and omega-3 fatty acids, 220, 392,
395
and phenylethyl dimethylcaffeate, 277
and quercetin, 44
and selenium, 396
and vitamin A, 391
Colorectal cancer
and hypomethylation, 26
and p27, 42
and TGF-beta, 33
animal antitumor studies of, 147
human anticancer studies of, 186, 208,
234, 332, 420
in-vitro anticancer studies of, 404
volume doubling time, 30
Combinations, design of, 5, 157–59
Complement proteins, 82, 121, 124, 426
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Complementary medicine, prevalence of, ix
Conjugates
antioxidant effects of, 190
formation of, 154, 452–54
potency of vs. free compound, 454–56
Connexins, 18, 71
Copper, 171–72
and angiogenesis, 97–98
and p53, 55, 56
and ROS production, 53, 61, 169, 183
chelating of, 170
Coriolus versicolor, as source of PSP and
PSK, 7
Corn oil, 216
Curcumin (in Curcuma longa), 278–80
and angiogenesis,
and bFGF, 96
and EGF/PDGF, 91
and eicosanoids, 93
and TNF, 95
and VEGF, 91
and apoptosis, 33, 394
and chemotherapy, 344, 351
and collagen/collagenases, 109, 418
and drug detoxification, 358
and eicosanoids, 410
and FOC model, 434
and lipid peroxidation, 224
and metastasis, 257
and NF-κB/AP-1, 60
and ORIN model, 440
and p53, 55
and PhK, 42
and PKC, 42, 402
and polyamines, 387
and PTK, 40, 401
and TGF-beta, 33
and TOC model, 436
and TOPKAT model, 437
anticoagulant effects of, 116
category of based on doses, 155
dose estimates for, 465–66
in combination design, 157
introduction to, 7
molecular weight of, 376
prooxidant effects of, 189
ranking of by studies, 9
structure of, 372
synergism of in combinations, 149–51
therapeutic category of, 8
Cyanidin, 255, 371, 376
Cyclin proteins, 17, 23, 42
Cyclin-dependent kinases (Cdks), 42–43,
170
Cyclooxygenase inhibitors, 92–93
Cyclooxygenases (COX-1 and -2), 83, 93,
115, 410, 411
Cyclophosphamide
and alpha-lipoic acid, 356
and Astragalus, 204
and Bu Zhong Yi Qi Tang, 348
and curcumin, 279, 351
and garlic, 349
and genistein, 350

and immune stimulants, 344
and melatonin, 355
and omega-3 fatty acids, 349
and vitamin A, 351
and vitamin E, 348, 353
mode of action, 25
Cysteine
and p53, 55
complexed with selenium, 164
in glutathione, 231, 232
in redox reactions, 54, 165
structure of, 369
Cytarabine, 25, 344, 350, 351, 352, 353
Cytochrome P450, 358, 359
Cytokines
and activation of immune cells, 123
and alpha2-macroglobulin, 133–34
and eicosanoid synthesis, 83
and immune stimulants, 132
cocktails of, 128
Cytoplasm, description of, 14
Cytosine, structure of, 369
Cytotoxicity, definition of, 4n.

D
Daidzein, 252–59
and differentiation, 31, 391, 392, 393
and drug detoxification, 358
and drug resistance, 350
and FOC model, 434
and ORIN model, 440
and TOC model, 435
and TOPKAT model, 437, 438
anticancer effects of, 256–58
dose estimates for, 258–59, 456–59
estrogenic effects of, 253–55
introduction to, 7
metabolism of, 452–54
molecular weight of, 376
ranking of by studies, 9
structure of, 371
synergism of in combinations, 150, 303
therapeutic category of, 8
Daunorubicin, 350, 354
Decoctions, description of, 156
Dehydroascorbate (DHAsc), 182, 183, 185,
370
Dendritic cells, 121, 122, 123, 132
Deoxyribonucleic acid (DNA), 13–15
and carcinogenesis, 1
as target for chemotherapy, 24
mutations in, 19
synthesis of and iron, 168
Detoxification
and drug resistance, 346, 347
and glutathione, 231
and monoterpenes, 298
and natural compounds, 358–59
of phenolic compounds, 154, 453
Diallyl disulfide (DADS), 236–38. See also
Garlic
and FOC model, 434
and ORIN model, 440

and TOPKAT model, 437, 438
molecular weight of, 376
structure of, 370
Diarrhea
from fish oil, 223
from monoterpenes, 299, 473
from vitamin C, 187
reduction of by anthocyanidins, 264
reduction of by glutamine, 234
reduction of by herbal formulas, 137
Differentiation, 29–31
and 1,25-D3, 322, 323
and arctigenin, 281
and boswellic acid, 303
and bromelain, 239, 240
and CAMs, 67, 71
and daidzein, 258, 303
and myc genes, 18
and omega-3 fatty acids, 218
and proanthocyanidins, 263, 266
and PTK, 40
and synergistic combinations, 149–50
and TGF-beta, 33, 39
and vitamin A, 317, 319, 320
compounds that induce, 31, 391, 392,
393
definition of, 29
Direct-acting compounds, 8, 157
Disulfide bonds, 54, 165
DNA polymerase, 16, 22, 24, 25
Do die/do not die signals, 23, 24, 32, 37, 69
Docosahexaenoic acid (DHA). See EPA;
Omega-3 fatty acids
Dolichol phosphate, 46
Dose calculations
for phenolic compounds, 454–56
methods used, 153–57, 445–48
Doxorubicin
and 1,25-D3, 352
and alpha-lipoic acid, 356
and antioxidants, 344, 345
and caffeic acid, 277
and curcumin, 351
and EGCG, 350
and emodin, 351
and genistein, 350, 493
and glutamine, 234
and iron release, 169
and melatonin, 355
and omega-3 fatty acids, 97, 349
and PTK inhibitors, 344
and quercetin, 350
and vitamin A, 351, 352, 354
and vitamin C, 348
and vitamin E, 353, 354
mode of action, 25, 187
Drug resistance, 345–47
and EGCG, 350
and flavonoids, 350
and ginseng, 351
and glutathione, 231
and monoterpenes, 299
and p53, 56
and PKC, 41
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and selenium, 347
Drug uptake, and membrane fluidity, 220

E
Eicosanoids. See also PGE2; Leukotrienes
and angiogenesis, 92–93
and garlic, 236, 237
and hyaluronidases, 108
and omega-3 fatty acids, 219
and omega-6 fatty acids, 216–17
and polyamines, 387
and procancer events, 159
compounds that affect, 410, 411
synthesis and effects of, 83–85
Eicosapentaenoic and docosahexaenoic
acids (EPA and DHA), 218–24. See
also Omega-3 fatty acids
and angiogenesis,
and EGF/PDGF, 92
and eicosanoids, 84, 93
and lactic acid and insulin, 97
and TNF, 95
and VEGF, 91
and apoptosis, 33, 395
and cachexia, 220–22
and cell migration, 110, 419
and chemotherapy, 348–49
and collagen/collagenases, 109, 418
and differentiation, 31, 392
and drug detoxification, 358
and eicosanoids, 219, 410
and immunosuppression, 139
and integrins, 69
and isoprene inhibition, 46
and membrane fluidity, 219, 220
and PKC, 42, 403
and radiotherapy, 358
anticoagulant effects of, 116
anti-inflammatory effects of, 139
category of based on doses, 155
clinical use of, 222–24
degree of synergism needed for, 152
in combination design, 157
introduction to, 7
molecular weight of, 376
prooxidant effects of, 218, 219
ranking of by studies, 9
structure of, 370
synergism of in combinations, 150
therapeutic category of, 8
Elastase
and alpha2-macroglobulin, 133
and angiogenesis, 81
compounds that inhibit, 108, 417
Eleutherococcus senticosus, 204–5
and Cdks, 43
and histamine, 96, 412
as immune stimulant, 132, 425
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
Emax (maximum effect) model, 379

Emodin, 287–88
and ATP, 42
and chemotherapy, 351
and collagen/collagenases, 109, 418
and differentiation, 31, 392
and FOC model, 434
and HER-2/neu, 158
and NF-κB, 60
and ORIN model, 441
and PI kinase, 42
and PKC, 42, 402
and PTK, 40, 401
and TNF, 95
and TOC model, 436
and TOPKAT model, 437, 438
anticoagulant effects of, 116
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 470–71
in combination design, 157
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
structure of, 373
synergism of in combinations, 150–51
therapeutic category of, 8
Endometrial cancer, 352
Enterodiol and enterolactone
and flaxseed, 282–84, 468
and FOC model, 434
and TOC model, 435, 436
estrogenic effects of, 254
molecular weight of, 376
structure of, 373
Enzyme mixtures, 239–43
and chemotherapy, 349–50
dose-dependent bioavailability of, 448
in immune support, 133
Epicatechin
and FOC model, 434
and TOC model, 435
and TOPKAT model, 437
as antioxidant, 255
in green tea, 260, 459
metabolism of, 454
molecular weight of, 376
potency of conjugates, 456
synergism of with EGCG, 260
Epidermal growth factor (EGF)
and ECM synthesis, 106
description of, 39
in angiogenesis,
and attraction of mast cells, 96
and PKC inhibitors, 92
and PTK inhibitors, 91
as a factor for, 81
from macrophages, 91, 94
stimulation of VEGF by, 91
Epigallocatechin gallate (EGCG), 260–63
and angiogenesis,
and copper chelation, 98
and EGF/PDGF, 91, 92
and eicosanoids, 93
and histamine, 96

and TNF, 95
and apoptosis, 33, 394
and chemotherapy, 350–51
and collagen/collagenases, 109, 418
and drug detoxification, 358
and eicosanoids, 410
and gap junctions, 72
and histamine, 412
and NF-κB/AP-1, 60
and p21/p27, 43, 404
and PKC, 42, 402
and polyamines, 387
and PTK, 40, 401
and TOC model, 435
and TOPKAT model, 437
category of based on doses, 155
dose estimates for, 459–61
dose-dependent bioavailability of, 448
in combination design, 157
introduction to, 7
molecular weight of, 376
prooxidant effects of, 189
ranking of by studies, 9
structure of, 371
synergism of in combinations, 150–51
therapeutic category of, 8
Epigenetic changes, 20–21, 71
Escin. See also Horse chestnut
and hyaluronidase, 108, 417
molecular weight of, 376
Esophageal cancer, 139, 234
Estradiol, 371, 376
Estrogenic effects
of flavonoids, 253–55
of flaxseed, 282, 283
of omega-6 fatty acids, 217
of PC-SPES, 151
of resveratrol, 285
Etoposide
and antioxidants, 344
and emodin, 351
and melatonin, 222, 355
as a lignan, 280
as a topoisomerase inhibitor, 25, 385
dose-dependent bioavailability of, 448
molecular weight of, 376
structure of, 372
Exercise, and cancer progression, 218
Extracellular matrix (ECM), 105–7
and angiogenesis, 80
and bFGF, 86, 96
and integrins, 68, 69
and vitamin C, 182
definition of, 67
Extracts, types of, 156, 157
Ex vivo, definition of, 91n.

F
Fas membrane receptors, 139
Fatty acids, description of, 215
Fei Liu Ping (formula), 136, 427
Fenton reaction, 169, 171, 184
Ferritin, 169
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Fever, and iron withholding, 170
Feverfew. See Parthenolide
Fiber, and estrogen, 217, 282
Fibrin
and angiogenesis, 85–86, 95–96
and cell arrest, 115
and procancer events, 159
and proteases, 240
Fibrinolysis
and bromelain, 95, 134, 242
and garlic, 95, 236
as aid to chemotherapy, 344
Fibronectin, 105, 106, 108
Fish oil. See EPA; Omega-3 fatty acids
Flavanols, flavanones, and flavones,
description of, 251
Flavonoids, 251–67
and apoptosis, 33
and ATP, 42
and differentiation, 31
and eicosanoids, 93, 410
and histamine, 96, 412
and immunosuppression, 138, 139
and iron reduction, 168–69
and p21/p27, 43
and PKC, 42
and PTK, 40
and radiotherapy, 357
anticancer effects of, 493, 494
anticoagulant effects of, 116
categories of, 251
metabolism of, 452–54
Flaxseed, 282–84
category of based on doses, 155
dose estimates for, 468
estrogenic effects of, 253
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
Flaxseed oil, 216, 222, 223
Fluid extracts, 156
Fluorouracil, 25, 351, 352
Folate, 24, 25, 56
Formula #1, 136, 427
Formula #2, 136, 427
Formulations, types of, 156–57
fos gene
and AP-1, 56
and flow of proliferation signals, 23
and hypomethylation, 26
description of, 18
role of in cell cycle, 17
Free clearance, definition of, 447
Free compound, potency of vs. conjugate,
454–56
Free oral clearance (FOC) model, 431–33
Free radical scavengers, definition of, 52
Free radicals. See ROS

G
Gamma-glutamyl transpeptidase, 61, 233
Ganoderma lucidum, 205–6

anticoagulant effects of, 116
as immune stimulant, 132, 426
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
Gap junctions, 71–72
and carcinogenesis, 1
and procancer events, 159
Garlic, 236–38. See also DADS
and apoptosis, 33, 395
and chemotherapy, 349
and drug detoxification, 358
and eicosanoids, 93, 411
and fibrinolysis, 96
and isoprene inhibition, 46
anticoagulant effects of, 116
as source of selenium, 164
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 450–52
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
Gene expression, 13–15
and flow of proliferation signals, 23
and redox signaling, 51
as a procancer event, 2
Gene, description of, 13
General linear bioavailability limit, 154,
448
Genetic instability, 2, 21
Genistein, 252–59
and angiogenesis,
and EGF/PDGF, 91
and eicosanoids, 93
and histamine, 96
and insulin, 97
and VEGF, 91, 95
effects on, 92
and apoptosis, 33, 395
and ATP, 42
and cell migration, 110, 419, 420
and chemotherapy, 92, 350
and collagen/collagenases, 109, 418
and differentiation, 31, 392, 393
and drug detoxification, 358
and ECM synthesis, 106
and eicosanoids, 410, 411
and FOC model, 434
and gap junctions, 72
and histamine, 412
and hyaluronic acid, 107
and immune evasion, 131
and immunosuppression, 138
and integrins, 69
and NF-κB/AP-1, 60
and ORIN model, 440
and p21/p27, 43, 404
and p53, 56
and polyamines, 387
and PTK, 40, 401
and ras, 44

and TGF-beta, 33
and TOC model, 435
and TOPKAT model, 437, 438
and topoisomerases, 25, 385
anticancer effects of, 256–58, 493, 494
anticoagulant effects of, 116
as antioxidant, 255–56
cancer preventive effects of, 276
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 258–59, 456–59
dose-dependent bioavailability of, 448
estrogenic effects of, 253–55
in combination design, 157
introduction to, 7
metabolism of, 452–54
molecular weight of, 376
potency of conjugates and glycosides,
455
ranking of by studies, 9
structure of, 371
synergism of in combinations, 42, 149–
51
therapeutic category of, 8
Geometric average, definition of, 4n.
Geraniol. See also Monoterpenes
and FOC model, 434
and TOPKAT model, 437
molecular weight of, 376
structure of, 373
Ginseng, 307–9. See also Ginsenosides
and cell migration, 110, 420
and chemotherapy, 348, 351
and drug detoxification, 358
anticoagulant effects of, 116
as immune stimulant, 132, 425, 426
category of based on doses, 155
dose estimates for, 477
in combination design, 157
in herbal formulas studied, 135–37, 427,
428
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
use of as whole root, 156
Ginsenosides. See also Ginseng
and ORIN model, 441
and p53, 56
molecular weight of, 376
structure of, 374
Glucocorticoids, and NF-κB, 57
Gluconeogenesis, 221
Glucose
metabolism of, 87
molecular weight of, 376
relation of to vitamin C, 179
structure of, 370
Glucuronide conjugates
and dose calculations, 454–56
formation of, 154, 452–54
in drug detoxification, 358
Glutamine, 233–35
and cachexia, 222
and chemotherapy, 349

Index

and glutathione, 232
in combination design, 157
in immune support, 132, 133, 426
introduction to, 7
ranking of by studies, 9
structure of, 370
therapeutic category of, 8
Glutathione, 231–33
and alpha-lipoic acid, 355
and apoptosis, 191
and conjugate formation, 154, 358, 453
and drug resistance, 346, 347
and eicosanoids, 93, 411
and gap junctions, 71
and garlic, 236, 237
and glutamine, 234
and metastasis, 114, 195
and procancer events, 159
and selenium detoxification, 164
as antioxidant, 255
concentration of in cancer cells, 192
cycling of and vitamin C, 182, 183
in immune support, 132, 133, 427
intracellular distribution of, 58
molecular weight of, 376
prooxidant effects of, 184, 189
ROS production during synthesis of, 61
structure of, 370
Glutathione peroxidase, 19, 53, 163, 331
Glutathione reductase, 53, 231
Glutathione S-transferase, 231, 346, 347,
358
Glycemic index, and insulin, 97
Glycosaminoglycans (GAGs), 105–7, 108,
159
Glycosidases, and invasion, 107
Glycosides
description of, 251n., 452
potency of vs. aglycones, 454–56
Glycyrrhetic acid, 375, 376, 434, 474
Glycyrrhiza species (licorice), 427, 428,
474
Glycyrrhizin, 376, 439
Grade, definition of, 30
Granulocyte-macrophage colony
stimulating factor (GM-CSF), 68, 123
Granzymes, 123
Green tea extract (GTE). See EGCG
Growth factors
and alpha2-macroglobulin, 133–34
and carcinogenesis, 1
and cell migration, 110
and cell-to-cell communication, 1
and do not die signals, 24, 32, 37
and dolichol phosphate, 46
and ECM synthesis, 106
and flow of proliferation signals, 23
and mechanical forces, 80
and NF-κB/AP-1, 58
and signal transduction, 2, 38
and the cell cycle, 17, 31
as bound to the ECM, 87, 105
definition of, 37
list of, 39
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production of by macrophages, 91
receptors for, 38
Guanine, structure of, 369
Gynostemma pentaphyllum, 137

H
Haber-Weiss reaction, 169, 171
Hair loss
and chemotherapy, 24
and melatonin, 355
and selenium, 166
and vitamin E, 354
Half-life
and radiolabeled studies, 450
effect of on plasma concentrations, 380
of alpha-lipoic acid, 356
of EGCG, 260
of natural compounds, 446, 451
Heat-shock proteins, 346, 350
Helenalin, 375, 437
Heparan sulfate, 87, 105
Heparanases, and invasion, 108
HER-2/neu gene
and combination design, 158
and emodin, 287, 351, 392, 401
description of, 18
immune recognition of, 125
Herbal formulas, composition of, 427, 428
Herpes virus, 125
High-fat diets, 93, 216, 217, 218
High-molecular-weight polysaccharides,
132, 203, 449
Histamine
and immunosuppression, 137, 138, 182
and procancer events, 159
compounds that inhibit, 412
in angiogenesis,
and eicosanoid synthesis, 83
and PKC inhibitors, 92
and vascular permeability, 82
as a factor for, 96
Hodgkin’s disease, 124–25
Horse chestnut, 305–6. See also Escin
and vascular permeability, 92, 409
dose estimates for, 475–76
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
Human immunodeficiency virus (HIV)
and cancer risk, 124
and ginseng, 426
and hypericin, 289
and NF-κB, 56n., 138
Hyaluronic acid, 105–7, 109, 110
Hyaluronidase
and cell migration, 110, 419
and invasion, 107–8
assays for, 159
compounds that inhibit, 108, 417
Hydrogen peroxide. See also ROS
and antioxidant enzymes, 53
and glutathione synthesis, 233

and NF-κB, 56
and TNF, 61
from iron/copper reactions, 53, 168–69,
183
from macrophages, 124
from tumors, 20
introduction to, 19
Hydroxyl radical, 19, 53, 168–69, 183. See
also ROS
Hydroxymatairesinol, 284
Hydroxymethylglutaryl-coenzyme A
reductase (HMGR)
and drug resistance, 299
and garlic, 236
and isoprene synthesis, 44–45
and monoterpenes, 297
anticancer effects of inhibitors, 45–46
inhibitors of and chemotherapy, 344
Hydroxyurea, 25, 352, 354
Hypericin, 288–90
and apoptosis, 33, 395
and cell migration, 420
and drug detoxification, 359
and drug resistance, 346
and NF-κB, 60
and ORIN model, 441
and PI kinase, 42
and PKC, 42, 403
and PTK, 40, 402
and TNF, 95
and TOPKAT model, 437, 438
category of based on doses, 155
dose estimates for, 471–72
in combination design, 157
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
structure of, 373
therapeutic category of, 8
Hypericum perforatum. See Hypericin
Hyperviscosity syndrome, 241
Hypoxia
and angiogenesis,
and endothelial cell proliferation, 80
and lactic acid, 87
and macrophages, 95
and VEGF, 91
and AP-1, 58
and invasion, 109

I
Ibuprofen, 85, 138, 433
IC50, definition of, 8
Immune evasion, 125–26. See also IL-10;
PGE2; TGF-beta
and antigen-antibody complexes, 134
and carcinogenesis, 1
and fibrin, 86
and glutamine, 235
and hyaluronic acid, 106
and macrophages, 94
and metastasis, 113
and procancer events, 159
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and TNF, 95
as a procancer event, 2
compounds that inhibit, 131
inhibition of by PSK, 207
Immune stimulants
and circadian rhythms, 159
and resting periods, 159
and TNF, 95
and tumor blood supply, 80
arctigenin as, 281
ginseng as, 307
hindered by immunosuppression, 138
in combination design, 157, 159
natural compounds as, 8, 132, 425, 426,
427
omega-3 fatty acids as, 223
synergism of with chemotherapy, 344
Immune surveillance, 124
Immune system
and cancer prevention, 124–25
cell types of, 119–21
compounds that stimulate, 131–37
compounds that suppress, 137–39
evasion of, 125–26
in cancer treatment, 126–28
overview of, 119–28
role of cytokines, 123
role of iron withholding, 169
role of MHC and antigen presentation,
122
Immunogenicity, 125, 159
In vitro and in vivo, definitions of, 4n.
Indirect-acting compounds, 8, 157
Indomethacin, 108
Infection
and garlic, 236
and iron, 168, 169, 170
Inflammation. See also Anti-inflammatory
actions
and angiogenesis, 81–87
and bromelain, 239
and carcinogenesis, 1
and cell arrest, 115
and cell proliferation, 37
and HIV and cancer, 138
and hypoxia, 87
and immunosuppression, 138
and iron release, 169
and mutation rates, 22
and necrosis, 31, 345
and NF-κB/AP-1, 56–59
and oncogenes, 18
and proteases and glycosidases, 107
and ROS production, 53, 61
and vitamin C uptake, 185
Infusions, description of, 156
Innate immunity, 119–21
Insulin
and angiogenesis, 87–88, 97
and ECM synthesis, 106
and omega-3 fatty acids, 349
and procancer events, 159
Insulin resistance, 92, 97, 217, 221

Insulin-like growth factor (IGF), 39, 46,
106
Integrins, 68–69, 110
Intercellular adhesion molecule (ICAM), 70
and NF-κB/AP-1, 56–59
and T-lymphocyte docking, 120
Interferons
and anti-inflammatory compounds, 138
and immune stimulants, 132, 425, 426,
427
and p53, 56
and polysaccharides, 203
and PSK, 207
in immunotherapy, 127, 128
production and role of, 123, 124
Interleukins
and alpha2-macroglobulin, 134
and angiogenesis, 81
and bromelain, 239
and cachexia, 221
and immune stimulants, 132
and NF-κB/AP-1, 56–59
and omega-3 fatty acids, 139
and polysaccharides, 203
IL-10, 61, 123, 126, 131, 203
IL-2
and Astragalus, 204
and glutathione, 133, 231
and immune stimulants, 425, 426, 427
and melatonin, 135, 330, 332
and procancer events, 159
and selenium, 133
in immunotherapy, 127, 128
synergism of in combinations, 138,
147
production and role of, 123, 124
Intraperitoneal dosing, scaling to oral, 10
Invasion, 105–11
and 1,25-D3, 322, 323, 419
and alpha2-macroglobulin, 133
and angiogenesis, 81, 92
and anticopper therapies, 98
and bFGF release, 86
and butcher’s broom, 306
and carcinogenesis, 1
and CD44, 110–11
and collagenases, 108–9
and curcumin, 278, 418
and E-cadherin, 71
and EGCG, 261, 262
and gene expression, 23
and genistein, 418, 419, 420
and ginseng, 307
and growth factors, 39
and heparanases, 108
and horse chestnut, 305
and hyaluronidase, 107–8
and integrins, 69
and iron release, 169
and melatonin, 71, 420
and metastasis, 113
and omega-3 fatty acids, 69, 218, 418
and omega-6 fatty acids, 216, 217, 418
and PGE2, 217

and PKC, 41, 158, 420
and PSK, 206, 418
and ras, 18
and superoxide radicals, 20
and the ECM, 87, 105–7
and ursolic acid, 418
and vitamin A, 318, 319, 419
and zinc, 172
as a procancer event, 2
definition of, 105
Iron, 168–71
and copper metabolism, 171
and p53, 56
and ROS production, 53, 61, 183, 185
release of during necrosis, 344, 345
Isoflavonoids, description of, 251
Isoprenes, 44–45
and garlic, 236, 237, 238
and monoterpenes, 297
and procancer events, 159
inhibitors of, 45–46

J
jun gene
and AP-1, 56
and flow of proliferation signals, 23
description of, 18
role of in cell cycle, 17

K
Kaempferol, 251, 371, 376, 453
Kaposi’s sarcoma, 124–25, 127
Keratin sulfate, 105
Kidney cancer
and immunotherapy, 126, 127
animal antitumor studies of, 97, 324, 425
immunogenicity of, 125
in-vitro anticancer studies of, 394, 425
risk of due to immunosuppression, 124–
25
Kinins, and angiogenesis, 81
Krestin. See Shiitake

L
Lactic acid
and angiogenesis, 87–88, 96
and cachexia, 221
and macrophages, 95
and omega-3 fatty acids, 349
and procancer events, 159
Lactoferrin, 169, 170, 235
Lamin proteins, 45
LD50
and TOPKAT model, 435–37
definition of, 154
relation of to LOAEL dose, 436
Lentinan, 132, 203, 205, 206, 426
Lentinus edodes. See Shiitake
Leukemia
and differentiating agents, 30
and immunotherapy, 126, 127

Index

and NF-κB, 56
animal antitumor studies of
and alpha-lipoic acid, 356
and boswellic acid, 30, 303, 391
and daidzein, 30, 258, 392
and emodin, 287
and geraniol, 299
and parthenolide, 310
and selenium, 166
and Shi Quan Da Bu Tang, 209
and vitamin A, 352
and vitamin C, 348
and vitamin E, 353
human anticancer studies of, 208, 234,
320, 352
in-vitro anticancer studies of
and 1,25-D3, 69, 149, 150, 352, 404
and apigenin, 391, 394, 493
and arctigenin, 281, 391
and boswellic acid, 150, 303, 385,
391, 394
and bromelain, 240, 391
and cholesterol, 46
and curcumin, 149, 278, 394
and daidzein, 150, 303, 392
and EGCG, 262, 394, 412
and emodin, 287
and enterodiol, 283
and Ganoderma, 132
and garlic, 395
and genistein, 149, 350, 392, 393,
395, 411, 494
and ginseng, 351
and hypericin, 395
and lipoxygenase inhibitors, 93
and luteolin, 393, 493
and omega-3 fatty acids, 139, 220,
392, 395
and papain, 392
and proanthocyanidins, 266
and protease combinations, 391
and PSK, 188, 206
and quercetin, 44, 350, 393, 396, 402,
403, 494
and resveratrol, 286, 393, 396
and ruscogenins, 306
and vitamin A, 149, 150, 318, 319,
351, 391, 404
and vitamin C, 186, 188
and vitamin E, 149, 396
risk of due to immunosuppression, 124–
25
Leukocytes
and CD44, 110–11
and selectins, 70
definition of, 119
types of, 121
Leukotriene inhibitors
and angiogenesis, 92–93
and apoptosis, 33, 395
and collagen/collagenases, 109, 418
and integrins, 69
and NF-κB, 60
and VEGF, 91
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EGCG as, 262
methyl caffeate as, 277
natural compounds as, 410, 411
omega-3 fatty acids as, 219
Leukotrienes. See also Eicosanoids
and cachexia, 221
and immunosuppression, 137, 139
and omega-6 fatty acids, 216–17
and proliferation, 93
as chemoattractants, 110
synthesis and effects of, 83–85
Li Wei Hua Jie Tang (formula), 137, 427
Lignans, 156, 188, 280
Lignans, mammalian, 253, 282–84, 468
Ligustrum lucidum, 425, 428
Limonene. See also Monoterpenes
and drug detoxification, 358
and FOC model, 434
and ORIN model, 441
and polyamines, 387
and TOPKAT model, 437, 438
molecular weight of, 376
structure of, 373
Linum usitatissimum. See Flaxseed
Lipid bilayer, description of, 13
Lipid peroxidation
and curcumin, 278, 279, 351
and garlic, 236, 349
and immunosuppression, 139
and membrane composition, 61, 215
and omega-3 fatty acids, 218, 219, 224,
349
and proliferation rates, 345
and retinol, 351
and vitamin C, 348
and vitamin E, 327, 329, 353
description of, 19
Lipoxygenase inhibitors, 92–93, 387
Lipoxygenases, 83, 93
Liver cancer
and hypomethylation, 26
animal antitumor studies of
and 1,25-D3, 324
and garlic, 46, 237
and ginseng, 351
and glutathione, 233
and melatonin, 411
and monoterpenes, 298, 299, 395
and PKC inhibitors, 69
and PSK, 207
and resveratrol, 285
and sulfated polysaccharides, 108
human anticancer studies of, 136
in-vitro anticancer studies of
and arctigenin, 281
and curcumin, 394, 418
and EGCG, 262
and garlic, 46
and genistein, 42
and melatonin, 411
and PKC inhibitors, 69
and quercetin, 42, 350
and selenium, 396
and vitamin A, 318, 385, 394

risk of due to immunosuppression, 124–
25
Lowest-observable-adverse-effects level
(LOAEL) dose
and TOPKAT model, 435–37
definition of, 154
methods for estimating, 448
Low-fat diets, 216, 217, 257
Lung cancer
and differentiating agents, 30
and HER-2/neu, 158
and hyaluronic acid concentrations, 106
and immunotherapy, 126
animal antitumor studies of
and antioxidants, 195
and bromelain, 240
and coenzyme Q10, 357
and EGCG, 261
and enzyme mixtures, 240
and Ganoderma, 205, 426
and genistein, 92, 350
and ginseng, 308, 420
and melatonin, 331
and monoterpenes, 298
and omega-3 fatty acids, 349
and quercetin, 350
and selenium, 166
and vitamin D3, 324
human anticancer studies of, 136, 222,
320, 332, 352, 354, 355
in-vitro anticancer studies of
and 1,25-D3, 323, 419
and bromelain, 240
and EGCG, 189, 260, 262, 394, 418
and emodin, 287, 351, 401
and garlic, 395
and genistein, 350, 395, 404
and ginseng, 420
and omega-3 fatty acids, 219
and omega-6 fatty acids, 219
and PKC inhibitors, 69
and proanthocyanidins, 266
and protocatechuic acid, 265
and quercetin, 494
and resveratrol, 286
and vitamin A, 319
and vitamin E, 353
volume doubling time, 30
Luteolin, 252–59
and angiogenesis,
and copper chelation, 98
and eicosanoids, 93
and histamine, 96
and lactic acid, 96
and TNF, 95
effects on, 92
and apoptosis, 33, 395
and ATP, 42
and cell migration, 110, 419
and collagen/collagenases, 109, 418
and differentiation, 31, 393
and drug detoxification, 358
and eicosanoids, 410
and FOC model, 434
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and histamine, 412
and hyaluronidase, 108, 417
and ICAM/VCAM, 70
and NF-κB, 60
and ORIN model, 440
and PI kinase, 42
and PKC, 42, 403
and PTK, 40, 401
and TOC model, 435
and TOPKAT model, 437, 438
and topoisomerases, 25, 385
anticancer effects of, 256–58, 493, 494
anticoagulant effects of, 116
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 258–59, 456–59
estrogenic effects of, 253–55
in combination design, 157
in feverfew, 310
introduction to, 7
metabolism of, 452–54
molecular weight of, 376
prooxidant effects of, 189
ranking of by studies, 9
structure of, 371
synergism of in combinations, 150–51
therapeutic category of, 8
Lycopene, 71, 190, 322
Lymphokine-activated killer (LAK) cells,
127, 132, 425, 427
Lymphoma
and hyaluronic acid concentrations, 106
and immunotherapy, 126, 127
animal antitumor studies of, 97, 170,
237, 265, 301, 329, 349, 355
human anticancer studies of, 241
in-vitro anticancer studies of, 240, 264,
278, 301, 310, 344, 494
risk of due to immunosuppression, 124–
25

M
Macrophages
activation of, 122, 123
and alpha2-macroglobulin, 133–34
and angiogenesis,
and bFGF, 96
and lactic acid, 87, 96
and VEGF, 91
role of in, 85, 93–95
and antigen presentation, 122, 123
and apoptosis, 32, 345
and bromelain, 133, 239
and cachexia, 221
and elastase, 108
and Eleutherococcus, 204
and immune stimulants, 136, 137, 204,
425, 426, 427
and interferons, 127
and iron, 169
and melatonin, 135
and metastasis, 114
and omega-3 fatty acids, 139

and TGF-alpha, 39
and VEGF, 39
as source of ROS, 53, 61
description of, 121
role of in cancer, 124
stimulation of by proteases, 107
Major histocompatibility complex (MHC)
and omega-3 fatty acids, 139
loss of and immune evasion, 126
role of, 120, 121, 122, 124
Mast cells
and angiogenesis,
and PKC inhibitors, 92
and vascular permeability, 82
compounds that inhibit, 96
role of in, 96
compounds that inhibit, 412
description of, 121
Matrix metalloproteinase (MMP), 109, 344,
418, 419
Maximum recommended dose (MRD), 155
Maximum tolerated dose (MTD), 155
MDM2 gene, 18, 44, 55
Mechanism-based approach, ix, x, 1, 343
Meditation, 333
Melanoma
and combination design, 159
and differentiating agents, 30
and immunotherapy, 126, 127, 128
and macrophage infiltration, 94
and NF-κB, 56
animal antitumor studies of
and 1,25-D3, 419
and apigenin, 256
and CD44 inhibitors, 110
and curcumin, 279
and EGCG, 261
and emodin, 287
and enzyme mixtures, 240
and flaxseed, 283
and genistein, 257, 258, 350
and ginseng, 307, 308
and lactoferrin, 170
and melatonin, 331
and modified citrus pectin, 70
and monoterpenes, 299
and omega-3 fatty acids, 69
and PSK, 418
and quercetin, 257
and selenium, 166
and soybeans, 257
human anticancer studies of, 320, 332
immunogenicity of, 125
in-vitro anticancer studies of
and 1,25-D3, 69
and alpha-lipoic acid, 356
and antioxidants, 354
and CAPE, 131, 392
and daidzein, 392
and EGCG, 262
and genistein, 56, 69, 393, 404
and HMGR inhibitors, 46
and melatonin, 331
and omega-3 fatty acids, 418

and PKC inhibitors, 420
and PSK, 206
and quercetin, 494
and vitamin A, 318, 391, 419
Melatonin, 330–33
and cachexia, 222
and cell migration, 110, 420
and chemotherapy, 344, 345, 354–55
and circadian rhythms, 159
and drug detoxification, 358
and E-cadherin, 71
and eicosanoids, 93, 411
and gap junctions, 72
and glutathione, 232
and NF-κB, 59
and ORIN model, 439, 441
and p53, 55
and radiotherapy, 357
and TGF-beta, 33
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 482–84
in combination design, 157
in immune support, 132, 135
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
structure of, 375
therapeutic category of, 8
Melphalan, 353
Membrane fluidity, 139, 219, 220, 327, 349
Metallothionein, 171
Metastasis, 113–16
and angiogenesis, 79, 116
and antioxidants, 195
and apigenin, 256
and bromelain, 239, 240
and butcher’s broom, 306
and CAMs, 69, 70, 71
and carcinogenesis, 1
and CD44, 110
and collagenases, 108
and curcumin, 278, 279
and EGCG, 261
and enzyme mixtures, 241
and epigenetic changes, 20
and fibrin, 86, 95
and flaxseed, 283
and gene expression, 23
and genistein, 257, 258
and ginseng, 308, 420
and growth factors, 39
and heparanases, 108
and horse chestnut, 305
and ibuprofen, 138
and inflammation, 85
and invasion, 105
and lactoferrin, 170
and lentinan, 132
and macrophages, 124
and melatonin, 331
and modified citrus pectin, 70
and NF-κB, 57, 70
and NK cells, 123

Index

and omega-3 fatty acids, 69, 218, 219,
418
and omega-6 fatty acids, 216, 217, 418
and PGE2, 217
and PKC, 41, 69
and proteases and glycosidases, 107
and PSK, 207, 418
and quercetin, 257
and selenium, 166
and soybeans, 254
and TGF-beta, 33
and the ECM, 106
and VEGF, 82, 91
and vitamin C, 187
and vitamin D3, 324, 419
and zinc, 172
as a procancer event, 2
definition of, 113
Methionine, 164, 370
Methotrexate, 24, 349, 350, 351, 352, 353
Methyl caffeate, 277
Methyl donors
and cancer prevention, 25–26
and epigenetic changes, 20
and p53, 56
and selenium detoxification, 164
Methyl-p-hydroxyphenyllactate
(MeHPLA), 255
Methylselenocysteine, 164, 165, 166, 370
Methylselenol, 164
Milk thistle. See Silymarin
Mitogen-activated protein kinase (MAPK),
42, 43, 403
Mitomycin
and 1,25-D3, 352
and Bu Zhong Yi Qi Tang, 348
and ginseng, 351
and immune stimulants, 344
and omega-3 fatty acids, 220, 348, 349
and Shi Quan Da Bu Tang, 209
and vitamin C, 348
mode of action, 25, 187
Modified citrus pectin, 70
Molybdenum, 97, 171, 172
Monoterpenes, 297–300. See also Geraniol;
Limonene; Perillyl alcohol
and apoptosis, 33, 395
and differentiation, 31, 393
and immune evasion, 131
and isoprene inhibition, 46
and TGF-beta, 33
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 472–73
in combination design, 157
introduction to, 7
ranking of by studies, 9
synthesis of, 44
therapeutic category of, 8
Multidrug resistance protein (MRP), 345,
346, 347, 350
Mutations
altering rate of, 22, 23, 187, 345
and flavonoids, 255
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classical, 19
Mutator phenotype, 21–22, 55
myc gene
and combination design, 158
and flow of proliferation signals, 23
and hypomethylation, 26
description of, 18
role of in cell cycle, 17
Myeloma
and immunotherapy, 127
animal antitumor studies of, 394
human anticancer studies of, 242, 352
in-vitro anticancer studies of, 394
viral association with, 125

N
N-acetyl-beta-glucosaminidase, 107–8
N-acetylcysteine (NAC)
and cachexia, 222
and CAMs, 70
and cancer prevention, 195
and IL-2, 427
and NF-κB, 59
prooxidant effects of, 184, 189
Naringenin, 371, 434
Nasopharyngeal cancer
human anticancer studies of, 136, 208
in-vitro anticancer studies of, 276, 310,
385
viral association with, 125
Natural compounds
categories of based on doses, 155
criteria for selecting, 5–6
definition of, 6
formulations available for, 156–57
listing of, 7
potency and toxicity of, 4
ranked by number of studies, 9
therapeutic categories of, 4, 8
Natural killer (NK) cells
and ginseng, 308
and glutamine, 235
and immune stimulants, 136, 137, 204,
425, 426, 427
and interferons, 127
and lactoferrin, 170
and metastasis, 114
and omega-3 fatty acids, 139
and omega-6 fatty acids, 217
and PGE2, 217
and PSK, 206, 207
circadian rhythm of, 137
description of, 121
in immunotherapy, 127
role of in cancer, 123–24
Nausea
from alpha-lipoic acid, 356
from fish oil, 223
from monoterpenes, 299, 473
from selenium, 166
from vitamin A, 482
reduction of by herbal formulas, 136
reduction of by selenium, 163

Necrosis, 31–33
and antioxidants vs. apoptosis, 193, 344
and release of iron/copper, 169, 171
and tumor blood supply, 80, 95
in tumors and relation of to metastasis,
113
Neuroblastoma
animal antitumor studies of, 351, 353
in-vitro anticancer studies of, 46, 327,
356, 391, 393, 395, 420, 494
Nicotinamide adenine dinucleotide
(NADH), 52, 54, 182, 184, 189
Nitric oxide, 53, 55, 169, 185
Nuclear factor kappa-B (NF-κB), 56–60
and cachexia, 221
and flow of proliferation signals, 23
and heat-shock proteins, 347
and leukotrienes and angiogenesis, 93
and ROS production, 61
Nuclear factor kappa-B inhibitors
alpha-lipoic acid as, 355
and cachexia, 222
and drug resistance, 346
and eicosanoids, 93, 411
and gap junctions, 71
and immunosuppression, 131, 137, 138
and mast cell migration, 96
and procancer events, 159
and selectins, ICAM, and VCAM, 70
and TNF, 95
antioxidants as, 59
EGCG as, 262
hypericin as, 289
nonantioxidants as, 60
Nuclear membrane, description of, 13
Nucleotide, description of, 14

O
Oleanolic acid. See Ursolic acid
Olive oil, 84, 215, 216
Omega-3 fatty acids. See also EPA
and immune evasion, 131
in different oils, 216
in flaxseed, 284, 468
low levels of and protection from ROS,
61
Omega-6 fatty acids, 215–18
and eicosanoid synthesis, 84, 93
and metastasis, 418
and PKC, 403
competition with omega-3, 223
in different oils, 216
low levels of and protection from ROS,
61
Omega-9 fatty acids, 215, 216
Oncogenes
activation of by viruses, 125
and flow of proliferation signals, 23
and interferons, 127
description of, 17
hypomethylation of, 20
immune recognition of, 125
list of, 18
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Oral clearance
and FOC model, 431–33
and TOC model, 433–35
definition of, 378
in dose calculations, 154, 445
methods for estimating, 446, 447
Oral-intraperitoneal (ORIN) model, 437
Ovarian cancer
and HER-2/neu, 158
and immunotherapy, 126, 127
human anticancer studies of, 242, 324
in-vitro anticancer studies of, 69, 350,
351, 467, 494
Oxidants. See Prooxidants
Oxidative stress. See ROS

P
p21 and p27, 42–43, 404
p53 gene, 54–56
and angiogenesis, 80
and apoptosis, 32
and drug resistance, 345, 346
and flow of proliferation signals, 23
and hypermethylation, 20
and mutator phenotype, 22
and p21, 42–43
and procancer events, 159
and ras, 44
and viruses, 125
description of, 18
function in cell cycle, 16
immune recognition of, 125
Panax ginseng. See Ginseng
Pancreatic cancer
and ras, 43
animal antitumor studies of, 219, 299
human anticancer studies of, 222, 241,
352
in-vitro anticancer studies of, 299
Papain, 133, 239–43, 392
Parthenolide, 309–10
and eicosanoids, 93, 411
and FOC model, 434
and NF-κB, 60
and ORIN model, 441
and PTK, 40, 402
and TNF, 95
and TOPKAT model, 437, 438
anticoagulant effects of, 116
category of based on doses, 155
degree of synergism needed for, 152
dose estimates for, 478–79
in combination design, 157
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
structure of, 375
synergism of in combinations, 150–51
therapeutic category of, 8
Passive immunotherapy, 126
PC-SPES, 151
Peanut oil, 216
Perforin, 123

Perillic acid. See also Monoterpenes
and FOC model, 434
and TOPKAT model, 437, 438
molecular weight of, 376
structure of, 374
Perillyl alcohol. See also Monoterpenes
and drug detoxification, 358
and FOC model, 434
and TOPKAT model, 437, 438
molecular weight of, 376
structure of, 373
Persistent oxidative stress theory, 22
Pesticides, estrogenic effects of, 150
P-glycoprotein, 345, 346, 350, 358
Pharmacokinetic models, 377–81
Phase I studies, definition of, 97n.
Phase II detoxification, 154, 358
Phenolic compounds
dose calculations for, 154, 454–56
metabolism of, 452–54
Phenylethyl dimethylcaffeate, 277, 401
Phosphatidylinositol kinase (PI kinase), 42,
44
Phosphorylase kinase (PhK), 42
Phosphorylation, 38, 51, 57, 67
p-Hydroxybenzoic acid, 376, 401, 453
Phytoalexins, 284, 309
Phytoestrogens, 253, 254, 282, 285
Piceid, 284
Pishen Fang (formula), 136, 428
Plantain, and cachexia, 222
Plasma membrane. See also Membrane
fluidity
and Eleutherococcus, 205
and PKC, 40
description of, 13
rupture of during necrosis, 31
Plasmin
and alpha2-macroglobulin, 133
and bromelain, 134
in wound healing and angiogenesis, 85–
86
stimulation of by bromelain and garlic,
96
Platelet activating factor, 81
Platelet aggregation
and bromelain, 242
and cell arrest, 115
and eicosanoids, 83
and garlic, 236
and ginseng, 307
and omega-3 fatty acids, 224
and procancer events, 159
and resveratrol, 285
compounds that inhibit, 116
Platelet-derived growth factor (PDGF)
and angiogenesis,
and attraction of mast cells, 96
and PKC inhibitors, 92
and PTK inhibitors, 91
as a factor for, 81
from macrophages, 91, 94
stimulation of VEGF by, 91
and ECM synthesis, 106

and metastasis, 115
description of, 39
Plenolin, 376, 439, 441, 478
Podophyllotoxin, 280, 372
Podophyllum peltatum, 280
Polyamines, 386–87
Polygonum cuspidatum. See Emodin;
Resveratrol
Polysaccharide K (PSK), 206–8
and bFGF, 96
and cell migration, 110, 420
and chemotherapy, 348
and collagen/collagenases, 109, 418
and immune evasion, 131
and metastasis, 114
and TGF-beta, 33, 92
anticoagulant effects of, 116
as immune stimulant, 132, 426
half-life of, 451
in combination design, 157
introduction to, 7
molecular weight of, 376
pharmacokinetics of, 449
ranking of by studies, 9
synergism of in combinations, 188
therapeutic category of, 8
Polysaccharide peptide (PSP), 358. See also
PSK
Polysaccharides, 203–9
dose estimates for, 208–9, 449–50
Powdered botanicals, description of, 156
Primary antioxidants, definition of, 179
Proanthocyanidins, 266
and collagen/collagenases, 109, 418
and copper chelation, 98
and FOC model, 434
and GAG production, 109
and histamine, 96, 412
and hyaluronidase, 108, 417
and immune evasion, 131
and NF-κB, 60
and polyamines, 387
and TOC model, 435
and vascular permeability, 92, 409
as antioxidants, 255
as immune stimulants, 131
as vascular protectors in metastasis, 115
description of, 251
dose estimates for, 461–63
half-life of, 451
in combination design, 157
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
structure of, 371
therapeutic category of, 8
Proliferation, 15–17. See also in-vitro
studies of various cancers
and angiogenesis, 79
and NF-κB/AP-1, 56–59
and proteases and glycosidases, 107
and the ECM, 106
flow of signals leading to, 23–24
in normal vs. cancer cells, 37–38

Index

Prooxidants
and mutation rate, 23
antioxidants as, 189–90
beta-carotene as, 321–22
CAPE as, 277
definition of, 51
garlic as, 236, 237
glutathione as, 233
hypericin as, 289
omega-3 fatty acids as, 219
vitamin C as, 184
Propolis. See CAPE
Prostaglandin E2 (PGE2). See also
Eicosanoids
and glutamine, 235, 426
and glutathione, 133, 231, 233, 427
and immune evasion, 94, 126, 131, 134
and immunosuppression, 61, 83, 124,
137, 138, 139
and omega-3 fatty acids, 219
and omega-6 fatty acids, 216–17
and vascular permeability, 83
produced by cancer cells, 93
stimulation of by proteases, 107
Prostaglandin I, 115
Prostate cancer
and epigenetic changes, 20
and p27, 42
animal antitumor studies of
and 1,25-D3, 324
and calorie intake, 218
and EGCG, 262
and genistein, 257, 258
and low-fat diets, 216
and modified citrus pectin, 70
and omega-3 fatty acids, 219, 223
and omega-6 fatty acids, 216
and PC-SPES, 151
and soybeans, 257
and vitamin E, 218, 329, 353
human anticancer studies of, 151, 234,
257, 324
in-vitro anticancer studies of
and 1,25-D3, 352
and apigenin, 42
and curcumin, 401
and EGCG, 262, 387, 394
and genistein, 493, 494
and integrin inhibitors, 69
and large combinations, 150, 151
and luteolin, 493
and melatonin, 331
and monoterpenes, 472
and omega-3 fatty acids, 219, 395
and omega-6 fatty acids, 219
and proanthocyanidins, 266
and PSK, 96
and quercetin, 42
and resveratrol, 286, 396
and vitamin A, 391
and vitamin E, 327, 353, 396
volume doubling time, 30
Prostate-specific antigen (PSA), 151, 159,
286, 324, 494
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Proteases
and invasion, 107
and metastasis, 114, 116
from immune cells, 123
Protein kinase C (PKC), 40–41
activation of by ROS, 57
and ATP, 42
and CAMs, 67
and Cdks, 43
and drug resistance, 346, 349, 350
and gap junctions, 71
and metastasis, 69
and ras, 44
as source of ROS, 59, 61
Protein kinase C inhibitors
and angiogenesis,
and EGF/PDGF, 92
and histamine, 96
and insulin resistance, 97
and TNF, 95
and VEGF, 91, 92, 95
and CAMs, 69, 70
and cell migration, 110, 420
and collagenases, 92
and immunosuppression, 138, 139
and NF-κB, 60
and procancer events, 159
hypericin as, 289
natural compounds as, 42, 402, 403
selenium as, 165, 166
vitamin E as, 327
Protein tyrosine kinase (PTK), 39–40
activation of by ROS, 57
and ATP, 42
and CAMs, 67
and drug resistance, 346
and ras, 44
as activator of PKC, 40
as source of ROS, 61
role of in growth factor receptors, 38
Protein tyrosine kinase inhibitors
and angiogenesis,
and eicosanoids, 93
and histamine, 96
and insulin, 97
and mast cells, 96
and TNF, 95
and VEGF, 91, 95
effects on, 92
and CAMs, 69, 70, 71
and cell migration, 110, 420
and ECM synthesis, 106
and eicosanoids, 411
and immune evasion, 131
and immunosuppression, 138
and NF-κB/AP-1, 60
and procancer events, 159
anticoagulant effects of, 116
hypericin as, 289
methyl caffeate as, 277
natural compounds as, 40, 401, 402
synergism of with chemotherapy, 344
Protocatechuic acid, 98, 265, 376
Pseudohypericin, 289, 376, 402, 403, 471

Pycnogenols. See Proanthocyanidins

Q
Qi tonics, 203, 307
Quercetin, 252–59
and apoptosis, 33, 396
and cell migration, 110, 419
and chemotherapy, 350
and collagen/collagenases, 109, 418
and differentiation, 31, 393
and drug detoxification, 358
and eicosanoids, 93, 410
and FOC model, 434
and heat-shock proteins, 347
and histamine, 96, 412
and ICAM, 70
and immunosuppression, 138
and lactic acid, 96
and lipid peroxidation, 224
and NF-κB/AP-1, 60
and ORIN model, 440
and p53, 56
and PhK, 42
and PI kinase, 42
and PKC, 42, 403
and polyamines, 387
and PTK, 40, 401, 402
and ras, 44
and TGF-beta, 33
and TNF, 95
and TOC model, 435
and TOPKAT model, 437, 438
and topoisomerases, 25, 385
anticancer effects of, 256–58, 494
anticoagulant effects of, 116
as antioxidant, 255–56
carcinogenic effects of, 259
category of based on doses, 155
degree of synergism needed for, 152
dietary intake of, 251
dose estimates for, 258–59, 456–59
dose-dependent bioavailability of, 448
estrogenic effects of, 253–55
in combination design, 157
introduction to, 7
metabolism of, 452–54
molecular weight of, 376
potency of conjugates and glycosides,
455
prooxidant effects of, 189, 190, 255
ranking of by studies, 9
structure of, 371
synergism of in combinations, 42
therapeutic category of, 8
Quinones, 286

R
Radiation
and free radicals, 19
and oncogenes, 18
Radiolabeled pharmacokinetic studies, 450
Radiotherapy
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and alpha-lipoic acid, 355
and Astragalus, 204
and bromelain, 239
and Eleutherococcus, 205
and enzyme mixtures, 350
and glutamine, 233, 234
and iron release, 169
and natural compounds, 356–58
and omega-3 fatty acids, 218
and PSK/PSP, 206–8, 426
and risk of secondary cancers, 187
and ursolic acid, 301
effect of cell cycle on, 31
ras gene, 43–46
and apoptosis, 61
and bromelain, 239
and combination design, 158
and emodin, 287
and flow of proliferation signals, 23
and garlic, 236, 237, 238
and omega-3 fatty acids, 218, 223
and p53, 55, 56
and procancer events, 159
as source of ROS, 57, 59, 61
description of, 18
immune recognition of, 125
Reactive oxygen species (ROS) and
oxidative stress. See also Prooxidants
and apoptosis, 32, 345
and CAMs, 67
and chelating compounds, 170
and chemotherapy, 25, 344
and degradation of collagen, 109
and gene methylation, 21
and genetic instability, 3
and growth factor receptors, 2, 57
and immunosuppression, 139
and invasion, 109
and iron/copper, 53, 168–69, 171, 184
and mutations, 19, 22
and NF-κB/AP-1, 56, 57, 58
and omega-6 fatty acids, 218
and oncogenes, 18
and p53, 55
and persistent oxidative stress theory, 22
and plasma cysteine to thiol ratio, 222
and proliferation, 190–95
and radiotherapy, 356
and redox signaling, 51
and transcription factor binding, 58
as beneficial to cancer cells, 61
during metastasis, 114, 195
from cancer cells, 20, 61
from macrophages, 53, 94, 123
from tissue re-oxygenation, 58, 95
introduction to, 19–20
Redox reactions
and iron/copper, 53, 168–69, 171
and selenium, 163, 164, 165
definition of, 51
involving proteins, 54
Redox signaling, 51, 57
Resting period, 159, 205, 241
Resveratrol, 284–86

and apoptosis, 33, 396
and copper chelation, 98
and differentiation, 31, 393
and drug detoxification, 358
and eicosanoids, 93, 411
and FOC model, 434
and gap junctions, 72
and hyaluronidase, 108, 417
and NF-κB, 60
and ORIN model, 440
and p53, 56
and PKC, 41
and PTK, 40, 402
and TGF-beta, 33
and TNF, 95
and TOC model, 436
and TOPKAT model, 437
and VCAM and ICAM, 70
anticoagulant effects of, 116
as antioxidant, 255
category of based on doses, 155
dose calculations for, 468–69
estrogenic effects of, 253
in combination design, 157
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
structure of, 373
synergism of in combinations, 150–51
therapeutic category of, 8
Retinol and retinyl esters, 317–21. See also
Vitamin A
and chemotherapy, 354
and collagen/collagenases, 419
and differentiation, 391
and drug detoxification, 358
and radiotherapy, 357
molecular weight of, 376
RHAMM proteins, 110
Rhein, 373, 376, 434, 436, 470
Ribonucleic acid (RNA), 13–15
Ribonucleotide reductase, 169
Ruscogenins. See also Butcher’s broom
and hyaluronidase, 108, 417
and TOPKAT model, 437
dose estimates for, 476–77
molecular weight of, 376
structure of, 374
Ruscus aculeatus. See Butcher's broom
Rutin, 305, 357

S
S-adenosylmethionine (SAM)
and cancer prevention, 25–26
and polyamines, 386, 387
and selenium detoxification, 164, 165
structure of, 369
Safflower oil, 216
Saponins, 132, 203, 304, 305
Sarcoma
animal antitumor studies of
and alpha-lipoic acid, 356
and Bu Zhong Yi Qi Tang, 348

and citrus flavonoids, 357
and EGCG, 261
and Eleutherococcus, 425
and Ganoderma, 426
and ginseng, 308
and methyl caffeate, 277
and PSK, 420
and shiitake, 206
and ursolic acid, 301
and vitamin A, 351, 352
and vitamin C, 348
and vitamin E, 329, 357
in-vitro anticancer studies of, 350, 394
Saturated fats, 215–18
Scaling between species, 9–10, 381–83
Schizandrin (in Schizandra chinensis), 280,
372, 376, 434, 436, 466
Seaweed, 108
Secoisolariciresinol (SECO). See also
Flaxseed
molecular weight of, 376
structure of, 372
Second messengers, 40, 41, 71
Secondary antioxidants, definition of, 179
Selectins, 70, 110
Selenite, structure of, 369
Selenium, 163–68
and AP-1, 60
and apoptosis, 33, 396
and cancer prevention, 322
and Cdks, 43
and chemotherapy, 347
and drug detoxification, 358
and gap junctions, 72
and metastasis, 195
and PKC, 42, 403
and polyamines, 387
and VEGF, 91
category of based on doses, 155
degree of synergism needed for, 152
in Astragalus, 204
in combination design, 157
in garlic, 236
in immune support, 132, 133, 427
introduction to, 7
molecular weight of, 376
ranking of by studies, 9
therapeutic category of, 8
Selenocysteine, 370
Selenomethionine, 164, 166, 370
Sesamin, 467
Sesquiterpenes, 309
Sex hormone binding globulin (SHBG),
217, 282
Shen Xue Tang (formula), 137, 428
Shi Quan Da Bu Tang (formula), 137, 209,
428
Shiitake mushroom, 205–6
as immune stimulant, 132, 426
in combination design, 157
introduction to, 7
ranking of by studies, 9
therapeutic category of, 8
Si Jun Zi Tang (formula), 136, 428

Index

Signal transduction
and bromelain, 134
and CAMs, 67
and cell migration, 110
and do not die signals, 24
and flow of proliferation signals, 23
and gap junctions, 71
and hypoxia, 95
and immunosuppression, 137
and integrins, 69
as a procancer event, 2
description of, 38
via phosphorylation and redox signaling,
57
Silymarin and silybin (in Silybum
marianum)
and drug detoxification, 358
and FOC model, 434
and p21/p27, 43, 404
and polyamines, 387
and radiotherapy, 358
and TOC model, 435
and TOPKAT model, 437
dose calculations for, 466–67
liver protective effects of, 280
molecular weight of, 376
structure of, 372
Skin cancer
animal antitumor studies of, 182, 298
human anticancer studies of, 288
in-vitro anticancer studies of, 395, 396,
494
risk of due to immunosuppression, 124–
25
Soybean oil, 216
Soybeans
and cancer prevention, 254, 257
and metastasis, 254
anticancer effects of, 257
as source of genistein and daidzein, 7,
253
estrogenic effects of, 253, 254
Spermidine, structure of, 369
Squamous cell carcinoma
and PTK, 40
animal antitumor studies of, 257, 319,
324, 357
in-vitro anticancer studies of, 353, 494
viral association with, 125
St. John’s wort. See Hypericin
Standardized extracts, description of, 156
Stem cells, 29, 119–21
Stilbenes, 284
Stomach cancer
and HER-2/neu, 158
and TGF-beta, 33
animal antitumor studies of, 298
human anticancer studies of, 136, 137,
207
in-vitro anticancer studies of, 264, 265,
266, 494
Subcutaneous dosing, scaling to oral, 10
Sulfate, and conjugate formation, 154, 453
Sunflower seed oil, 216

519

Superoxide dismutase (SOD)
and copper in, 171
and PSK, 206, 207
function of, 53
Superoxide radical. See also ROS
and antioxidant enzymes, 53
and invasion, 20
produced by respiration, 19
Synergism, 147–55. See also combinations
of individual chemotherapy drugs
with natural compounds
definition of, 147
dose reductions due to, 151–53
importance of, 4–5
in combinations of
ATRA and 1,25-D3, 97, 322, 324, 391
ATRA and proanthocyanidins, 266
ATRA and proteases, 391
boswellic acid and daidzein, 303
EGCG and epicatechin, 260
genistein and quercetin, 42, 494
IL-2 and ibuprofen, 138
IL-2 and lentinan, 132
large groups, 150–51
mixed antioxidants, 190, 327
mixed enzymes, 240
PTK and PKC inhibitors, 91
small groups, 149–50, 343
vitamin C and PSK or vitamin K3,
188
overview of, 147–48
role of in estimating doses, 153–57
safety of combinations involving, 148–
49

T
T lymphocytes
and alpha2-macroglobulin, 134
and antigen presentation, 32
and bromelain, 134, 239
and Eleutherococcus, 204, 205
and glutamine, 234, 235
and glutathione, 133, 231
and immune stimulants, 204, 425, 426,
427
and interferons, 127
and melatonin, 135, 330
and omega-3 fatty acids, 139, 220
description of, 121
in immunotherapy, 127
stimulation and role of, 122, 123
Tamoxifen, 352, 354
Tanacetum parthenium. See Parthenolide
Tangeretin, 251, 376
Target dose, definition of, 153
Telomerase, 41, 172, 262
Teniposide, 280
Testicular cancer, 494
Tetrathiomolybdate, 97, 171, 172
Thrombospondin, 80
Thromboxanes, 83, 115
Thymine, structure of, 369
Tinctures, description of, 156

Tissue inhibitors of metalloproteinase
(TIMP), 109, 418, 419
Tocotrienols, 327, 375, 376
TOPKAT model, 154, 435–37
Topoisomerases, 16, 25, 345, 385
Total clearance, definition of, 447
Total oral clearance (TOC) model, 433–35
Transcription factors
and antioxidants and chemotherapy, 345
and flow of proliferation signals, 23
and gene expression, 3
and redox signaling, 51
and selenium, 165
control of by ROS, 54
DNA binding and redox status of, 58
function of, 13
Transferrin, 169, 170, 171
Transforming growth factor-alpha (TGFalpha), 39, 81
Transforming growth factor-beta (TGFbeta)
and alpha2-macroglobulin, 134
and angiogenesis, 81
and apoptosis, 33
and hypermethylation, 20
and immune evasion, 126, 131
and immunosuppression, 61, 139
and p27, 42
and polysaccharides, 33, 203, 426
and procancer events, 159
and PSK, 92, 206, 207
description of, 39
from T lymphocytes, 123
stimulation of VEGF by, 91
Translation, description of, 13
Transmembrane electron transport, 185
Triterpenoids, 300
Trypsin, 239–43
and alpha2-macroglobulin, 133
and CD44, 419
dose-dependent bioavailability of, 448
in immune support, 133
Tumor markers
antigen-antibody complexes as, 126
assays for, 159
bFGF as, 96
CA 125 as, 324
CD44 as, 110
hyaluronic acid as, 106
N-acetyl-beta-glucosaminidase as, 107
prostate specific antigen (PSA) as, 151
Tumor necrosis factor (TNF)
and 1,25-D3, 323
and alpha2-macroglobulin, 134
and arctigenin, 281
and bromelain, 239
and cachexia, 127, 221, 222
and EGCG, 262
and gap junctions, 71
and immune evasion, 126
and immune stimulants, 132, 425, 426,
427
and NF-κB/AP-1, 56–59
and omega-3 fatty acids, 139
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and polysaccharides, 203
and 1,25-D3, 97
and procancer events, 159
and angiogenesis, 82–85, 91–92
and proteases, 134
and anthocyanidins, 264
and ROS production, 61
and escin, 475
from macrophages, 123
and histamine, 96
in angiogenesis,
and horse chestnut, 305
and bFGF, 96
and immunosuppression, 137, 138
and stimulation of VEGF, 91
and procancer events, 159
from macrophages, 93–95
and propolis, 276
Tumor promoting agents, and
caused by IL-2, 127
carcinogenesis, 1
compounds that affect, 409
Tumor suppressor genes, 17, 18, 20
Vinblastine, 25, 350, 351, 353
Tumor-infiltrating lymphocytes (TIL), 127 Vincristine
Type II estrogen binding sites, 254–55, 282,
and alpha-lipoic acid, 356
467
and omega-3 fatty acids, 348
and PKC inhibitors, 346
and quercetin, 350
U
and vitamin A, 351, 352
Uracil, structure of, 369
mode of action, 25
Uric acid, as an antioxidant, 19, 53n.
Viruses
Urokinase plasminogen activator (uPA), 81,
and cancer risk, 125
86, 107n., 418
and mutations, 19
Ursolic and oleanolic acids
and oncogenes, 18
and FOC model, 434
antigen presentation of, 122
and hyaluronidase, 417
destruction of by NK cells, 123
and invasion, 418
Vitamin A, 317–21. See also ATRA;
and ORIN model, 441
Retinol
and polyamines, 387
and cancer prevention, 322
and TOPKAT model, 437
and chemotherapy, 351–52
anticancer effects of, 301
category of based on doses, 155
antifertility effects of, 301
dose estimates for, 480–82
dose estimates for, 301, 474
in combination design, 157
molecular weight of, 376
introduction to, 7
oral clearance of, 474
metabolism of, 479–80
structure of, 374
micrograms per I.U., 319n.
prooxidant effects of, 189
ranking of by studies, 9
V
therapeutic category of, 8
Varicose veins
Vitamin B12, 25, 376
and anthocyanidins, 264
Vitamin C, 179–88
and butcher’s broom, 306
and apoptosis, 33, 396
and Centella, 300, 417
and chemotherapy, 344, 345, 348, 354
and horse chestnut, 305
and collagen/collagenases, 109, 419
and vascular permeability, 409
and gap junctions, 71
similarity of to invasion, 106, 109
and glutathione, 232, 233
Vascular cell adhesion molecule (VCAM),
and histamine, 96, 412
56–59, 70
and hyaluronidase, 108, 417
Vascular endothelial growth factor (VEGF)
and iron, 168–69, 170
and calorie intake, 218
and lactic acid, 96
and EGCG, 262
and metastasis, 195
and immune evasion, 131
and NF-κB, 59
and iron levels, 171
and radiotherapy, 357
and procancer events, 159
anticancer effects of, 183–85, 186–87
assays for, 159
concentration of in cancer cells, 192
description of, 39
dose estimates for, 187–88
in angiogenesis, 91–92
dose-dependent bioavailability of, 448
and antioxidants, 95
free radical of (AFR), 182, 183
and attraction of mast cells, 96
in combination design, 157
and cyclooxygenase inhibitors, 93
in immune support, 132, 427
and hypoxia, 95
indirect effects of, 181–82
and PKC inhibitors, 92, 95
introduction to, 7
in vascular permeability, 82
molecular weight of, 376
stimulation of by TNF, 94
pharmacokinetics of, 186
Vascular permeability
prooxidant effects of, 53, 190
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ranking of by studies, 9
stimulation of proliferation by, 185–86
structure of, 370
therapeutic category of, 8
with vitamin K3 and lignans, 188
Vitamin D3, 322–26. See also 1,25-D3
and angiogenesis, 97
and drug detoxification, 358
and gap junctions, 72
and ras, 44
and TGF-beta, 33
category of based on doses, 155
in combination design, 157
nanograms per I.U., 324n.
structure of, 375
Vitamin E, 326–30
and apoptosis, 33, 396
and cachexia, 222
and cancer prevention, 322
and chemotherapy, 344, 345, 353–54
and eicosanoids, 93, 411
and gap junctions, 71
and glutathione, 232
and high-fat diets, 218
and immune evasion, 131
and lipid peroxidation, 219
and metastasis, 195
and NF-κB, 59
and omega-3 fatty acids, 139, 224
and ORIN model, 441
and p21/p27, 43
and p53, 56
and PKC, 42, 403
and polyamines, 387
and radiotherapy, 357
and selectins, 70
anticoagulant effects of, 116
as antioxidant, 255
category of based on doses, 155
concentration of in cancer cells, 192
cycling of, 52, 182, 183
degree of synergism needed for, 152
I.U. per gram, 328n.
in combination design, 157
in immune support, 132, 427
introduction to, 7
molecular weight of, 376
prooxidant effects of, 189, 190
ranking of by studies, 9
structure of, 375
synergism of in combinations, 149
therapeutic category of, 8
Vitamin E succinate (VES), 326–30
and angiogenesis, 95
and chemotherapy, 353–54
and NF-κB, 59
and p21/p27, 404
and p53, 56
and ras, 44
I.U. per gram, 328n.
structure of, 375
Vitamin K3, 188, 376
Volume doubling time, definition of, 30
Volume of distribution, 378
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Vomiting
and melatonin, 355
from alpha-lipoic acid, 356
from monoterpenes, 299, 473
from selenium, 166
from vitamin A, 482
reduction of by herbal formulas, 136,
137

W
Whey proteins, 235, 236
Wilson’s disease, 172
Wine, 284
WOBE-MUGOS, 115, 240, 241, 350
Wobenzym, 134, 241

Wound healing
and angiogenesis, 81–87
and apoptosis, 31
and Centella, 300, 418
and hyaluronic acid, 106
and hypericin, 289
and hypoxia and angiogenesis, 95
and hypoxia and AP-1, 58
and macrophages, 94
and PDGF, 39
and vitamin C, 181n.
Wounds
and cell proliferation, 37
and stimulation of angiogenesis, 91
metastasis to, 115
similarities of to cancer, 37, 38

X
Xiao Chai Hu Tang (formula), 428

Y
Ye Qi Sheng Xue Tang (formula), 137, 428
Yi Qi Yang Yin Tang (formula), 136, 428
Yield of extracts, 157

Z
Zinc
and collagenases, 109
and p53, 55
as anticopper compound, 172
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