
N U T R I T I O N  A N D  H E A L T H

Edited by

John A. Milner

Donato F. Romagnolo

Bioactive
Compounds
and Cancer



Bioactive Compounds and Cancer



Nutrition and Health
Adrianne Bendich, PhD, FACN, Series Editor

For other titles published in this series, go to
http://www.springer.com/series/7659



Bioactive
Compounds
and Cancer
Edited by

John A. Milner
National Cancer Institute, Health and Human Services,
Rockville, MD

Donato F. Romagnolo
Department of Nutritional Sciences, The University of Arizona,
Tucson, AZ

Forewords by

David S. Alberts, md
Arizona Cancer Center, The University of Arizona, Tucson, AZ

Maria Lluria-Prevatt, phd
Arizona Cancer Center, The University of Arizona, Tucson, AZ

and

Scott M. Lippman, md
Department of Thoracic/Head and Neck Medical Oncology,
M. D. Anderson Cancer Center, The University of Texas,
Houston, TX



Editors
John A. Milner
Nutritional Science Research Group
Division of Cancer Prevention
National Institutes of Health
Executive Plaza North
Suite 3164
6130 Executive Boulevard
Rockville MD 20892
USA
milnerj@mail.nih.gov

Series Editor
Adrianne Bendich, PhD, FACN
GlaxoSmithKline Consumer Healthcare
Parsippany, NJ
USA

Donato F. Romagnolo
Department of Nutritional Sciences
The University of Arizona
Tucson AZ 85721-0038
Shantz Building
USA
donato@u.arizona.edu

ISBN 978-1-60761-626-9 e-ISBN 978-1-60761-627-6
DOI 10.1007/978-1-60761-627-6
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2010922882

© Springer Science+Business Media, LLC 2010
All rights reserved. This work may not be translated or copied in whole or in part without the written permission of
the publisher (Humana Press, c/o Springer Science+Business Media, LLC, 233 Spring Street, New York, NY 10013,
USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in connection with any form of
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now
known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are not identified
as such, is not to be taken as an expression of opinion as to whether or not they are subject to proprietary rights.
While the advice and information in this book are believed to be true and accurate at the date of going to press, neither
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be
made. The publisher makes no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper

Humana Press is part of Springer Science+Business Media (www.springer.com)



Series Editor Introduction

The Nutrition and Health Series of books have, as an overriding mission, to pro-
vide health professionals with texts that are considered essential because each includes
(1) a synthesis of the state of the science, (2) timely, in-depth reviews by the leading
researchers in their respective fields, (3) extensive, up-to-date fully annotated reference
lists, (4) a detailed index, (5) relevant tables and figures, (6) identification of paradigm
shifts and the consequences, (7) virtually no overlap of information between chapters,
but targeted, inter-chapter referrals, (8) suggestions of areas for future research, and
(9) balanced, data-driven answers to patient/health professionals questions which are
based upon the totality of evidence rather than the findings of any single study.

The Series volumes are developed to provide valuable in-depth information to nutri-
tion health professionals and health providers interested in practical guidelines. Each
editor has the potential to examine a chosen area with a broad perspective, both in sub-
ject matter and in the choice of chapter authors. The international perspective, espe-
cially with regard to public health initiatives, is emphasized where appropriate. The
editors, whose trainings are both research and practice oriented, have the opportunity to
develop a primary objective for their book; define the scope and focus, and then invite
the leading authorities from around the world to be part of their initiative. The authors
are encouraged to provide an overview of the field, discuss their own research, and
relate the research findings to potential human health consequences. Because each book
is developed de novo, the chapters are coordinated so that the resulting volume imparts
greater knowledge than the sum of the information contained in the individual chapters.

“Bioactive Compounds and Cancer,” edited by John A. Milner, Ph.D., and Donato
F. Romagnolo, Ph.D., is a very welcome addition to the Nutrition and Health Series and
exemplifies the Series’ goals. This volume is especially timely as the number of research
papers and meta-analyses in the clinical nutrition arena of cancer research increases
every year and clients and patients are very interested in dietary components that have
bioactivity and may be able to impact cancer prevention as well as reduce the adverse
effects of cancer therapies. The editors have made great efforts to provide health pro-
fessionals with the most up-to-date and comprehensive volume that highlights the key,
nutrition, and cancer information available to date. They have combined their broad
backgrounds in research as well as clinical practice to help the reader to better under-
stand the relevant science while providing background information so that the reader can
understand and appreciate the importance of the mechanisms of action of the bioactive
components in their diets.

Drs. Milner and Romagnolo are internationally recognized leaders in the field of
nutrition and cancer biology and have actively investigated the physiological roles
of dietary bioactive compounds as modifiers of cancer risk and tumor behavior. The
editors are proven excellent communicators and they have worked tirelessly to develop
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a book that is destined to be the benchmark in the field because of its extensive review
of the current state of the science with regard to dietary bioactive compounds and the
complex interactions between diet, health, and the development and the progression of
cancer. Dr. Milner is the Chief of the Nutritional Science Research Group, Division of
Cancer Prevention at the National Institutes of Health’s National Cancer Institute (NCI).
In this capacity, Dr. Milner is responsible for helping to set the national strategy for can-
cer research. Prior to joining the NCI, Dr. Milner led the Department of Nutrition at The
Pennsylvania State University for over a decade. He also served as the Director of the
Division of Nutritional Science at the University of Illinois. Dr. Milner has served as
the President of the American Society for Nutrition and as chair of the World Cancer
Research Fund/American Institute for Cancer Research Mechanisms Working Group.
In 2008, Dr. Milner received the David A. Kritchevsky Career Achievement Award in
Nutrition from the American Society for Nutrition. Dr. Romagnolo is Professor of Nutri-
tional and Cancer Biology at the University of Arizona and is a member of the Arizona
Cancer Center, BIO5, and the Center for Toxicology. He has served as the chair of the
Environmental Gene Expression Group of the Southwest Environmental Health Sci-
ences Center. Thus, both editors are immersed in the discovery and implementation of
research to better understand the effects of bioactive molecules from the diet on cancer
development and control.

The editors have chosen 76 of the most well-recognized and respected authors from
around the world to contribute the 33 informative chapters in the volume. Hallmarks
of all of the chapters include complete definitions of terms with the abbreviations fully
defined for the reader and consistent use of terms between chapters. Key features of
this comprehensive volume include the informative Key Points and key words that are
at the beginning of each chapter and suggested readings as well as bibliography at the
end of each chapter. The volume contains more than 150 detailed tables and informa-
tive figures, an extensive, detailed index and more than 4,300 up-to-date references that
provide the reader with excellent sources of worthwhile information about the role of
diet, foods, food components, essential nutrients, bioactive phytochemicals, and their
potential mechanisms of action in affecting cancer risk.

This comprehensive volume is divided into two major sections beginning with six
introductory chapters, followed by the section on bioactive molecules divided into three
logical subsections – eight chapters on dietary macro-constituents; eight chapters cov-
ering carotenoids, vitamins, and minerals; and the final section including 10 chapters on
the most researched of the myriad of non-nutritionally essential bioactive components
in the diet. The final chapter examines the challenges of communicating food and cancer
relationships to consumers, clients, and patients. The volume begins with an introduc-
tory chapter that examines the overall cancer rates in the United States, the major cancer
types, and the populations most affected by cancer. We learn that about 1.5 million new
cancers will be diagnosed each year and over half a million persons will die from this
disease annually. For both men and women, lung and bronchus cancers are the leading
cause of cancer deaths even though most individuals think that breast and prostate can-
cers are the major cancer killers. There is an extensive discussion of the Surveillance,
Epidemiology and End Results (SEER) Program from the NCI, and the numerous tables
and figures provide examples of the cancer statistics for incidence and survival rates in
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the US population. The next chapter reminds us that only about 5% of cancer cases are
genetically inherited, whereas 95% are linked to environmental factors including diet.
There is a clear explanation of the developmental phases of cancer and the potential
for bioactive molecules in the diet to affect the early stages of initiation and promo-
tion. As an example, the interactions between nutritional factors and genes, defined as
nutrigenomics, are carefully examined so that the reader is provided with the basics
of this new area of research. An excellent explanation concerning the newest research
tools including high-throughput proteomic and metabolomic approaches are placed in
perspective to better understand their value in nutrition and cancer research. Examples
of bioactive compounds found in foods include essential nutrients such as vitamins and
minerals and essential lipids; plant polyphenols, carotenoids, xenobiotics, and numer-
ous other molecular entities. The complex interactions between the bioactive molecules
and genetic components including histones, DNAmethylation, transcription factors, cell
cycle regulators, and other factors are introduced and explanations are provided so that
the reader can better understand the importance of these interactions.

Cancer begins with changes in the cell’s DNA and the next chapter comprehensively
reviews the major changes that result is cellular malignancy and examines the data sug-
gesting that certain dietary factors can interfere with the progression of cells through the
steps resulting in a cancerous cell. The reader is alerted that dietary factors that affect
cells in cell culture may not be effective in vivo. Dietary substances that are briefly dis-
cussed include resveratrol, sulforaphane, apigenin (a flavonoid found in many fruits and
vegetables), curcumin, EGCG and quercetin, and several other examples that are exam-
ined in greater depth in subsequent individual chapters. Within the cell, changes in sin-
gle nucleotides (single nucleotide polymorphisms or SNPs) can result in changes to the
structure, function, and/or the cellular content of a specific protein. If the SNP is located
in genes involved in the metabolism of bioactive dietary factors, then this genetic change
can result in alterations in cellular responses to potential carcinogens as one example.
The next chapter, on nutrigenetics, closely examines nutrient–gene interactions. The
epidemiological associations between antioxidants, folates, and dietary phytoestrogens,
and reduced risk as well as the associations between meats and the compounds gener-
ated during cooking and increased cancer risk are reviewed with the aid of informative
figures. Epigenetic processes that can alter the regulation of genes is the logical topic
of the next chapter and it concentrates on the importance of dietary sources of methyl
donors including folate, choline, and methionine. The final chapter in the introductory
section examines the role of transcription factors that can initiate changes in the DNA in
cells and the potential for dietary factors to modulate the actions of these transcription
factors. The information contained within the first six chapters provides the reader with
a firm grounding in the complexities of the cellular events that ultimately can lead to
cancer and informs the reader of the newest research to identify key components in the
diet that may be able to reduce the risk of forming cancerous cells.

The second section begins with the subsection on macro-constituents and the first
chapter concerns the macronutrients, obesity, and the potential for calorie restriction
(using diets that provide the full measure of essential nutrients in a calorie restricted
matrix) and physical activity to reduce cancer risk by altering the synthesis of endoge-
nous hormones and growth factors that are stimulated by caloric intakes. In addition
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to macronutrients, diets contain fiber that is defined as the plant parts that are resistant
to hydrolysis by human gastrointestinal (GI) enzymes. The importance of fiber (prebi-
otics) as well as metabolic products of the probiotic microbes that reside in the human
alimentary tract and their role in the development of cancer – especially in the GI tract,
is the topic of the next chapter. The following chapter explores the importance of the gut
microbiota in greater detail and provides discussions of specific microbes in the gut and
their influence on not only cancer risk but also potentially precancerous inflammatory
responses in the colon and other organ systems as well.

Flame-cooked red meats and processed meat consumption is consistently associated
with increased risk of cancers in the GI tract. The mechanisms by which these meats
can increase cancer risk are clearly explained and strategies to reduce risk are included
in the next chapter. Meats contain a higher proportion of saturated to unsaturated fats
and the next chapter reviews the evidence linking higher intakes of most saturated fats
with increased risk of cancer. The following chapter examines the early evidence from
in vitro and animal studies that certain isomers of one fatty acid found in meat and dairy
products, conjugated linoleic acid (CLA), may reduce the risk of certain cancers; the
chapter includes almost a dozen relevant figures that help the reader to better under-
stand the complexity of the findings with CLA. In contrast to most of the fats in meats,
the polyunsaturated fats, primarily long-chain n−3 fatty acids from fish or other sources
(discussed in a separate chapter), have been associated with a decreased risk of cancer
possibly by affecting translational regulation of genes and thereby reducing cell prolif-
eration. The next chapter, containing over 200 references and two detailed tables of the
relevant clinical studies, reviews the data linking higher intakes of n-6 unsaturated fatty
acids with increased risk of cancer that may be due to the increased cell proliferation and
inflammation associated with n-6 fatty acid metabolites. These five chapters highlight
the complexity of making generalizations about all fats; nevertheless, the authors, who
are recognized leaders in this area of research, clearly present compelling arguments
for maintaining overall fat intake at about 30% of calories/day, keeping saturated fat
intake to 10% of calories, and maintaining a 1–2:1 ratio of n-6 to n-3 fatty acids in the
daily diet.

In the section entitled carotenoids, vitamins, and minerals, there are individual chap-
ters on carotenoids, vitamin A, vitamin D, folate, selenium, calcium, iron, and zinc
contributed by the major researchers of these nutrients. The chapter on carotenoids high-
lights the consistent association between fruit and vegetable intakes with decreased can-
cer risks and examines in detail two individual carotenoids found in the human diet:
β-carotene and lycopene. The authors remind the reader that even though the immedi-
ate headlines from the ATBC study published in 1994 suggested that Finnish smokers
who were in the β-carotene arm had increased rates of lung cancer, data published 6
years later no longer found this association; four other β-carotene intervention studies
found no increased risk of lung cancer in smokers although the number of smokers in
these studies was not as great as in the ATBC and CARET studies. The entire literature
concerning lycopene in major in vitro and all in vivo studies is tabulated for the reader.
The authors conclude with a recommendation for individuals to eat five servings of
fruits and vegetables/day and make five of those choices lycopene-containing tomato
products each week. Certain carotenoids can be metabolized to vitamin A (retinol),
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which is an essential nutrient critical for controlling cell growth and differentiation into
normal cells in contrast to cancerous cells. Retinoic acid (RA), a metabolite of retinol, is
a direct activator of genetic functions and has been examined as a chemopreventive drug
over many years. Many RA derivatives have been synthesized and tested as cancer treat-
ments. This chapter points out the difficulties found in moving from positive in vitro and
animal studies to human studies of both chemoprevention and chemotherapy with vita-
min A as well as the retinoids. With regard to vitamin D, discussed in the next chapter,
its role in cancer development and potential in treatment is a very new area of research
associated with the capability of non-renal tissues to locally synthesize the active form
of the vitamin whereas cancerous tissue appears to lose this function. The epidemiology
and the mechanism of action studies are carefully reviewed and a recommendation is
made for increased intake of vitamin D. Synthesis of DNA as well as the methylation
of this molecule and others within the body requires folate, an essential water-soluble B
vitamin. Epidemiological data point to the inverse association between folate intake and
risk of cancers of the colon and esophagus. However, intervention studies with folic-
acid supplementation have not shown reduction in precancerous colon polyps. It may be
that unrecognized genetic polymorphisms in the enzymes controlling folate and other
B vitamin metabolism have reduced the potential to see the beneficial effects of folate
and/or may even increase the risk of carcinogenesis. Given that many nations have
implemented a folic-acid fortification program to reduce the occurrence of neural tube
birth defects, it is critical to better understand the timing and dose of folate needed to
reduce and not enhance cancer development and/or progression.

Selenium is the first essential mineral reviewed and as has been seen with many of
the nutrients, there are several bioactive forms in the food supply as well as in the body.
Likewise, selenium has a number of functions within the body as it is a component of
an antioxidant enzyme and many other selenoproteins involved in cellular metabolism.
In vitro, animal and epidemiological data support a chemopreventive role for selenium.
However, the two clinical trials have provided inconsistent results for prostate cancer
that may be due to many factors not the least of which could be the baseline selenium
status of the cohort. Calcium, the mineral discussed in the next chapter, has been shown
to significantly reduce the rate of colon polyp recurrence. Moreover, recent data from a
large cohort suggests that supplemental intakes of calcium are associated with reduced
risk of total cancers in post-menopausal women. The data for prostate cancer associa-
tions are inconsistent. Iron, another essential element, is required for the synthesis of
energy in the form of ATP. There are no data suggesting that increased iron intake
reduces the risk of cancers, rather in individuals with the homozygous genetic defect
that causes iron overload, there is an increased risk of liver cancer and in heterozygotes
there are increases in risks of several cancers. Other genes and proteins associated with
iron metabolism and cancer risk are tabulated in this chapter. Epidemiological data show
inconsistent associations between high iron intakes and cancer risks that may reflect red
meat consumption (mentioned in the chapter on meat and cancer as well). The final
chapter in this section looks at the role of zinc in cancer development and prevention.
Zinc is an essential component of over 300 human enzymes and is thus involved in
virtually all aspects of cellular function. Yet, the research on zinc and cancer is in its
infancy. In vitro cell culture studies have shown important effects of zinc and studies
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in zinc-deficient animal models find increased cancer development. There are consistent
epidemiological associations of low zinc status and increased risk of oral and esophageal
cancers, but no intervention studies of zinc alone have been initiated.

Non-nutritive bioactive molecules found in foods, spices, and herbs and their poten-
tial role in cancer prevention and/or treatment is an exciting and very active area of
research. Drs. Milner and Romagnolo have chosen ten of the most well-studied bioac-
tives and have also enlisted the investigators who have done the most work on these
compounds to provide informative chapters. As the research on the effects of the bioac-
tive compounds is at the early states of investigation, many have not been used in clinical
intervention studies. Cruciferous vegetables contain isothiocyanates and indoles; these
compounds have been shown to affect tumor cell cycles, gene expressions, apoptosis,
inflammatory responses, and other factors associated with lowering the risk of initia-
tion and growth of malignant cells. Broccoli is the most commonly consumed crucif-
erous vegetable in US diets at about once/week, and cooking inactivates some of the
bioactive compounds. Genotypes likely affect the cancer preventive potential of these
compounds. There are no full-scale clinical studies; the epidemiological studies are
tabulated. Garlic and the bioactive sulfur compounds isolated from garlic have been
shown to reduce cell proliferation and enhance DNA repair and in laboratory animal
studies, garlic decreased cancer formation following exposure to carcinogens. However,
epidemiological and clinical data are not available, so this is a new area for clinical
investigation.

Two polyphenol compounds are reviewed in the next chapter that examines the anti-
carcinogenic potential of resveratrol and genistein in animal models and cell culture
studies. In rodent models of breast or prostate cancer, the two compounds individually
and in combination appeared to reduce the size and progression of these tumors. Tea
catechins, fruit and vegetable flavonols, and procyandins have also been shown to be of
benefit against tumor development in animal models. The epidemiological evidence for
tea consumption and reduced cancer risk is tabulated; results from small intervention
studies are reviewed. The next chapter provides an in depth review of the isoflavones
genistein and daidzein from soy (more than 200 cited references) and concludes that
these compounds have anti-carcinogenic effects in animal models and a number of
mechanisms of action. Because of their estrogenic activity, clinical investigations may
concentrate on non-estrogen responsive cancers. Many culinary herbs and spices includ-
ing rosemary, oregano, basil, chilies, turmeric, ginger, and cloves have demonstrated
antioxidant and anti-inflammatory activities in cell culture and some have been tested
in animal models of cancer. Emphasis in this chapter is placed on the data concern-
ing curcumin from turmeric where there have been some small clinical investigations
in cancer patients looking at biomarkers of activity. Berries, such as strawberries, blue-
berries, cranberries, and raspberries, have been consumed by humans throughout his-
tory. These fruits contain essential nutrients as well as other bioactive phytochemicals
including phenolic acids and flavonoids. The anthocyanins are one of the most abundant
flavonoids in berries. Extracts can reduce cellular carcinogenesis in culture and in cer-
tain animal models. Pilot intervention studies have shown that berry concentrates can
modulate biomarkers of cancer development. Pomegranates have also been consumed
by humans for centuries and there is interest in the phytochemicals in the rind and juice
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produced from the whole fruit that contains a tannin, punicalagin. A pilot intervention
study with pomegranate juice in men with prostate cancer found an increase in the time
with no rise in prostate-specific antigen.

Alcohol use has been consistently associated with an increased risk of breast cancer
in women and with cancers of the aerodigestive tract. Cell studies and animal models
document that ethanol is the carcinogen in alcohol and the cancer risk is related directly
to dose. The alcohol–cancer relationship can be modified by many factors including
dietary status, concomitant smoking or other environmental toxins, gender, age, and by
genetics. Over 200 references are included in this chapter. The other major classes of
compounds that can increase the risk of cancer are the xenobiotics from the environment
including polycyclic aromatic hydrocarbons and dioxins. The mechanisms of cancer for-
mation and the potential to reduce the effects of exposure with the consumption of foods
that contain beneficial bioactive molecules is the topic of the next chapter. Flavonols that
can activate detoxifying enzymes may reduce the risk of cancer formation by lowering
the body burden of these environmental toxins.

The final chapter of the volume is of great practical relevance and unique to this
volume. The chapter examines the opportunities and challenges of communicating to
consumers about foods and cancer risk. Effective communication is critically important
as we do not appear to be able to stem the obesity epidemic; and obesity is a signifi-
cant risk factor for many cancers. Consumer research from the 2008 International Food
Information Council (IFIC) Food and Health Survey into attitudes and awareness of the
role of dietary components in their health is reviewed. It is important to determine how
clients, patients, and colleagues interpret the health messages that the media develop
from research studies such as those presented in this volume.

In conclusion, “Bioactive Compounds and Cancer” edited by John A. Milner, Ph.D.,
and Donato F. Romagnolo, Ph.D., provides health professionals in many areas of
research and practice with the most up-to-date, well-referenced volume on the impor-
tance of diet and its effects on cancer risk. This volume will serve the reader as the
benchmark in this complex area of interrelationships between food, dietary intakes, and
body weight, the myriad of mechanisms by which bioactive components in our diet can
reduce the risk of initiation, promotion, and progression of malignancies. Moreover, the
interactions between environmental and genetic factors are clearly delineated so that
practitioners can better understand the complexities of these interactions. The editors
are applauded for their efforts to develop this volume which now stands as the bench-
mark in the field of nutrition and cancer. This excellent text is a very welcome addition
to the Nutrition and Health Series.

Adrianne Bendich, PhD, FACN



Foreword by David S. Alberts, MD,
and Maria Lluria-Prevatt, PhD

While we have begun to see documented decline of both the incidence and death rates
from all cancers combined in both men and women (1), cancer still accounts for more
deaths than heart disease in persons younger than 85 years of age. Our Western lifestyle
literally is killing us! In order to extend the success in reducing cancer incidence and
death, our knowledge of the effects of nutrition and physical activity in cancer causation,
prevention, and intervention are essential. After all, there is a growing consensus that we
must “get off the couch and out to the refrigerator” if we are to survive.

There is an expected more than 1.5 million new cases of invasive cancer and
560,000 cancer deaths in the United States in 2009 (2). Alarmingly, with our present
rate of increase in obesity, it is estimated that the current patterns of overweight and
obesity in the United States could account for 14% of all deaths from cancer in
men and 20% of those in women (3). The vast majority of these cancer cases are
preventable.

The multistage model of carcinogenesis demonstrates the stages of initiation, promo-
tion, and progression as a multiyear process. If we understand that for most common
cancer types there may be an estimated lag time of 20–30 years from the first initiated
(i.e., DNA damaged) cancer cell to death from metastatic cancer, then there are between
11 million and 17 million people in the United States who currently have some phase of
premalignant disease who, ultimately, will die from cancer. There is a wide window of
opportunity within this long lag period or premalignant phase in which enhanced phys-
ical activity and nutritionally targeted cancer prevention can effectively influence the
course of this disease process (Fig. 1).

The editors, Drs. John A. Milner and Donato F. Romagnolo, of “Bioactive Com-
pounds and Cancer” have brought together 76 world renowned authors to provide
the most up-to-date, comprehensive volume discussing numerous dietary components
that have demonstrated an impact on cancer risk and prevention in preclinical models
and/or clinically. This text provides health professionals the most relevant science-based
knowledge with regard to dietary bioactive compounds and their effects on the progres-
sion of cancer.

There have been a large number of observational studies showing a reduction in the
risk of several types of epithelial malignancies among populations with higher intakes
of fruits and vegetables (5) or reduction in fat intake (6). While a primary prevention
strategy might involve the promotion of a high fruit and vegetable and/or low-fat diet
to reduce the frequency of initiated cells or to repair damage manifested by initiated
cells, the authors of this text have taken the process a step further by identifying the
actual dietary component that specifically demonstrates bioactivity in a wide variety of
cancers in preclinical and/or clinical settings. These authors provide scientific data of the
mechanisms of action of these compounds and in many cases have been able to identify

xiii
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Precancer = IEN 

Normal Initiated Mild Moderate Severe CIS Cancer 

Dysplasia 

Colon: Adenoma 
5–15 yrs5–20 yrs 

Breast: 

Prostate: Latent 
cancer 

DCIS 
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Atypical Hyperplasia 
6–10 yrs  14–18 yrs 

20 yrs ≥ 10 yrs  3–15 yrs

Actinic Keratosis 
≈10 yrs  30–40 yrs 

Skin (Non-melanoma): 

Fig. 1. Progression of precancer to cancer in humans is a multiyear process. Adapted from
O’Shaughnessy et al. (4).

specific cancer genes, signaling proteins, transcription factors, or epigenetic events that
the bioactive components are able to regulate.

The initial section of this text gives an introduction to the potential influence of nutri-
tion on cancer risk and prevention strategies and how investigators have begun to doc-
ument the roles of bioactive compounds. One strategy to understand nutritional effects
in cancer is nutrigenomics. Nutrigenomics is the study of the effects of food and food
constituents on gene expression. This allows for the identification of bioactive food com-
pounds, which affect specific targets that influence the carcinogenesis process. The iden-
tification of these bioactive compounds and the key molecular targets is attained through
the use of high-throughput proteomics and metabolomic approaches. Here, the authors
describe the potential interactions between bioactive molecules and genetic components
such as histones, DNA methylation, transcription factors, and cell cycle regulators. The
bioactive compounds found in food include essential nutrients such as vitamins and
minerals and essential lipids, plant polyphenols, carotenoids, xenobiotics and numerous,
other molecular entities. One specific transcription factor, AP-1, has been identified as a
potential target for regulation and chemoprevention by nutrients, including epigallocate-
chin gallate (EGCG) (7), theaflavins, caffeine (8), [6]-gingerol (9), resveratrol (10), and
flavonols such a as kaempherol, quercetin (10), and myricetin (11). This transcription
factor appears to play a role in proliferation, differentiation, apoptosis, and angiogenesis
(12). In the case of DNA methylation, nutrients can supply the methyl groups in the for-
mation of S-adenosylmethionine (SAM) and modify the utilization of methyl groups by
DNA methyltransferases. In addition, nutrients may play a role in DNA demethylation
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activity and DNA methylation may influence the specific response to a nutrient. Under-
standing the complexities of the cellular events in carcinogenesis has paved the road to
identify the key components in the diet that may be able to reduce the risk of cancer
development.

A comprehensive discussion of macronutrients, obesity, and the potential for calorie
restriction and physical activity to reduce cancer risk are discussed in Chapters 7–14.
These authors have pulled together much of the current knowledge, including their own
extensive research to discuss the effect of dietary balance involving calorie restriction
and specific dietary components involved in cancer risk and prevention. The authors in
this section present data concerning the use of compounds such as bifidobacteria, lacto-
bacilli, and Clostridium butyricum to modulate gut microbiota and the intake of fiber for
colon cancer prevention. In addition to a discussion of the recommended reduction in
red meat intake and the resulting exposure to their carcinogenic chemical compounds,
polycyclic aromatic hydrocarbons (PAH) formed in grilled meat, these authors have
extensively explained the bioactivity of two polyunsaturated fatty acids (PUFA): n-6
PUFA and n-3 PUFA. N-6 PUFA metabolites are associated with increased cell prolifer-
ation and inflammation providing a potential mechanism in the extensive clinical studies
linking increased cancer risk with intake of high levels of this PUFA. In contrast, n-3
PUFA are often found in fish and other food sources and have been associated with a
decrease risk of cancer by affecting translational regulation of genes and subsequently
reducing cellular proliferation. Recent data have identified a family of isomers, conju-
gated linoleic acid (CLA), that are found in meat and dairy products. In vitro studies
demonstrated CLA inhibited growth of several cancer cell lines and induced expres-
sion of apoptotic genes. A reduction in tumors by CLA was also seen in rodent models.
However, there can be no recommendation for CLA consumption for prevention or ther-
apy until more extensive preclinical and clinical studies can be undertaken. This section
of the book brings forth the evidence needed for the recommended reduction of over-
all fat intake, discussing the specific compounds found in fat that are associated with
increased cancer risk, and providing evidence of the mechanism by which they act to
increase cancer risk.

Many patients today use alternative therapies to manage their health. It is difficult for
the health-care professionals to keep up with the evolving field. With a large selection
of combination of vitamins and supplements available to the individual and the fre-
quent mention of the positive impact to health from the lay media, health professionals
are undoubtedly left to answer the patient’s request of vitamin and nutrient supplement
selection. From a scientific perspective, the authors of Chapter 15–22 discuss the most
recent studies of carotenoids, vitamin A, vitamin D, folate, selenium, calcium, iron,
and zinc. Both the carotenoids, β-carotene and lycopene, are highlighted in this sec-
tion. Lycopene found in tomato food sources has been associated with the reduction in
prostate cancer risk potentially through a mechanism of decreasing the expression of
androgen-producing enzymes. β-carotene levels have been used as a biomarker for fruit
and vegetable intake which is associated with reduced cancer risk. Controversial stud-
ies of high doses β-carotene and increased lung cancer risk in heavy, current smokers
are addressed. The authors of this chapter recommend the five-a-day servings of fruit
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and vegetables and suggest that five of those in a week be lycopene-containing tomato
products.

Vitamin A (retinol) is an essential nutrient involved in controlling cell growth and
differentiation into normal cells; however, its use in cancer prevention has been limited
to non-melanoma skin cancer chemoprevention due to the side effects associated with
it. The authors do not present evidence that warrants a change in recommendations for
dietary vitamin A for the purpose of cancer prevention. The discussions concerning vita-
min D and its preventive cancer effects are quite limited; however, there is evidence that
the ability to produce vitamin D3 is often lost as cancer develops. This leaves open the
possibility that with restoration of this synthesis mechanism, there could be modulation
of the carcinogenesis process.

Unfortunately, the role of folate in cancer prevention has been contradictory, espe-
cially since the mid-1990s when folic-acid supplementation of the US food supply was
initiated. Essentially, too much of a “good thing” may not be so “good.” The chap-
ters on the minerals, selenium, and calcium provide well-documented preclinical and
clinical data of their potential to prevent cancer. The putative mechanisms for cancer
prevention are described for both. Selenium has been connected to antioxidant protec-
tion and anti-inflammatory effects while calcium provides protection by decreasing cell
proliferation and stimulating cell differentiation in numerous types of cells. In contrast,
excess iron accumulation can lead to increased risk of cancer and diseases associated
with iron overload, but iron is required for many normal cell functions and therefore
poses a dilemma with respect to long-term supplementation.

Currently, there has been an increased interest in zinc consumption because of its
activity in boosting immune function and “fighting” the common cold. There is preclin-
ical evidence to support that zinc has a potential role in cancer prevention. This concept
has been formulated primarily because dietary zinc deficiency has been associated with
increased tumors in epidemiological, clinical, and animal model studies. Esophageal
cancer translational research efforts demonstrated an effect on NF-kB-COX-2 signaling
pathway regulation by zinc that might contribute to prevention of this and other types of
cancer.

Chapters 23–30 provide a large amount of reference supported research on specific
compounds in different food components. One such compound is sulforaphane found
in cruciferous vegetables and noted to block inflammatory responses. Cruciferous veg-
etable intake may reduce the risk of several cancers, including the hematologic malig-
nancies, multiple myeloma, and non-Hodgkins lymphoma. Cruciferous vegetables con-
tain isothiocyanates and indoles that have demonstrated advantageous cancer prevention
effects on tumor cell cycles, gene expression, apoptosis, inflammatory responses, and
other mechanisms associated with lowering of cancer risk. The bioactive sulfur com-
pounds of garlic also have been shown to reduce cell proliferation and enhance DNA
repair in animal models. Garlic decreased cancer formation subsequent to carcinogen
exposure.

The polyphenols, resveratrol and genistein, individually and in combination reduced
the size and progression of breast and prostate tumors in animal models. The benefits
of tea intake are discussed and accompanied by a complete table of the epidemiolog-
ical studies of tea consumption and the associated reduction in cancer risk. Another
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set of bioactive compounds extensively reviewed in this text are the isoflavones, genis-
tein, and diadzein from soy. These compounds demonstrate a multitude of mechanisms
contributing to their anti-carcinogenic effects. Also the phytochemicals of berries and
pomegranates are introduced. In berries, the most active compounds are the antho-
cyanins. Berries inhibit carcinogenesis by inhibiting growth of cells, inhibiting angio-
genesis and inflammation, and stimulating apoptosis, cell differentiation, and cell adhe-
sion. Topical ointments containing berry extract have been associated with a reduction
in histological grade and restoration of loss of heterozygosity in oral dysplastic lesions.
The authors go so far as to advise the daily consumption of several grams of berry pow-
der to elicit protection from cancer development.

Pomegranate ellagitannins metabolize into urolithins by the gut flora, which have
demonstrated bioactivity in inhibiting prostate cancer cell growth, NFκ-B, and HIF-1α-
dependent activation of VEGF. The consumption of pomegranate juice appears to cause
a decrease in the rate of PSA after radiation or surgery in prostate cancer treatment. The
second to last chapter in this text brings forth the biological data on alcohol consumption
and its contribution to the development of many types of cancers of the aerodigestive
tract. Discussed in the final chapter is the aryl hydrocarbon receptor (AhR). When acti-
vated by agonists, the AhR leads to a decreased expression of the tumor suppressor
genes p16 and BRCA-1 and may be a risk factor in various types of cancer. Under cur-
rent investigations are the potential benefits of using natural modulators of the AhR,
including resveratrol and other indole compounds to work as cancer chemoprevention
drugs.

The authors of many of these chapters rightfully address the difficulties in moving
positive in vitro and animal studies of these bioactive compounds to human studies of
chemoprevention (13). The suggested evidence necessary for a compound to qualify as
a chemopreventive agent that could be developed naturally is shown in Fig. 2.

In an era where either the patients are asking “how and why” to prevent cancer or
patients circumstances require the motivation for healthier living, “Bioactive Compound
and Nutrition” provides the health-care professionals the concrete research behind calo-
rie restriction, increased physical activity, reduction of intake of certain foods, including
the moderation of vitamin and supplement consumption, and the increased intake of

Fig. 2. Qualities of an ideal chemopreventive agent.
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other healthful nutrients. With the identification of the actual bioactive compounds in
the diet and understanding the molecular interactions that occur with these compounds,
there will be greater confidence that effective chemoprevention agents can be developed
from these dietary components.

David S. Alberts, MD
Maria Lluria-Prevatt, PhD
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Natural agents have a long, exciting history in cancer prevention that extends back to
1925, when Wolbach and Howe reported early animal studies of vitamin A, foreshad-
owing the founding of the field of modern cancer chemoprevention by pioneers such as
Lee Wattenberg, Michael B. Sporn, and Waun Ki Hong in the 1960s, 1970s, and 1980s.
In the wake of several negative, some even harmful, major trials of natural agents for
chemoprevention, however, a recent editorial stated that the prospects for cancer preven-
tion through natural agents “have never looked worse” (1). Although this observation is
perfectly understandable, no one should rush to count natural bioactive compounds out,
as the chapters of this book, Bioactive Compounds and Cancer, make abundantly clear.

This comprehensive textbook is an excellent research source of in-depth reviews in
every chapter, illustrating the complexity of the field and useful both for research and for
clinical practice. Every major area of natural-agent research is covered. Wide-ranging
chapters on biology, technology, and mechanisms include one chapter each on nutrige-
nomics and nutrigenetics and a chapter on diet and epigenetics. Research varying from
whole foods to extracts to specific compounds is presented in a clear, useable format.
There are individual chapters on a host of bioactive compounds including folate, sele-
nium, vitamin D, zinc, iron, garlic, isoflavones, berries and anthocyanines, herbs and
spices, pomegranates, and many more. The book’s broad scope is illustrated further
by chapters on caloric restriction/energy balance, gut microbiotica, aryl hydrocarbon
receptor-mediated carcinogenesis, carcinogenic effects of meat and alcohol, and (in four
chapters) the double-edged sword of fatty acids.

Although illuminated in this book, much of the leading-edge methodology of natural-
agent research did not enter into the backgrounds and rationales of the large randomized
controlled trials (RCTs) beginning in the mid-1990s that led to the gloomy outlook
quoted above. Beta-carotene and vitamin A analogues (retinoids) increased lung cancer
incidence and mortality in smokers. Folic acid increased the risk of advanced colorectal
adenomas and prostate cancer. Vitamin E (α-tocopherol) marginally increased prostate
cancer in the largest cancer prevention RCT ever conducted (the Selenium and Vita-
min E Cancer Prevention Trial [SELECT]), in addition to increasing mortality in meta-
analyses of clinical trials. The only positive micronutrient RCT involved is calcium,
which produced a significant, albeit modest, reduction in colorectal adenomas. RCTs
of many other natural compounds, including complex combinations of vitamins and
minerals, have yielded negative-neutral results. Many complex aspects of these results
remain unresolved, including the apparent non-linear dose–response of many of the nat-
ural agents, potential effects in nutrient-deficient (not replete) populations, and pharma-
cogenomic considerations such as have been reported recently for selenium.

The primary basis of most of these RCTs was epidemiologic data, which can be
confounded by many factors. The enormous SELECT went further, basing its rationale

xix
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largely on compelling secondary RCT data, which did not lead to positive results. In
view of these trials’ somewhat limited rationales and preponderantly negative results,
cancer prevention experts have proposed a new model of natural agent development, a
model that develops consistent cross-discipline preliminary data from preclinical mod-
els, epidemiology, pharmacogenetics, risk-modeling, and early-phase clinical trials prior
to the launch of large, expensive, and time-consuming RCTs. Strong efforts are needed
in the step of early-phase clinical trials, including presurgical studies within intraep-
ithelial neoplasia or cancer and important correlative assessments such as of molecular
profiles of efficacy.

The editorial mentioned in the opening paragraph also aptly said, “The primary les-
son from our experience in the nutritional prevention of cancer is that it is not simple.”
Nevertheless, the complexity of feasible, desired early evidence will lead, at last, to
the most-promising areas for registration or definitive RCTs of natural agents. These
RCTs will represent the distillation of large, heterogeneous populations of somewhat-
increased – risk individuals down into cohorts of highest-risk, pharmacogenomically
appropriate individuals, who will receive formulations, doses, and durations of single or
combined natural agents with the highest activity and safety profiles in preclinical and
early-stage clinical studies. This proposed agent-development scheme applies not only
to the natural agents described by world leaders in this remarkable book, but as well
to the development of molecular-targeted or other synthetic agents for cancer preven-
tion. Movement toward achieving the goal of fully stepped natural-agent development
includes efforts of the new American Association for Cancer Research (AACR) journal
Cancer Prevention Research, which is the leading home for preclinical (in vitro and
in vivo), pharmacogenomic, molecular risk assessment, and early-phase clinical studies
relevant to natural bioactive compounds.

In sum, the prospects for prevention through natural agents have never looked better,
thanks to the growing impetus for effective drug development reflected in the extraordi-
nary body of work represented in Bioactive Compounds and Cancer.

Scott M. Lippman, MD
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Preface

Cancer is a global issue. While cancer risk may vary depending on location there
is mounting evidence that the incidence and associated morbidity and mortality will
continue to mount. This increase is in part due to an aging society, but also to the esca-
lating incidence of obesity throughout the world. Only a small percentage of cancers
are familial suggesting that environmental factors including dietary intakes are critical
for determining risk and tumor behavior. The impetus to developing this volume stems
from the wealth of evidence pointing to specific dietary bioactive components as modi-
fiers of cancer-related processes. Thirty-three chapters have been assembled from world
renowned experts who have conducted a systematic review of the relevant literature and
provided an assessment of cancer prevention opportunities using bioactive food com-
pounds. The tone of this text is to establish a “proof-of-principle” about the importance
of nutrition and cancer prevention while realizing that space limitations may not have
allowed for all areas to be adequately addressed. The text has been divided into sev-
eral sections to aid in the assimilation of the materials provided. Part I: Understanding
the Role of Nutrition in Health addresses the cancer response to bioactive food compo-
nents, how “omics” approaches have been used to investigate individual variability due
to genetic and epigenetic nutrient regulation of signaling proteins and associated small-
molecular-weight compounds. This section defines the cellular cancer processes and
molecular targets for food components and identifies those individuals who are likely to
benefit by assessing the relevance of selected polymorphisms. Part II: Role of Dietary
Bioactive Components in Cancer Prevention and/or Treatment was developed realizing
that cancer risk is influenced by dietary behavior and interactions among dietary Macro-
constituents including dietary energy balance, protein, fats, and microflora. Moreover,
the effects of certain macronutrients on the cancer process may be modified by syner-
gies with other bioactive components including Carotenoids, Vitamins, and Minerals,
and many Bioactive Food Components found in fruits and vegetables, which in concert
may alter the susceptibility to cancer risk. Attention was given to the fact diet may also
be a vehicle for cancer-promoting substances including Alcohol and to the biological
basis of prevention by natural bioactive compounds against certain Dietary Xenobiotics
with cancer-promoting effects. Finally, this volume provides a forum to discuss oppor-
tunities and challenges for communicating food and health relationships to Consumers.

In preparing this text, efforts were directed to presenting epidemiological, clinical,
and preclinical experimental evidence supporting the role of selected bioactive food
components in cancer prevention or causation. Because bioactive food components are
promiscuous and influence a multitude of molecular and cellular targets, particular atten-
tion was given to discussion of the mechanisms of action, review of experimental data
supporting tissue-specific cancer preventative effects, and whenever available, to the
totality of evidence supporting the use of specific bioactive food components for the
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prevention or management of specific types of neoplasms. Areas for future nutrition
and cancer research are also highlighted throughout. When possible, global recommen-
dations are provided as general guides for use by those committed to reducing cancer
burden.
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1 Monitoring the Burden of Cancer
in the United States

Nadia Howlader, Sean F. Altekruse,
and Brenda K. Edwards

Key Points

1. The American Cancer Society estimates that approximately 1,437,180 new cancer cases will be
diagnosed in 2008, and approximately 565,650 individuals are expected to die as a result of cancer.

2. The prevalence of invasive cancer in the United States appears to be increasing, in part due to aging
of the US population. However, a larger proportion of cases are diagnosed at earlier stages and
prognoses improve with more effective therapies. On January 1, 2005, the number of persons in the
United States diagnosed with invasive cancer was estimated at 11,098,450.

3. Each year, cancer cases are reported by registries that participate in the SEER Program. A cancer’s
stage describes the extent or spread of disease at the time of diagnosis. Several staging systems are
available.

4. The three leading cancer sites for men (prostate, lung and bronchus, and colon and rectum)
accounted for one-half of male cancer deaths. Cancer of the lung and bronchus was responsible
for 2.5 times more deaths than prostate cancer, the most common cancer site among men.

5. The three leading cancer sites among women (breast, lung and bronchus, and colon and rectum)
caused ∼50% of female cancer deaths. Cancer of the lung and bronchus caused 1.5 times more
deaths than breast cancer, the leading incident cancer site for women.

6. After decades of steady increases in cancer incidence and death rates, overall rates appear to be
declining. In particular, the incidence and death rates for cancers of the breast, prostate, and colon
and rectum are declining.

Key Words: Cancer; burden; surveillance; incidence; mortality; survival; prevalence

1. INTRODUCTION

Cancer represents a major public health concern. The American Cancer Society esti-
mates that approximately 1,437,180 new cancer cases will be diagnosed in 2008, and
approximately 565,650 individuals are expected to die as a result of cancer (1). In recog-
nition of the significant burden of cancer in the United States, the National Cancer Act
was enacted into law in 1971. As part of this Act, Congress provided funding to the
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National Cancer Institute (NCI) for the Surveillance, Epidemiology, and End Results
(SEER) Program. The SEER Program now collects, analyzes, and disseminates cancer
statistics from population-based cancer registries that cover 26% of the US population.

During the past 30 years, statistics from the SEER Program have informed many
cancer control efforts. The SEER Program is the principal source of cancer incidence
and survival information in the United States. This database is used widely by scientists,
decision makers, and the public. The SEER Program provides cancer statistics and data
regarding trends such as the number of new cancer cases, cancer-related deaths, and
how long people survive after being diagnosed with cancer. The purpose of this chapter
is to provide a brief overview of the burden of cancer on the general population using
data collected by the SEER registries and data on US cancer deaths compiled by the
Center for Disease Control and Prevention’s (CDC) National Center for Health Statistics
(NCHS). Data are presented on cancer incidence, mortality, survival, and prevalence for
the overall population by gender, race and ethnicity, and age. A primary source of these
statistics is the annual Cancer Statistics Review (CSR) published by the SEER Program
on its web site (http://seer.cancer.gov). Additional cancer statistics are available on the
SEER web site, including the Fast Stats and Cancer Query systems and public use files.

1.1. Collection of Cancer Data
Cancer cases are identified through records from hospitals, private laboratories, radio-

therapy units, nursing homes, and other health service units in a registry’s defined geo-
graphic area. In addition, each registry collects data on patient demographics, primary
tumor site and extent of disease, and first course of treatment. The original nine registries
in the SEER Program, denoted as SEER-9, consist of Atlanta, Connecticut, Detroit,
Hawaii, Iowa, New Mexico, San Francisco–Oakland, Seattle–Puget Sound, and Utah.
Data are available for patients diagnosed since 1973 with the exception of Seattle–Puget
Sound (1974) and Atlanta (1975). Reports on long-term incidence cancer trends are
based on SEER-9, which represents 10% of the US population. The SEER-13 registries
consist of SEER-9 plus Los Angeles, San Jose–Monterey, Rural Georgia, and the Alaska
Native Tumor Registry. Data are available for cases diagnosed since 1992. The SEER-
17 registries consist of the SEER-13 as described above, plus Greater California, Ken-
tucky, Louisiana, and New Jersey and data are available for all cases diagnosed starting
in 2000. These registries report data based on race (Native American, Asian Pacific
islanders) and include information on more than five million cancer cases. This chapter
is based on cases diagnosed from 1975 through 2005.

1.2. Case Definition
Site and extent of cancer cases in SEER registries are coded according to the Inter-

national Classification of Diseases for Oncology, Third edition (ICD-O-3) (2). Cases
collected before 2001 were machine converted to ICD-O-3 codes. Each year, cancer
cases are reported by registries that participate in the SEER Program. A cancer’s stage
describes the extent or spread of disease at the time of diagnosis. Several staging sys-
tems are available. The SEER historic stage is used for descriptive and statistical analy-
sis of tumor registry data and comprises four categories: in situ, localized, regional, and
distant (3).
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1.3. Incidence and Death Rates
In all 50 states and the District of Columbia, deaths by cancer site are reported on a

yearly basis to the NCHS (4) as a component of the state vital health reporting systems.
This data source is used to generate age-adjusted death rates for this chapter. Population
estimates that are used to calculate incidence and death rates are obtained from the
US Census Bureau (5), which provides data organized by 5-year age group, gender,
county, and race ethnicity enabling estimates of age-adjusted incidence and death rates
by gender for four racial groups (White, Black, Asian and Pacific Islander, and American
Indian/Alaska Native) and one ethnic group (Hispanic).

Incidence and death rates presented in this chapter are expressed as the number of
new primary cancers and deaths per 100,000 persons. For cancer sites that pertain to
one sex only, the population at risk is the sex-specific population (e.g., prostate cancer).
Incidence and death rates are age adjusted according to the 2000 US standard population
based on 5-year age groups (6). Age adjustment minimizes the effect due to differences
in age distributions when comparing rates.

1.4. Delay Adjustment and Trend Analysis
When cancer cases in SEER registries are reported to NCI in November of each year,

data are ∼98% complete for all cancer sites combined. Cancer registries continuously
update their databases, and SEER uses statistical modeling to adjust data for underes-
timation due to reporting delays estimated from the receipt of data files in subsequent
years (7). The delay-adjustment factor increases the age-adjusted incidence rates in the
more current reporting years.

Trends over a given time interval are summarized by annual percent change (APC)
(8). The APC is obtained by fitting a regression line through the logarithms of the rates
for the given time period using weighted least squares. The slope of the line is tested
for significant increases or decreases. In addition, the joinpoint regression model (8) is
used to characterize changes in cancer rates over time. Each joinpoint denotes a sta-
tistically significant change in trend (p-value ≤ 0.05) and a maximum of four join-
points and five line segments are allowed. For this chapter, we present final segment
APCs to capture recent changes in incidence and mortality trends for selected cancer
sites.

1.5. Survival and Prevalence
Cancer survival is estimated in different ways, depending on the intended purpose.

Relative survival is calculated by comparing observed survival with expected survival
from a set of people with the same characteristics as the patient cohort with respect to
age, race, sex, and calendar period (9). Relative survival estimates present the effect of
the cancer being considered on survival in the absence of other causes of death. Com-
plete prevalence is the number of people in a population who are alive on a certain date
and have been diagnosed with cancer at any time in their lives (10, 11). It differs from
incidence in that it considers both newly diagnosed and previously diagnosed cases.
Prevalence is a function of both the incidence of the disease and survival.
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Prevalence is estimated for all races by applying the completeness index method to
limited-duration prevalence (http://seer.cancer.gov/csr/1975_2005/index.html). The US
cancer prevalence counts at January 1, 2005, were estimated by multiplying the SEER
age- and race-specific prevalence proportions by the corresponding US population esti-
mates based on the average of 2004 and 2005 population estimates from the US Bureau
of the Census. US cancer prevalence counts for all races were estimated by combining
US estimated counts for White/unknown, Black, and other races.

1.6. All Malignant Cancers Combined
The incidence rate for all malignant cancers combined in SEER-9 registries during the

period 2001–2005 was 471.1 cases per 100,000 people (Table 1). Based on a joinpoint
analysis of incidence rates from 1975 through 2005, a statistically significant decrease
in APC was observed in the most recent joinpoint segment, 1999–2005 (APC=−1.2%,
P≤0.05; Table 1).

Annual incidence rates for all malignant cancers in SEER-9 registries from 1975
to 2005 are represented by unfilled triangles (Fig. 1). Rates generally rose from 1975
through 1992, with the increase in APC from 1989 through 1992 indicated by the rising
slope of the solid line segment (joinpoint model). Cancer incidence rates varied between
1992 and 2005, with two decreasing and one increasing joinpoint segments.

Although cancer incidence rates from 2001 to 2005 were higher among males (551.9
per 100,000) than females (415.2 per 100,000), the magnitude of the decline in APC for
the recent joinpoint segment was larger for men (−2.3%) than for women (−0.8%;
Table 1). The annual death rate for all malignant cancers combined in the United
States for the years 2001–2005 was 189.8 cases per 100,000 people (Table 1). Based
on a joinpoint analysis of death rates from 1975 through 2005, a statistically signif-
icant decrease in APC was seen in the most recent joinpoint segment, 2002–2005
(APC=−1.8, P≤0.05; Table 1).

Annual death rates for all malignant cancers in the United States from 1975 to 2005
are depicted by solid triangles in Fig. 1. Rates generally rose from 1975 through 1992
and have declined thereafter. Joinpoint segments from 1975 to 1992 showed increas-
ing APCs, whereas joinpoint segments from 1992 to 2005 showed decreasing APCs
(P≤0.05, data not shown; Fig. 1). Cancer death rates from 2001 to 2005 were higher
among males (234.4 per 100,000) than females (159.9 per 100,000). However, the mag-
nitude of the decline in APC for men from 2001 to 2005 was slightly larger (−2.0%)
than the decline in APC for women from 2002 to 2005 (−1.6%; Table 1).

1.7. Top Three Cancer Sites for Men and Women
Between 2001 and 2005, three cancer sites accounted for more than half of all new

malignant cancers in men in the order of prostate, lung and bronchus, and colon and
rectum (Table 1). Similarly, three cancer sites accounted for more than one-half of all
new malignant cancers in women in the order of breast, lung and bronchus, and colon
and rectum. With the exception of cancer of the lung and bronchus in women, incidence
rates for the top three cancer sites in both sexes decreased significantly during the most
recent joinpoint segment time period (Table 1). Significant declines in the rate of cancer
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Fig. 1. Annual incidence (SEER-9 registries∗) and death rates (United States) for all malignant cancers
combined, 1975–2005, with best fitting joinpoint models.

of the lung and bronchus were observed among men between 1982 and 2005 (Fig. 2).
Incidence rates of colorectal cancer declined for both men and women since the mid-
1980s. Furthermore, female breast cancer and prostate cancer have declined since the
beginning of the twenty-first century (Fig. 3). Stable incidence rates for cancer of the
lung and bronchus in women from 1998 to 2005 (Table 1) reflect an inversion from an
uptrend observed up to 1998.

The three leading cancer sites for men (prostate, lung and bronchus, and colon and
rectum) accounted for one-half of male cancer deaths. Cancer of the lung and bronchus
was responsible for 2.5 times more deaths than prostate cancer, the most common can-
cer site among men (Table 1). Similarly, the three leading cancer sites among women
(breast, lung and bronchus, and colon and rectum) caused ∼50% of female cancer
deaths. Cancer of the lung and bronchus caused 1.5 times more deaths than breast can-
cer, the leading incident cancer site for women (Table 1). Only the APC for cancer mor-
tality of the lung and bronchus in women did not decrease in the most recent joinpoint
segment time period.

Although overall trends show progress in reducing cancer burden, the incidence and
death rates for cancers of the liver and intrahepatic bile duct have increased in both men
and women (Table 1). In addition, incidence and death rates for esophageal cancer have
increased among men. Cancers of these sites carry a poor prognosis; 1-year survival
rates from time of diagnosis is less than 50% (data not shown).

1.8. Tumor Histology: The Example of Esophageal Cancer
Cancer is a general term for a broad group of diseases, each with its own etiologic

risk factors. Thus, in addition to determining the anatomic site of tumors, information on
tumor histology is important in cancer surveillance programs. For example, in SEER-
9 registries, overall incidence rates of esophageal cancer increased from 1975 to 2005
(Fig. 4). The modest, but steady increase occurred even as overall cancer incidence rates
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Fig. 2. Annual incidence (SEER-9 registries∗) and death rates (United States) for cancer of the lung
and bronchus and colon and rectum by gender, 1975–2005, with best fit joinpoint model.

began to decline in the 1990s. However, the incidence rates of squamous cell carcinomas
markedly declined from 1975 to 2005, with an acceleration of the downtrend starting
in 1986 (Fig. 3). Conversely, a marked increase in adenocarcinoma contributed to the
overall increase in esophageal cancer.

Although smoking and low fruit and vegetable consumption are risk factors for both
esophageal cancer histologies, alcohol consumption and low body mass are risk factors
for esophageal squamous cell carcinoma, which disproportionately affects black males.
Conversely, overweight and gastroesophageal reflux are risk factors for esophageal ade-
nocarcinomas. Incidence rates of this cancer are increasing most pronouncedly among
white males (12). This example illustrates that information about tumor histology is
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Fig. 3. Annual incidence (SEER-9 registries∗) and death rates (United States) for cancer of the breast
(female) and prostate (male), 1975–2005, with best fit joinpoint model.

important in defining risk factors for specific cancers and developing effective control
programs and tumor-specific treatments. Tumor classification is by no means a static
discipline. The study of molecular biomarkers is likely to lead to further improvement
of tumor classification and herald an era of personalized oncology.

1.9. Incidence and Death Rates by Race and Ethnicity
In SEER-13 registries from 2001 to 2005, black populations had the highest total can-

cer incidence rate among racial and ethnic subgroups. Black men had the highest rate
among men, and white women had the highest rate among women (Table 2). Regard-
less of racial group, prostate cancer incidence rates were higher than those for lung
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Fig. 4. Annual incidence rates (SEER-9 registries∗) for all cancers of the esophagus and for the pri-
mary esophageal cancer histologies (squamous cell and adenocarcinoma), 1975–2005, with best fit
joinpoint model.

and colorectal cancer. Among Hispanics, men had higher incidence of colorectal cancer
compared with cancer of the lung and bronchus. Among women, breast cancer inci-
dence rates were higher than any other cancer regardless of racial and ethnic group, fol-
lowed by cancers of the lung and bronchus among blacks and whites, and cancer of the
colon and rectum among American Indians/Alaskan Natives, Asian/Pacific Islanders,
and women of Hispanic ethnicity.

US death rates for all cancers combined (2001–2005) were highest for blacks and
lowest for Asians and Pacific Islanders (Table 3). Cancers of the lung, prostate, and
colon and rectum were in the order of the three leading causes of cancer death among
men for all racial and ethnic subgroups, except for Asian and Pacific Islander men, for
whom cancer of the liver ranked second after cancer of the lung and bronchus. The
leading causes of death for women were cancer of the lung and bronchus, breast, colon
and rectum, except among Hispanic women, for whom breast and lung and bronchus
cancer contributed equally.
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1.10. Five-Year Relative Survival Rates by Stage Distribution
In the SEER-9 areas, patients diagnosed at an earlier stage of disease generally had

higher 5-year survival rates than those diagnosed at more advanced stages (Table 4). For
cancers that are readily detected by screening, such as breast, prostate, and colon and
rectum, most cases were diagnosed with localized-stage disease. In contrast, the major-
ity of lung and bronchus cancer cases were diagnosed with distant-stage disease. The
5-year relative survival rate for all sites combined was higher for females (92.8%) than
males (83.9%) suggesting a higher proportion of women were diagnosed with localized
and regional cancer.

The 5-year relative survival for selected sites is shown by stage at diagnosis, sex, and
race in Table 5. For prostate cancer, the relative 5-year survival for the localized stage
was 100.0% suggesting this cohort survives longer than other cancer populations. In
contrast, the 5-year survival rate for cases diagnosed with distant prostate cancer was
only 31.5%. Similarly, the overall 5-year relative survival rate for female breast cancer
was 89.3%, with a much better prognosis for localized-stage breast cancer (∼98.3%) and
a far worse prognosis for cases with distant stage (∼28.3%) at the time of diagnosis.

The overall 5-year survival rate for colon and rectal cancer in men and women was
∼65.0%, with a steady decline in the 5-year survival rate for progressively higher stage
cancer from localized, to regional, and distant stage at diagnosis, respectively (Table 5).
Among the top three cancers for men and women, cancers of the lung and bronchus
had the worst prognosis, reflecting the high proportion of cases with distant-stage dis-
ease at the time of diagnosis (Table 4). Relative survival rates were higher for white
than black patients regardless of type of tumor and gender. For example, there was a
10-percentage-point difference between 5-year survival rates for all white and black
cases (both male and female) diagnosed with colon and rectum cancer, where lower
survival rates in blacks generally seen based on stage at diagnosis. In addition, the 5-
year relative survival rate for female breast cancer for all stages combined was 90.5%
in white women vs. 77.8% in black women. An even greater racial difference was seen
for distant-stage (metastatic) breast cancer (29.9% for whites vs. 19.6% for blacks).
Overall, 5-year survival rates for cancers of the prostate and lung and bronchus (both
sexes) were approximately 3%–4% higher in whites than in blacks. The NCI survival
monograph provides more detailed histology and race/ethnicity data (13).

1.11. Prevalence of People Living in the US with a History of Invasive Cancer
On January 1, 2005, the number of persons in the United States diagnosed with

invasive cancer was estimated at 11,098,450 (Table 6). The history of invasive cancer
increased with age. At least one episode of invasive cancer was estimated for ∼100,000
children from 0 to 19 years of age and for 500,000 young adults from 20 to 39 years of
age who were alive on January 1, 2005. About 70% of the more than 11 million individ-
uals with prevalent invasive cancer who were alive on January 1, 2005 were 60 or more
years of age. Compared with January 1, 2004, the 2005 prevalence estimate increased by
336,236 cases (14). The increase in cancer prevalence in the US population is attributed
to a number of factors including increased incidence, improvement in survival, and the
aging population of US.
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1.12. Goal of Surveillance and Factors Influencing Major Cancer Trends
The primary goal of the NCI-SEER Program is to collect complete and accurate data

on all cancers diagnosed among residents of geographic areas covered by SEER cancer
registries, currently comprising 26% of the US population, with demographic and edu-
cational attributes comparable to the general US population. The SEER Program pro-
vides clinicians and researchers with the longitudinal data to monitor cancer trends and
identify changing patterns of cancer burden across diverse US population subgroups.
The cancer statistics presented in this chapter were organized by gender, race, ethnic-
ity, stage of disease, and 5-year age group. These detailed population-based statistics
are a valuable public health resource that helps to define at-risk populations, monitor
temporal trends, and evaluate the effectiveness of cancer control efforts.

After decades of steady increases in cancer incidence and death rates, overall rates
appear to be declining (Fig. 1). In particular, the incidence and death rates for cancers
of the breast, prostate, and colon and rectum are declining (Fig. 2). Modeling of breast
cancer mortality data suggests that both screening mammography and treatment have
helped to reduce the rate of death in the United States (15). Modeling of incidence
and death data for prostate cancer suggests that screening for prostate-specific antigen
(PSA) likely assisted in reducing mortality in the United States (16). In addition, it is
estimated that 45%–70% of the recently observed decline in prostate cancer mortality
could be attributed to stage shift associated with PSA screening. We observed a sus-
tained decrease in lung cancer death rates among men and a plateauing of lung cancer
death rates among women (17).

Substantial changes in prostate cancer incidence trends (Fig. 2) were seen after the
introduction of the PSA blood test. This test was first approved by the US Food and
Drug Administration (FDA) in 1986 as a method to monitor prostate cancer progression.
Changes in PSA levels were quickly and widely adopted as an early prostate cancer
marker. As a result, prostate cancer incidence rates increased sharply, reaching a peak in
1993 (18). This uptrend was followed by a steep decline through 1995 and stabilization
to background level in subsequent years (19).

Results of the Women’s Health Initiative (WHI) trial results published in 2002 sug-
gested that hormone replacement therapy (HRT) increased the risk of breast cancer in
postmenopausal women (20). The subsequent abrupt decline in the use of HRT was
partially responsible for the dramatic drop in breast cancer rates observed in SEER reg-
istries during years 2002 and 2003. Breast cancer rates began to level off in 2004 (21).

Dietary folate is thought to decrease the risk of certain epithelial cancers of the uterine
cervix, stomach, esophagus, lung, and colon and rectum (22). However, there is concern
that provision of folate could increase tumorigenesis among individuals with existing
preneoplastic lesions of the colon and rectum. It has been hypothesized that a temporal
relationship between folic acid fortification of foods in the 1980s and the increase in
cancer of the colon and rectum incidence rates observed in the 1990s (Fig. 2) may be
related to the promoting effects of folate on tumor growth (23).

Important gender differences in lung cancer incidence are illustrated in Fig. 2. Com-
pared to men, there has been a delayed increase and decrease of lung and bronchus
cancer incidence among women (24). These temporal differences reflect the fact that
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women who began cigarette smoking typically did so during and after World War II,
while men began to adopt the habit in the early twentieth century, beginning in World
War I (25).

Age-adjusted incidence and mortality rates from 2001 to 2005 (Tables 2 and 3) indi-
cate that black men and women experience elevated overall cancer incidence and death
rates compared to other racial ethnic groups. The underlying patterns vary by cancer
site. For example, black men and women had the highest incidence and death rates for
cancer of the lung and bronchus and cancer of the colon and rectum. In contrast, white
women had the highest breast cancer incidence rates. Despite lower incidence rates of
breast cancer among black women, death rates were higher among black women com-
pared with white women. This increased death rate among black women was attributed
in part to cancer diagnosis at later stages (26).

1.13. Impact of Race and Ethnicity
Asian and Pacific Islander men had the highest liver and intrahepatic bile duct cancer

incidence and death rates, followed by Hispanic and black men. This racial distribution
is attributed to the elevated occurrence of chronic Hepatitis B infection among Asians
and Pacific Islanders (27). An epidemic of Hepatitis C affecting Hispanics, blacks, and
whites in the United States during the 1960s and 1970s and a successful global immu-
nization campaign against Hepatitis B are expected to alter the racial distribution of liver
cancer in the United States during the first half of the twenty-first century.

The highest rates of esophageal adenocarcinoma are seen in white males (28). The
incidence of this highly fatal cancer is increasing as the incidence of esophageal squa-
mous cell carcinoma declines (Fig. 3). The increased occurrence of esophageal adeno-
carcinoma is partially attributed to obesity and low fruit and vegetable consumption (12).
Increased body mass and gastroesophageal acid reflux disease contribute to Barrett’s dis-
ease, a lesion that precedes esophageal adenocarcinoma. The differential contribution of
esophageal adenocarcinoma and squamous cell carcinoma to esophageal cancers would
be unapparent without data collection by registries on esophageal tumor histology.

Rates for Asians and Pacific Islanders, American Indians and Alaska Natives, and
Hispanics may be slightly biased because of delay in reporting adjustments for these
racial/ethnic groups. Also, determination of the cancer burden among these populations
has been difficult due to lack of systematic data collection, and underestimation of can-
cer cases and size of populations (29, 30). Agencies and nonprofit organizations that
contribute to cancer surveillance are committed to improving the quality of data collec-
tion related to race and ethnicity.

1.14. Prognosis
Survival statistics, a measure of prognosis, vary considerably by age and stage at diag-

nosis, gender, race/ethnicity, and initial treatment (Tables 4 and 5). Survival statistics
have some limitations for estimating net survival due to cancer. For example, valid life
tables are required to produce reliable estimates of relative survival. However, life tables
do not exist for racial groups other than whites and blacks (31). Thus, survival estimates
cannot be accurately calculated for Asians and Pacific Islanders, American Indians and
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Alaska Natives, and Hispanics. At present, cause-specific survival rates are available for
these groups. This estimate of survival requires reliably coded information on cause of
death. Even when cause of death information is available to the cancer registry via death
certificate, the clear, underlying cause of death may not be available. Therefore, caution
must be exercised when interpreting cause-specific survival estimates.

1.15. Conclusions and the Future of Cancer Surveillance
Cancer surveillance is improving in the United States as more registries contribute

cancer data to SEER and CDC’s National Program of Cancer Registries (NPCR). Com-
bined programs for 49 states, six metropolitan areas, and the District of Columbia
cover approximately 98% of the US population (32). As the post-World War II birth
cohort (baby boomers) ages, an increase in cancer incidence is anticipated. Patients are
expected to live longer after cancer diagnosis because of early detection and better treat-
ments. An increasingly aging population combined with better survival rates contribute
to increasing prevalence of people living with a history of invasive cancer, estimated to
be approaching 12 million as of January 1, 2005. The increasing prevalence of cancer
and comorbid conditions in the cohort of more than 70 million aging baby boomers will
have a profound effect on cancer prevention and treatment (33). The SEER Program
is an important source of information to monitor trends in burden of cancer in an ever
changing US population (34).
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Key Points
1. Current cancer models comprise those that are inherited through the germline and represent

only ∼5% of total cases of human cancers. These tumors originate because of mutational events.
The remaining ∼95% originate as sporadic events and evolve as a result of exposure to the envi-
ronment, which includes exposure to both environmental contaminants and dietary agents.

2. The multistage model of carcinogenesis identifies various phases, initiation, promotion, and pro-
gression, which determine the evolution of normal somatic cells to heterogeneous populations with
cancer potential. This process appears to be influenced by tissue microenvironment and organiza-
tion. Significant opportunities in nutrition and cancer prevention exist in the early stages of initiation
and promotion prior to clonal expansion of heterogeneous populations. Targeting initiators, cocar-
cinogens, and promoters may provide the best opportunity in cancer prevention since the majority
of advanced solid tumors are resistant to therapy.

3. Nutrigenomics represents a strategy that can be applied to the study and prevention of many dis-
eases including cancer. It has been defined as a pyramidal approach that encompasses the study of
molecular relationships between nutrients and genes (nutrigenetics), how these interactions influ-
ence changes in the profile of transcripts (transcriptomics), proteins (proteomics), and metabolites
(metabolomics). DNAmethylation and histone modifications are epigenetic events that mediate her-
itable changes in gene expression and chromatin organization in the absence of changes in the DNA
sequence. The age-increased susceptibility to cancer may derive from accumulation of epigenetic
changes and represents a potential target for therapies with bioactive compounds.

4. Factors that mediate the response to dietary factors include nuclear receptors and transcription fac-
tors, which function as sensors to dietary components and determine changes in the profile of tran-
scripts.

5. Integration of high-throughput proteomic and metabolomic approaches with computational tech-
niques is necessary to understand the complexity of the biological response to specific bioactive
compounds or associations of nutrients and identify key molecular targets in cancer prevention and
treatment.
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1. INTRODUCTION

1.1. Multistage Carcinogenesis
Cancer statistics indicate that only 5% of known cancers are linked to heredity,

whereas the remaining 95% are sporadic, i.e., tumors originate in the absence of family
history and are caused by a variety of factors. The classical model of multistage carcino-
genesis identifies three phases: initiation, promotion, and progression. The first phase,
initiation, is characterized by induction of unchecked replication, which may result from
one or more events including exposure to DNA damaging agents, loss of DNA repair
functions, fixation of mutations in tumor suppressor genes, or activation of protoonco-
genes (1). A likely consequence of initiation is that selected cells may gain a resistant
phenotype to certain carcinogens, DNA damaging agents, or escape programmed cell
death. However, at this stage the presence of initiated cells is not necessarily associated
with clonal growth. The second stage, promotion, is believed to be a quantitative phase
during which initiated cells increase in number under the influence of selective, non-
DNA reactive, pressures and in the context of a specific tissue microenvironment (e.g.,
stroma) (2). Therefore, specific proliferative stimuli (e.g., estrogens) or chronic inflam-
mation may have a central role as cocarcinogens and promote proliferation of existing
focal lesions (3). This process is essentially quantitative and facilitates growth of can-
cer foci under the influence of the tissue microenvironment (e.g., influence of paracrine
factors) (4). The net effect of events that occur during promotion may be the selective
proliferation of initiated cells. The third phase, progression, has been characterized as
a qualitative process during which cell heterogeneity arises and divergent cell popu-
lations grow inside focal lesions. The clonal evolution of specific cell subsets during
progression contributes to the heterogeneity of tumors and is influenced by the tissue
microenvironment or organization, which regulates the rate of cancer progression and
metastasis (1).

Key questions in cancer prevention pertain to identifying the timing in life of expo-
sure to initiators; predicting the latency between time of exposure and cancer mani-
festation; and dissecting the molecular and biochemical mechanisms responsible for
neoplastic growth. If these conditions were known, then they might be targeted with
preventive naturally occurring dietary compounds or dietary patterns. For example, the
importance of timing of nutrient exposure in cancer prevention is highlighted by exper-
imental evidence showing that supplementation with the isoflavone genistein during the
prepubertal or prepubertal plus adult periods protected against mammary carcinogenesis
(5). Similarly, epidemiological studies in Chinese women reported an inverse associa-
tion between intake of soy during adolescence and the risk of breast cancer in adult
life (6). The risk of certain cancers (e.g., breast cancer) increases in association with
Western diets compared to Mediterranean or native Mexican diets. Therefore, nutrition
strategies need to be developed to prevent the effects of carcinogenic agents; target and
eliminate premalignant lesions at early stages; and antagonize (i.e., induce apoptosis)
the proliferation of clonal neoplastic populations (7).

Based on the multistage model of carcinogenesis, multiple time points of intervention
may exist. However, previous decades of experience in cancer therapeutics suggest that
significant opportunities in nutrition and cancer prevention exist in the early stages of
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initiation and promotion prior to clonal expansion of heterogeneous populations. As can-
cer cells diverge from progenitor cells, they may acquire differences in nutrient require-
ments, gain proliferative advantages, or become refractory to therapeutic bioactive food
components and drugs. Targeting initiators, cocarcinogens, and promoters may provide
the best opportunity in cancer prevention since the majority of advanced solid tumors is
resistant to therapy (8). Therefore, ideally bioactive components (e.g., Symphytum offic-
inale) should not contribute to cancer risk per se (9) and halt or eliminate premalignant
lesions. An interesting example is provided by polyphenols, which in combination with
transition metals (e.g., copper) increase at higher levels in cancer cells the production
of reactive oxygen species and cause DNA damage. Therefore, interactions between
nutrients may be exploited in therapies specifically targeted to cancer cells (10).

An important area of study is whether high doses of certain bioactive compounds or
associations of bioactives could become co-carcinogens. An example of this potential
risk is provided by folate, which may function as a cancer promoter of colonic lesions
(11). Similarly, exposure to indol-3-carbinol, an indole contained in cruciferous vegeta-
bles, increased in a rat model the incidence of uterine lesions including atypical hyper-
plasia and adenocarcinomas (12). Therefore, studies are needed to determine the upper
limits or thresholds of supplementation.

The main goal of nutrigenomics is to profile global changes induced by nutrients
and develop dietary-intervention strategies to maintain homeostasis and prevent diseases
including cancer (13). The main challenge is that of integrating information pertaining
to expression of more than 30,000 genes, for most of which the function is not known,
and computing changes in expression for more than 100,000 proteins and several thou-
sand metabolites (14). A major drawback in developing prevention strategies comes
from differences in approach between preclinical and clinical research. Most, if not all,
preclinical studies with in vitro and animal models tend to focus on single bioactive food
components without considerations of the complex interactions that occur among bioac-
tive food components present in the human diet. This problem is addressed in part by
epidemiological studies that focus on the average anticarcinogenic or procarcinogenic
effects of specific groups of bioactive compounds (e.g., n-3 fatty acids) in the context
of dietary exposure (e.g., Western vs. Asian diet). Nevertheless, results of population
studies may not find statistical differences or be biased if the analysis comprises indi-
viduals with mutations in tumor suppressor genes or carrying specific polymorphisms.
For example, individuals with the TT polymorpshism at nucleotide 677 for methylenete-
trahydrofolate reductase (MTHFR) (∼5–20% population worldwide) appear to be at
decreased risk for colorectal adenomas in the presence of high plasma levels of folate
(15). Therefore, the interaction between levels of exposure to certain bioactive food
components and genetics (nutrigenetics) may influence the risk of cancer in certain sub-
populations and is an important component of nutrigenomic studies.

Whereas it is recognized that cancer requires multiple molecular changes, it is also
known that certain genetic alterations play a hierarchical role in cancer development
in certain tissues. For example, loss of BRCA-1 expression through epigenetic silenc-
ing may confer a high probability of breast cancer (16). Loss of DNA repair func-
tions controlled by BRCA-1 may lead to subsequent genetic alterations in genes that
control proliferation and apoptosis. During the last two decades a tremendous amount
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of information has been gathered concerning the role of signaling pathways in cancer
development. Nutrigenomic strategies are an important tool to decode pyramidal effects
and establish the minimum requirements for cancer development and prevention.

1.2. Gene × Diet Interactions
Analysis of worldwide occurrence of cancer suggests that certain geographical areas

have higher incidence for specific types of tumors. For example, historically Japan was a
region with relatively low incidence of colon cancer, yet Japanese populations that relo-
cated to the United States experience an increase in the incidence of colon cancers and a
reduction in the incidence of stomach cancers. Similarly, increased incidence for breast
and prostate cancer has been reported for migrant populations (17–19). These observa-
tions suggest that heredity alone does not explain the susceptibility to these and other
tumor types, and point to environmental and dietary factors as potential causative agents
(20). A second but very important factor that should be considered is that the overall
occurrence of cancer increases with age. The age-increased susceptibility to cancer may
derive from accumulation of epigenetics changes and represents a potential target for
prevention with bioactive compounds.

If one excludes mutations in cancer susceptibility genes or occupational exposure
to chemical carcinogens, diet alone likely represents the most significant risk factor in
the etiology of sporadic tumors. In support of this notion, the 2007 AICR/WCRF Sec-
ond Expert Report on Food, Nutrition, Physical Activity, and the Prevention of Cancer
suggested that about one-third of all cancer deaths may be attributable to dietary fac-
tors (21). The ability of dietary compounds to influence the risk of cancer may result
from tissue-specific influences on cellular processes including inflammation, carcino-
gen metabolism, hormone regulation, cell differentiation, DNA repair, apoptosis, and
cell growth cycle. Whereas about 30% of all cancer cases may relate to dietary habits,
the impact of diet on these processes is influenced by the specific foods consumed, the
specific type of cancer, and interactions among compounds, which may act additively
or synergistically when combined in the human diet.

Modern approaches in cancer prevention should address the issue of tissue specificity
and identify nutrients that in animal and cell culture models prevent tumors of the same
type as those associated with human exposure (8). An obvious challenge is the establish-
ment of a cause–effect relationship between exposure to specific bioactive compounds
and tissue-specific cancer prevention.

1.3. Nutrigenomics
Conceptually, nutrigenomics represents a strategy that can be applied to the study

and prevention of many diseases. It provides a pyramidal approach that encompasses
the study of molecular relationships between nutrients and genes (nutrigenetics), how
these interactions influence changes in the profile of transcripts (transcriptomics), pro-
teins (proteomics), and metabolites (metabolomics) (22). The underpinning concept is
that thousands of bioactive compounds function as signals and influence the organism’s
response (23). The opportunity of targeting nutrients–gene interactions to influence the
cancer process is modulated by genetic variations in human populations, epigenetic
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modifications that selectively and permanently alter gene expression, by complex inter-
actions/associations among dietary components, and heterogeneity of cells within a cer-
tain tumor. Therefore, integration of information about gene polymorphisms, identifica-
tion of gene targets that regulate cell and tissue-specific pathways, and development
of diagnostic strategies to control for clinical heterogeneity are important to under-
stand how nutrigenomics may be used in cancer prevention (24). Other chapters in
this volume will discuss specifically how nutrigenetics, epigenetics, transcriptomics, and
metabolomics may help to assess the effects of specific nutrients on the cancer process.
Here, we will highlight examples of how integration of nutrigenomic data may be useful
to understand the correlation between consumption of specific bioactive compounds and
protection toward specific tumor types.

A key point that should be made is that changes in gene or protein expression do
not necessarily translate into changes in metabolic profiles. Conversely, changes in pro-
moter activities and transcript profiles do not necessarily lead to changes in protein
expression and functions. Therefore, integration and the parallel use of all components
of nutrigenomics through high-throughput and computational techniques are necessary
to understand the complexity of the biological response to specific bioactive compounds
or associations of nutrients and identify key molecular targets (25, 26). The ultimate goal
of nutrigenomics is that of developing genomics-based biomarkers that help in the early
detection and prevention of diet-related diseases, including cancer. To reach this goal it
is important to develop tissue-specific dietary responses that can be used as signatures
or fingerprints to estimate risk (27). The availability of nutritional biomarkers at early
stages (e.g., initiation) may be used as prognostic tools. A complicating factor is that diet
contains a large number of compounds and that each nutrient has different gene targets
and affinities. An example is the cross talk of estrogens and isoflavones with estrogen
receptors and how this interaction may affect the development and prevention of breast
cancer (28).

One of the mechanisms through which nutrients influence cellular responses is
through interactions with members of the nuclear receptor superfamily of transcrip-
tion factors, which integrate genomic and nongenomic effects. This family comprises
many members that bind with various affinities to hormones, nutrients, and metabo-
lites (29). In essence, these receptors function as sensors and transmit signals to specific
molecular targets to induce an adaptive response and changes in transcript levels. Recep-
tors are binding proteins that translocate from the cytoplasm to the nucleus. Examples
of these nuclear receptors are the glucocorticoid (GR), estrogen (ERα and β), retinoic
acid (RARα, β, and γ), vitamin D (VDR), peroxisome proliferators activated receptor
(PPARa, β/δ, and γ), and retinoid-X (RXRα, β, and γ) receptor. The RXR participates
in the formation of heterodimers with many nuclear receptors including ER, VDR, and
PPAR (30). The formation of heterodimers and the presence of isoforms for receptors
increase the number of potential complexes that can bind to specific DNA consensus
sequence, thus amplifying the diversity of biological actions induced by receptor lig-
ands. Numerous members of the nuclear receptor family are orphan since no appar-
ent endogenous ligands have been found. Orphan receptors may function as activator
or repressors. For example, the AhR activates the transcription of P450 genes, while
repressing transcription of estrogen-inducible promoters (31).
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Consensus sequences for nuclear receptor complexes are harbored within or in close
proximity to promoter regions and influence the chromatin organization and transcrip-
tion of target genes. Nuclear receptors may act at as homodimers at inverted repeats
(Class I), heterodimers at direct repeats (Class II), homodimers at direct repeats (Class
III), and monomers at core sites (Class IV). The spatial arrangement and organization of
these responsive elements is important to understand the responsiveness of certain genes
to receptor ligands and cooperativity among multiple cis-regulatory elements. Receptors
that are known to mediate responses to nutrients include members of the PPAR subfam-
ily, which binds fatty acids and eicosanoid metabolites. In turn, the activated PPAR reg-
ulates the expression of genes involved in lipid metabolism (32). A thorough overview
of the application of transcriptomics to study PPAR-dependent gene regulation can be
found in Bunger et al. (33). The ER is known to bind to natural phytoestrogens (e.g.,
genistein) found in soy products (34) and the phytoalexin resveratrol. The AhR binds a
vast number of compounds including tea cathechins and indoles (indol-3-carbinol (I3C))
and 3,3′diindolyilmethane (DIM) (more details in Chapter 32).

The molecular structure and concentration of ligands influences the ability to activate
specific receptors and the direction and intensity of the response. Likely, the exposure
to many dietary ligands occurs in the context of chronic exposure at concentrations
(μM–mM) higher than those known for classical nuclear receptor ligands (nM) (32).
Therefore, the action of dietary ligands (e.g., isoflavones or resveratrol) for nuclear
receptors (e.g., ER) may antagonize that of endogenous ligands (e.g., estrogen) and
offer opportunities to prevent the growth of cancer lesions.

Transcription factors that have been shown to exert an important role in cancer
include NFkB and the activator protein-1 (AP-1). Both factors play a key role in chronic
inflammation, which is associated with cancer development. The transcription factor
AP-1 is required for activation of NFkB and mediates the effects of tumor promoters
including epidermal growth factor (EGF) and UV. Therefore, both AP-1 and NFkB have
been identified as promising molecular targets for cancer prevention (35–37). The acti-
vation of NFkB, e.g., by prostaglandins or bile acids (38) promotes cell proliferation and
has been identified in solid tumors (breast, colon), leukemia, and lymphoma. NFkB is
a homodimer and heterodimer of the Rel/NFkB family of proteins. In its inactive form,
NFkB is sequestered to the cytosol bound to the cofactor IkB. The phosphorylation of
IkB by the kinase Ikk leads to dissociation of IkB and translocation of NFkB to the
nucleus where it targets promoter regions at specific binding sites. Dietary compounds
found to inhibit the activity of NFkB include dimeric procyanidin B2 (B2), which pre-
vents binding of NFkB to target DNA sequences. Procyanidins are oligomers formed
from flavan-3-ols found in flavonoid-rich foods including cocoa, grapes, cranberries,
red wine, and apples (39). Other anti-NFkB bioactives include curcumin, a natural
component of the rizhome of Curcuma longa, carnosol (rosemary and sage), benzyl-
isothiocyanates and sulforaphane (cruciferous vegetables), and kaempferol (40).

AP-1 comprises protein homodimers (jun-jun) and heterodimers (jun-fos, jun-ATF).
It belongs to the class of basic leucine zipper (bZIP) transcription factors and binds
promoters at sequence-specific sites, thus transactivating or repressing transcription.
Bioactive compounds that inhibit AP-1 include rosmarinic acid (41), isoliquiritigenin
(a licorice flavonoid), luteolin (42), conjugated linoleic acid (43), eicosapentaenoic acid
(44), and sulforaphane.
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A wealth of studies utilized DNA microarrays to understand cancer and identify
transcriptional targets for bioactive food compounds. In general, investigations have
attempted to classify clusters of genes based on their functional food categories. Epi-
demiological studies have suggested that high fish intake is associated with a decreased
risk of colorectal cancer. This protective effect has been attributed to the high content
of n-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acids (EPA), and docosa-
hexaenoic acid (DHA) in some fish. cDNA array studies suggested that the protective
effects of n-3 PUFA were associated with upregulation of phase II enzymes (GSTT2)
and Bax, and downregulation of pro-inflammatory genes (COX-2) (45)

Genome-wide analysis of gene expression in response to dietary fats has been used
as a paradigm to study the nutrigenomics of PPARs. The PPAR receptor system is
of interest primarily as a sensor to dietary lipids. However, most of the genome-wide
analyses of PPAR functions have utilized pharmacological agonists (33). Dietary fat-
induced changes in gene expression have been examined before and during puberty in
rodent models. Recent gene microarray analyses documented that expression of PPARγ

was increased in the mammary gland of 50-day-old rats prepubertally fed low-fat n-3
PUFA. The reduction in mammary tumorigenesis was associated with increased expres-
sion of antioxidant genes and lower expression of genes that stimulate cell prolifera-
tion (46). Combination of laser capture microdissection of mammary ductal epithelial
cells and measurements of genes expression revealed fatty acid-enriched diets sig-
nificantly stimulated proliferation and activation of cell cycle genes during puberty
(47). Oligonucleotide microarray analyses have been used to identify genes involved
in enhanced growth of human prostate cancer. These studies revealed upregulation
of IGF-1 receptor expression in prostate cancer xenografts under high-fat diets (48).
Increased expression of IGF-II and plasminogen activator inhibitor-1 (PAI-1) protein
was detected in HepG2 cells following in vitro treatment with low (50 μM) levels of
palmitate (49). Both IGF-II and PAI-1 are involved in metabolic syndrome. The latter
study combined mRNA expression profiling with in silico promoter analysis (Geno-
matix Gene2Promotor, Matinspector and Biobase Transfac programs) to identify com-
mon transcription factor binding sites in the promoter regions of palmitate-regulated
genes. Genes were divided into groups of downregulated and upregulated genes. Recog-
nition elements for the transcription factors AhR, EKLF, MAZF, MTF, NRSF, PAX5,
and ZBPF were identified within the promoter regions of five downregulated metalloth-
ionein genes. The SREBP-1 binding element was found in the regulatory regions of the
genes MT1E, MT1F, andMT2A. In the promoter regions of the upregulated genes, com-
mon recognition elements for the transcription factors EKLF, GREF, MZF, and ZBPF
were identified. cDNA microarrays have also been used to detect changes in transcript
expression of ∼5,700 genes in radical prostatectomies in men after 6 weeks of low-
fat/low-glycemic diets (50).

Genomic-wide analyses based on ChIP and DNA microarrays illustrated that global
features of estrogen-regulated genes included occupancy by ERα and histone acety-
lation (51). The ER influences the expression of many genes by either binding as
a homodimer to estrogen response elements (ERE), or by forming complexes with
AP-1or specificity protein (Sp). These genes may be targeted by soy isoflavones because
of their ability to act on the ER. Whole-genome microarray hybridization with 25,000
oligonucleotides has been used to investigate the impact of ER status (MCF-7=ER+ vs.
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MDA-MB-231=ER–) and differences between normal (MCF-10A) and cancerous cells
after lycopene exposure. These studies revealed that lycopene, which may have pre-
ventive roles in breast cancer, affected genes involved in apoptosis and cell cycle (52).
Differential expression studies in breast cancer cells documented that the phytoalexin
resveratrol was more active in ER+ (MCF-7) than ER– (MDA-MB-231) breast can-
cer cells (53). The specificity of resveratrol for ER+ breast cancer cells may provide
the mechanistic basis for the development of prevention therapies against ER+ breast
cancers.

Epigenetic events including DNA methylation and histone modifications can alter
chromatin organization and modulate gene transcription in a site-specific and cooper-
ative manner (54). Octamers of core histones (two each of H2A, H2B, H3, and H4)
are wrapped by ∼146 bp of DNA to form the nucleosome, considered to be the mini-
mum and basic structure of chromatin. Histone tails provide binding sites for regulatory
proteins and are subject to dynamic posttranslational modifications including methyla-
tion, acetylation, phosphorylation, ADP-ribosylation, ubiquitination, and sumoylation
(55). DNA methylation of cytosines by DNA methyltransferases (DMNTs) results in
chromatin reorganization governed by the methyl-binding proteins (MBPs). In addi-
tion, DNA methylation inhibits the binding of transcription factors and produces bind-
ing sites for chromatin modifying complexes such as the histone deacetylase complexes
(HDACs). The removal of acetyl groups from amino-terminal lysine residues of histones
by HDACs permits the subsequent methylation of histone H3 on lysine 9 (H3-K9) by the
histone methyltransferases (HMTases), SUV39H1 and SUV39H2 (56). The methylation
of histone H3 lysine 9 allows for the recruitment of the HP-1 protein and also interferes
with phosphorylation of histone H3 at serine-10 (57). In contrast to histone deacetyla-
tion by HDACs, histone acetylation is generally associated with transcriptional activity
(55). Cofactors that contain histone acetyltransferase activity (HAT) include CBP/p300,
p/CAF, and SRC-1 (58).

Besides genetic changes, epigenetic alterations have been proposed to play a key
role in the onset of a variety of tumors by inducing stable, heritable changes in gene
expression that are propagated over cell generations (59). Patterns and levels of DNA
methylation and histone acetylation are reported to be profoundly altered in human
pathologies including inflammation and cancer (60). However, it is not clear how the
cross talk between histone modifications and DNA methylation influences gene expres-
sion, and how the hierarchical order of these changes leads to silencing during tumor
development.

It remains to be clearly established whether histone modifications need to occur
before changes in DNA methylation or DNA methylation changes guide histone mod-
ifications. Answering this question has paramount implications in identifying the ini-
tiating events involved in cancer development and guide in the development of strat-
egy for cancer prevention and treatment. Acetylations of histone H3Lys9 and Lys18
and deacetylation of Lys14 were associated with PI3K-dependent activation of PTEN
through antioxidant-responsive element (ARE) (61). Loss of histone H4K20 trimethy-
lation was reported in early precursor lung cancer lesions (62). Methylation of CpG
islands in promoter regions has been reported for tumor suppressor genes, hormone
receptors, and other genes involved in detoxification and DNA repair (63). ERα and
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BRCA-1 promoter methylation have been reported in subsets of sporadic breast cancers
(16). The CpG island methylator phenotype in colorectal cancer is frequently character-
ized by hypermethylation of promoter regions in tumor suppressor genes. This methy-
lation event increases with age. Specific promoters found to be methylated in patients
with CpG island methylator phenotype tumors include p16 and TIMP3. Methylation of
these genes increased with age (64).

Epigenetic changes can occur randomly or in response to the environment (diet).
However, unlike genetic mutations, epigenetic events may be reversible (65) and repre-
sent viable targets for dietary intervention. For example, (–)-epigallocatechin-3-gallate
(EGCG), the major polyphenol from green tea, and genistein, the major isoflavone
present in soy, have been used to restore the expression of methylation-silenced genes
including RARβ, p16, and O 6-methylguanine methyltransferase (MGMT) (66, 67). The
reversal effects of EGCG and genistein were attributed primarily to inhibition of DNA
methyltransferase, although the effect of genistein was weaker than that of EGCG. The
reactivation of p16 by genistein was associated with inhibition of cell growth and weak
inhibition of HDAC activity. The combination of genistein plus sulforaphane, a HDAC
inhibitor present in broccoli, augmented the reactivation of expression of RARβ, p16,
and MGMT by genistein. In human cancer cells, sulforaphane, butyrate, and metabo-
lites of garlic organosulfur compounds (allyl mercaptan, AM) inhibited HDAC activity
(68, 69). The depression in HDAC activity by AM was associated with increased his-
tone acetylation, binding of Sp3 to the promoter region of p21, and cell cycle arrest.
These results documented that combination of agents that target DNAmethyltransferase
and HDAC activity may be effective in epigenetic therapies targeted to reactivation of
tumor suppressor and receptor genes and halt proliferation of cancer cells. In theory,
one potential drawback of using bioactive compounds in cancer therapies is the lack of
specificity. For example, a depression in DNA methyltransferase activity may lead to
global hypomethylation leading to chromosomal instability and tumors (70). Further-
more, HATs and HDACs and their inhibitors modify acetylation of nonhistone proteins,
such as transcription factors. Ideally, these potential problems might be addressed using
combinations of (weak) HDAC and DNMT inhibitors and concentrations sufficient to
induce synergistic and tissue-specific effects.

The use of specific biomarker profiles that function as sentinel indicators may assist
in the detection of changes in gene expression linked to nuclear receptors, transcription
factors, signaling pathways, and metabolites (71). Nevertheless, this approach is com-
plicated by the multitude of compounds that affect multiple target genes, which in turn
can exert polygenic effects and influence a large number of downstream targets. More-
over, more than 350 oncogenes and tumor suppressor genes have been implicated in the
etiology of cancer (1). Furthermore, intake of a particular bioactive food component or
precursor does not equate to exposure at the tissue or cell levels (72). The complexity
of this system requires the development of genome-based tissue-specific signatures to
correlate phenotypic responses to nutrition.

A specific target for nutrigenomic strategies is endocrine cancers, including breast,
ovarian, endometrial, and prostate cancers. The vast majority of breast cancers is estro-
gen receptor (ER)-positive and occurs in postmenopausal women. Because breast tissues
undergo complex programs of growth and development that are under the influence of
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ovarian steroids, studies have considered nutrition factors that alter or interfere with
estrogen and progesterone-dependent regulation.

The interest on isoflavones in breast cancer prevention derives from the fact breast
cancer risk for women residing in geographical areas of high consumption of soy prod-
ucts during puberty is lower compared to that of women living in Western countries or
Asian women who had a low soy intake (73). However, clinical trials reported small
(74) or no effect of supplementation with isoflavones on breast cancer risk (75–78), and
administration of isoflavones elicited in some cases an estrogen-like effect. Other studies
indicated that the reduction in breast cancer risk due to soy intake was limited to Asian
populations (79). A case–control study conducted in Southeast China in 2004–2005
reported that premenopausal and postmenopausal women in the highest quartile of total
isoflavone intake had a reduced risk for all receptor (ER/PR) status of breast cancer with
a dose–response relationship. The protective effect was more pronounced for women
with ER+/PR+ and ER–/PR– breast tumors (80).

Several factors may be responsible for the inconsistent effects of soy-related diets on
cancer outcome (Table 1). These include age, reproductive history, genetic background,
dose and timing of exposure, and dietary patterns. For example, because of their bind-
ing affinity for the ER, isoflavones may function as agonists or antagonists depending on
the concentration. The differential binding of isoflavones to the ER may interfere with
or activate the genomic actions of the ER. Moreover, the agonist/competing effects of
isoflavones for the ER may be modified by interactions with polymorphisms for the ER
(81). For example, polymorphisms in the ERβ have been shown to modify the associa-
tion between isoflavone intake and breast cancer risk (82). Given the role of cross talk
between ER and isoflavones in breast cancer risk, genome-wide studies are required to
examine the effects of isoflavones and exposure levels on promoter sequences that are
targeted by the ER. DNA microarray technologies have been used to monitor genome-
wide effects by isoflavones. For example, studies measured patterns of gene expression
in the developing uterus and ovaries of Sprague-Dawley rats on GD 20, exposed to
graded dosages of 17alpha-ethynyl estradiol (EE), genistein, or bisphenol A (BPA) from
GD 11 to GD 20. Analysis of the transcript profile of these tissues was used to deter-
mine the estrogenicity of different compounds (83). Studies that examined the impact of
isoflavones on the epigenetic process reported that elevation of histone acetylation and
coactivator activity of ER may reduce the risk of estrogen-related diseases (84),

Nutrigenetics takes into account how the cellular response to specific nutrients is
influenced by interindividual genetic variations including single nucleotide polymor-
phisms (SNPs). The cell response to isoflavones may also be influenced by the presence
of mutations in specific tumor suppressor genes. For example, the growth of BRCA1
mutant cells (SUM1315MO2) carrying the 185delAG BRCA1 mutation was strongly
inhibited by genistein, whereas this isoflavone only had a weak effect in cells express-
ing wild-type BRCA1 protein. The responsiveness of BRCA1 mutant cells was linked to
higher expression of ERβ gene. These data suggested that genistein may be an efficient
inhibitor of cancer development in BRCA1 mutant breast cancer cells (85). With respect
to BRCA-1 status in ovarian cancers, genistein induced apoptosis in both wild-type and
mutated BRCA-1 ovarian cancer (BG-1) cells. However, this effect was mediated by
different pathways since genistein inhibited ERα in BRCA-1 deficient cells, whereas it
activated ERβ when BRCA-1 was present (86).
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Table 1
Isoflavones and Nutrigenomic Approaches in Female Cancers

Experimental model Dietary bioactive compounds References

Transcriptomics
Human MCF-7 breast
cancer cells

Natural estrogens
(17beta-estradiol, estriol,
estrone, genistein)

Terasaka et al. (91)

Human MCF-7 breast
cancer cells

Isoflavones (genistein,
daidzein, glycitein,
biochanin A and
ipriflavone), flavones
(chrysin, luteolin, and
apigenin), flavonols
(kaempferol and quercetin),
and a coumestan, a
flavanone and a chalcone
(coumestrol, naringenin, and
phloretin, respectively)

Ise et al. (92)

Uterus and ovaries of
Sprague-Dawley rats

Genistein Naciff et al. (83)

Human Ishikawa
endometrial cancer
cells

Genistein Konstantakopoulos
et al. (93)

Human MCF-7 breast
cancer cells

Genistein Shioda et al. (94)

Human MCF-7, T47D
breast cancer cells

Genistein Buterin et al. (95)

FVB female mice Isoflavones, of which 66.5%
was genistein, 32.3%
daidzein, and 1.2% glycitein

Thomsen et al.
(96)

Epigenetics
ER-mediated core histone
acetylation, Chromatin
preparations from

Drosophila

Equol, genistein, daidzein Hong et al. (84)

Proteomics
Rat mammary gland Genistein Rowell et al. (97)
Metabolomics
Premenopausal women Soy or miso consumption Solanky et al. (98)
Postmenopausal women Soy milk Pino et al. (99)
Postmenopausal female
monkeys

Soy protein isolate Wood et al. (100)

Premenopausal women Soy (40 mg genistein/day) Kumar et al. (101)
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Isoflavones may also alter gene expression by inducing chromatin modifications
at target promoters. For example, genistein was shown to suppress DNA-cytosine
methyltransferase-1 (DNMT) and reverse DNA hypermethylation in mammary cancer
cells in vitro (87). Therefore, epigenetic changes such as alterations in DNAmethylation
could account for the preventive effects of genestein and other soy isoflavones. A recent
study reported that intake of soy isoflavones had an antiestrogenic effect and altered
mammary promoter hypermethylation in healthy premenopausal women (88). Low cir-
culating levels of genistein were associated with decreased methylation of RARβ2 and
CCND2, whereas promoter methylation of these genes increased with high circulating
levels. Hypermethylation of both RARβ and CCND2 is correlated with breast carcino-
genesis. The fact that the circulating levels of genestein may influence the direction and
methylation levels represents important evidence of potential for epigenetic regulation
by isoflavones in breast tissue.

The effects of isoflavones in mammary tissue have been related to either stimula-
tion or repression of a number of processes. Pathways and processes that are stimulated
by isoflavones include cell cycle arrest, apoptosis, cyclin-dependent inhibitors (p21 and
p27), BRCA-1 and BRCA-2, PPARγ, MAPK signaling (p38 phosphorylation and JNK),
and IGF-1 plasma levels. Conversely, isoflavones have been reported to downregulate
cdc2 activity, Akt1, NFκB, AP-1, phosphorylation of ERK1/2, levels of VEGF and
cell migration, xenobiotic metabolism, and enzymatic activities of estrogen sulfotrans-
ferases (SULT) (73). The SULT enzymes regulate in endocrine tissue such as breast and
endometrium the sulfonation of various substrates including estrogens and phenols (89).

The chemical reactivity of isoflavones compared to that of estrogens may influ-
ence their preventative role in breast cancer. For example, genistein is metabolized to
quinones with a short half-life, and it is subsequently hydrated to generate a catechol
genistein which has estrogen-like properties, but low reactivity with DNA. Conversely,
catechol estrogen quinones have a longer half-life and can damage DNA via depuri-
nation reactions (90). Therefore, competition for quinone formation by genistein may
reduce the formation of genotoxic quinone metabolites.

2. CONCLUSIONS

From the data discussed in this chapter it is apparent that clarifications of the mech-
anisms of action of bioactive compounds are complex (Table 2) and require simulta-
neous examination of changes in gene expression (transcriptomics), study of molecular
relationships between nutrients and genes (nutrigenetics), how these interactions influ-
ence changes in the profile of proteins (proteomics), study of multiple signaling and
metabolic pathways (metabolomics), and how associations of different compounds exert
synergistic, additive, or opposing effects. DNA methylation and histone modifications
are epigenetic events that mediate heritable changes in gene expression and chromatin
organization in the absence of changes in the DNA sequence. Examples of large-scale
analyses include microarray studies of estrogen-responsive genes in response to natu-
ral and industrial chemicals (91) and phytoestrogens (92). Based on these studies, it
emerges that nutritional strategies targeted to the prevention of endocrine tumors should
consider multiple signaling pathways.



Chapter 2 / Cancer Biology and Nutrigenomics 37

Table 2
Factors Affecting Nutrigenomics Research

Approach Definition and factors

Transcriptomics Identification of transcription factors that respond to nutrients and
gene targets

RNA amplification procedure (quantity, quality, replicates, real-time
PCR, high-density analysis)

Quantity of starting tissue/cell material
Fold change in expression
Intraindividual and interindividual variations in healthy and diseased
subjects

Heterogeneity of cell populations and single-cell gene expression
profiling

Combination of gene variants (SNPs)
Data processing and interpretation

Epigenetics Characterization of chromatin modifications that influence gene
expression and impact of nutrients

Histone modifications
DNA methylation
Nucleosome organization
Order, interdependence and intradependence, and reversibility of
histone modifications

Cross talk and mutual dependency between histone modifications,
DNA methylation, and methyl-binding proteins

Proteomics Linking gene expression studies with protein functions
Protein structure
Tissue and cellular localization
Plasma levels
Expression level
Posttranslational modifications
Protein–protein interactions
Cellular function
Bioinformatics and data processing

Metabolomics Linking exposure to biological effects induced by metabolites
Interindividual differences in metabolism and disposition
Measurement of metabolites in specimens (urine, plasma)
Recovery methods from tissue/plasma
Metabolic origin and overlapping pathways
Handling of metabolic data
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3 Cellular Cancer Processes and Their
Molecular Targets for Nutritional
Preemption of Cancer

Cindy D. Davis

Key Points

1. Malignant cells are characterized by numerous alterations in multiple signaling pathways that pro-
mote proliferation, inhibit apoptosis, promote angiogenesis in the case of solid tumors and enable
cancer cells to invade and migrate through tissues.

2. Bioactive dietary components have been shown to modify all of the major signaling pathways which
are deregulated in cancer. Estimates suggest that 30–70% of all cancer cases might be preventable
by diet, depending on the dietary components and the specific type of cancer.

3. A better understanding of the bioactive components present in food, the mechanism(s) of action of
these dietary components toward cancer prevention, the critical intake of dietary components, dura-
tion and when they should be provided to optimize the desired physiological response is needed.
The response can be complex since the effects of dietary components can depend on the cell type
examined and these components typically influence more than one cancer process.

4. One of the greatest challenges is the identification of which process(es), either singly or in com-
bination, is/are most important in bringing about a phenotypic change. Unfortunately, most of the
mechanistic information has been obtained in cell culture studies, often with unachievable concen-
trations.

5. When interpreting the results from in vitro studies, care must be taken to consider dose, cell type,
culture conditions and treatment time, as each of these can affect the biological outcome.

Key Words: Cell proliferation; apoptosis; inflammation; immunity; angiogenesis

1. INTRODUCTION

Evidence continues to mount that altering dietary habits is an effective and cost-
efficient approach for both reducing cancer risk and for modifying the biological behav-
ior of tumors. The World Cancer Research Fund/American Institute of Cancer Research
has estimated that cancer is 30–40% preventable by appropriate food and nutrition, regu-
lar physical activity, and avoidance of obesity (1). On a global scale, they have estimated
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that this represents over 3–4 million cases of cancer that can be prevented in these ways,
every year (1).

While optimizing the intake of specific foods and/or their bioactive components
seems a practical, noninvasive, and cost-effective strategy for reducing the cancer bur-
den, this is far from a simple process (2). The magnitude of the problem in identifying
critical dietary components is evident by the literally thousands of compounds consumed
each day (2, 3). Furthermore, the dearth of quantitative information about some food
constituents limits the ability to unravel which are most important. While it is estimated
that humans consume >5,000 individual flavonoids, only a few have been examined
for their cancer protective effects (2). Unfortunately many bioactive food components
remain largely uncharacterized and thus can lead to confusion about the true role of diet
in determining health. Interactions, both synergistic and antagonistic, between the dif-
ferent components within a food may explain why isolated components do not always
result in similar biological outcomes to the intact food (4). Likewise, interactions among
foods and their constituents may contribute to the overall relationship between eating
behaviors and cancer (4).

In addition to identifying bioactive dietary components, it is critical to define the
amount of the specific bioactive component that is needed to achieve concentrations
in target tissues that will lead to a phenotypic change. The response can be complex
since the effects of dietary components can depend on the cell type examined and the
likelihood that food components will have multiple sites of action. Thus, one of the
greatest challenges is the identification of which process(es), either singly or in com-
bination, is/are most important in bringing about a phenotypic change. Unfortunately,
most of the mechanistic information has been obtained in cell culture studies, often with
unachievable concentrations. Thus, the extrapolation of these data to humans is diffi-
cult, if not impossible (5). The interpretation of observations from preclinical studies
involving cells or experimental models must be viewed cautiously and consider dose,
cell type, culture conditions, and exposure duration, as each of these factors can affect
the biological response.

All of the major signaling pathways, which are deregulated in cancer and have been
examined as targets for cancer prevention, can be modified by one or more dietary com-
ponents. These include, but are not limited to, carcinogen metabolism, DNA repair,
cell proliferation, apoptosis, inflammation, immunity, differentiation, and angiogenesis.
Since multiple responses may occur simultaneously, it is difficult to determine which
is most important in dictating the overall biological response. Furthermore, the ability
of several nutrients to influence the same or multiple biological processes raises issues
about possible synergy, as well as antagonistic interactions, that may occur within and
among foods (4, 6).

2. CELL PROLIFERATION

Generally, the growth rate of preneoplastic or neoplastic cells outpaces that of nor-
mal cells because of malfunctioning or dysregulation of their cell-growth and cell-death
machineries. Proteins involved in cell cycle regulation include cyclins, cyclin-dependent
kinases (CDKs), CDK inhibitors (CDKIs), regulatory proteins (retinoblastoma [Rb]
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and p53), and the E2F transcription factor. These proteins guide the cell through distinct
and sequential replicative phases from quiescence (G0 phase) through the first “gap” or
gap1 (G1 phase), DNA synthesis (S phase), the second gap (G2 phase), during which
the cell prepares itself for division, and finally mitosis (M phase), during which the chro-
mosomes separate and the cell divides. Pivotal to progression through the cell cycle at
G1, S, and G2 phases is the release of the transcription factor E2F from the Rb pro-
tein when Rb is phosphorylated by the CDKs. Therefore, specific molecular features for
each phase of the cell cycle control Rb phosphorylation and thereby regulate cell cycle
progression at the G1 and G2 checkpoints (Fig. 1).

Fig. 1. The various phases of the cell cycle (G1, S, G2, and M), and the different cyclins and their
cyclin-dependent kinases (CDKs) that control progression through the cell cycle. Different dietary
components act at different cell cycle checkpoints and some act on multiple checkpoints or targets.
Arrows indicate activation and blocked lines indicate inhibitory effects.

The progression from one phase of the cell cycle to the next is regulated by sequen-
tial activation and inactivation of many “check points” that monitor the status of the cell
(7). These “check points” are mechanisms whereby the cell actively halts progression
through the cell cycle until it can ensure that an earlier process, such as DNA replication
or mitosis, is complete. In response to DNA damage, checkpoints can also trigger the
induction of necessary repair genes or cause cells to undergo programmed cell death or
apoptosis. The DNA damage checkpoint arrests cells in the G1, S, or G2 phase depend-
ing upon the cell cycle status of the cell at the time damage was incurred (8).

The D cyclins (cyclin D1, D2, and D3) are expressed during G1 and are required for
the cell to traverse the G1 checkpoint and transverse to S phase. Cyclins function by
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forming complexes with specific catalytic partners among the family of CDKs. Cyclin
D1 assembles with Cdk-4 and/or Cdk-6. These CDKs cause cell cycle progression by
phosphorylating, and thereby activating, the Rb tumor suppressor protein, releasing E2F
from negative regulators, and facilitating transcription of E2F-responsive genes includ-
ing cyclins E and A (9). Progression through S phase appears to be dependent on CDK2–
cyclin E complexes and cyclin A which bind and activate both CDK2 and CDK1 (during
S phase and in G2, respectively). Early in the S phase, before cellular DNA synthesis
and replication, cyclins D and E are degraded. Cyclin A levels increase leading to the
activation of CDK2 and enable the initiation of DNA and histone biosynthesis. If DNA
replication is successful, cyclin A/CDK2 levels are reduced, cells enter into G2, and
cyclin B/CDK1 accumulates. The cell regulates this important protein complex at many
levels, particularly through p53 activity, which blocks M phase entry when DNA is dam-
aged, causing the cell to undergo apoptosis. After mitosis, cyclin B is degraded rapidly
to prevent a second round of division.

CDKIs interact directly with cyclin/CDK complexes to block their activity by directly
competing for binding to Cdk4 and Cdk6 (10). CDKI families include the INK4 fam-
ily (p15, p16, p18, and p19), which inhibits the G1 CDKs specifically and the CIP/KIP
family (p21, p27, and p57), which inhibits CDKs throughout all phases of the cell cycle.
It has been reported that both cyclin D1 overexpression and p16 protein alterations pro-
duce persistent hyperphosphorylation of Rb, resulting in evasion of cell cycle arrest (11).
Conversely, loss of cyclin D expression constitutes a signal for exit from the mitotic cell
cycle and entry into the G0 state (12).

Mutations in genes that control the cell cycle are extremely common in human can-
cer. The Rb and p53 pathways are the two main cell cycle control pathways frequently
targeted in tumorigenesis. Alterations occurring in each pathway depend on the tumor
type (13). Virtually all human tumors deregulate either the Rb or p53 pathway, and
oftentimes both pathways are influenced simultaneously (13).

Deregulation of the cell cycle by overexpression of kinases involved in growth pro-
motion (i.e., cyclin D1 or CDKs) has been associated with carcinogenesis. Many dif-
ferent bioactive dietary components have been shown to inhibit different phases of the
cell cycle (Fig. 1). Nevertheless, the effects on cell cycle arrest can either be direct or
indirect (14). EGCG has been shown to directly inhibit CDKs in various cancer cells
(prostate, lung, and skin) (7), or indirectly by inducing the expression of p21 and p27
genes and inhibiting the expression of cyclin D1 and Rb phosphorylation in a dose and
time-dependent manner (15, 16).

Some dietary components have been shown to have multiple molecular targets that
can affect different phases of the cell cycle. Moreover, the specific molecular targets may
depend on the specific type of cell being treated. Several studies indicate that resvera-
trol, a polyphenol found at high concentrations in red wine and grapes, inhibits cell
cycle progression at different stages of the cell cycle in cancer cells (17, 18). Treatment
of LNCaP and PC-3 prostate cancer cells with resveratrol (19–150 μmol/l) reduced the
expression of cyclin D1, E, and CDK4. The reduction in cyclin D1/CDK4 kinase activity
resulted in G1/S phase cell cycle arrest (17). However, animal and human studies con-
sistently indicate plasma resveratrol concentrations of 1–2 μmol/l (19). In contrast, in
HL-60 cells, resveratrol arrested cells at the S/G2 phase via an overexpression of cyclins
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A and E without modification of p21 expression (18). Sulforaphane is another dietary
component that can modulate different phases of the cell cycle. In DU-145 prostate
cancer cells, sulforaphane induces a G0/G1 block via downregulation of the expression
of cyclin D1 and CDK4 (20). Sulforaphane also induces cell cycle arrest at the G2/M
phase by increasing expression of cyclin B1 in human colon and breast cells (21). In
HT-29 cells, this G2/M phase arrest was a consequence of maintaining the cdc2 kinase
in its active dephosphorylated form and was associated with phosphorylation/activation
of Rb (22). In contrast, sulforaphane treatment of either prostate PC-3 cells or bladder
UM-UC-3 cells reduced the expression of cyclin B1 (23, 24). Sulforaphane treatment of
UM-UC-3 cells also resulted in S phase arrest via reduced expression of cyclin A (24).
These results demonstrate that the molecular targets for bioactive dietary components
will depend on the specific cell of interest.

Although cell culture models are useful in obtaining mechanistic insights, experi-
mental observations obtained with in vitro models need to be verified in vivo in ani-
mal models at physiologically relevant concentrations. The dietary flavonoid apigenin is
widely distributed in many fruits and vegetables, including onions, parsley, celery, and
oranges. In vitro studies with prostate cancer cells demonstrated that apigenin caused a
G0/G1 cell cycle arrest by reducing total and phosphorylated Rb protein and decreased
the expression of cyclin D1, D2, and E as well as their regulatory partners CDK2,
CDK4, and CDK6 (25). Similarly, studies in mice have shown that apigenin reduced in
a dose-dependent fashion the growth of prostate cancer cell xenografts. This antiprolif-
erative effect was associated with decreased phosphorylation of RB and reduced protein
expression of cyclins D1, D2 and E, and CDK2, CDK4, and CDK6 (26). These effects
were observed at intakes of 20 μg/mouse/day, which is similar to the median intake of
40–50 mg/day apigenin measured in humans (27).

Curcumin is another dietary component for which in vitro molecular targets have
been verified in vivo. Bioavailability data suggest that in vitro studies with curcumin at
concentration of 10 μmol/l or lower are physiologically relevant to humans (19). The
treatment of either LNCaP or PC-3 prostate cancer cells with 10 μmol/l curcumin inhib-
ited cyclin D1, cyclin E and induced the CDK inhibitors p16, p21, and p27 (28). In rats,
a gavage administration of curcumin (200 or 600 mg/kg) inhibited diethylnitrosamine-
induced hepatic hyperplasia by increasing p21 expression, while decreasing the expres-
sion of cyclin E and cdc2 (29).

It is also important to realize that combinations of dietary compounds may be more
efficacious than individual components. For example, in an in vitro model of oral
cancer, EGCG blocked cells in the G0/G1 phase, while curcumin blocked cells in
the G2/M phase of the cell cycle. The combination of EGCG plus curcumin showed
synergistic interactions in growth inhibition (30). While tea or curcumin individu-
ally decreased the number and volume of dimethylbenzanthracene-induced oral tumors
in hamster, only the combination decreased the proliferation index of squamous cell
carcinoma (31).

Human supplementation studies have demonstrated that dietary components, such
as calcium or low-fat dairy foods (32, 33) or dietary fiber (34) can inhibit colonic or
rectal epithelial cell proliferation in vivo. However, these studies did not investigate
the molecular targets for the dietary components. Moreover, it is difficult to critically
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evaluate the effect of dietary components on cell proliferation in humans because of the
difficulty in obtaining human tissues noninvasively.

3. APOPTOSIS

Apoptosis, interchangeably referred to as programmed cell death, is a key pathway
for regulating homeostasis. It helps to establish a natural balance between cell death
and cell renewal by destroying excess, damaged, or abnormal cells. Apoptosis is one of
the most potent defenses against cancer since this process eliminates potentially dele-
terious, damaged cells. Factors that trigger apoptosis include DNA damage, disruption
of the cell cycle, hypoxia, detachment of cells from their surrounding tissue, and loss
of trophic signaling (35). It is characterized by cell shrinkage, chromatin condensa-
tion, and fragmentation of the cell into compact membrane-enclosed structures, called
“apoptotic-bodies” that are engulfed by macrophages and removed from the tissue in
a controlled manner (36). These morphological changes are a result of characteristic
molecular and biochemical events, most notably the activation of proteolytic enzymes.
Proteolytic cleavage of procaspases is an important step leading to caspase activation,
which in turn is amplified by the cleavage and activation of other downstream caspases
in the apoptosis cascade. Caspases are a family of cysteinyl aspartate-specific proteases
involved in apoptosis and subdivided into initiation (8, 9, and 10) and executioner (3,
6, and 7) caspases (37). Apoptosis occurs through two pathways, the extrinsic (death
receptor pathway) or intrinsic pathway (mitochondrial pathway), which are activated,
respectively, by caspase-8 and caspase-9 (Fig. 2). A critical element to both pathways
is the involvement of caspase-3, which results in cleavage and inactivation of key cellu-
lar proteins including the DNA repair enzyme poly(-ADP-ribose) polymerase (PARP).
In addition, mitogenic and stress responsive pathways are involved in the regulation of
apoptotic signaling.

The extrinsic apoptotic pathway is activated at the cell surface when a specific lig-
and binds to its corresponding cell-surface death receptor. Death receptors belong to
the tumor necrosis factor (TNF)-related superfamily and include TNF, TNF-related
apoptosis-inducing ligand (TRAIL) receptor, and Fas (38). These proteins recruit
adapter proteins including Fas-associated death domain protein (FADD) to cytoso-
lic death domains, resulting in the binding of procaspase-8 and procaspase-10 to a
supramolecular complex called the death-inducing signaling complex (38). Activated
caspase-8 directly cleaves and activates caspase-3, which in turn cleaves other caspases
(39). Caspase-8 can also activate Bcl-2 interacting domain (Bid), a proapoptotic member
of the Bcl-2 family, by converting it to its truncated form (39).

The intrinsic or mitochondrial pathway of apoptosis occurs when there is permeabi-
lization of the outer membrane and subsequent release of mitochondrial proteins into the
cyctosol as a consequence of cellular stress. The first protein to be released following
permeabilization is cytochrome c, which binds to apoptotic protease-activating factor 1
(Apaf-1). Other mitochondrial proteins include secondary mitochondrial-derived activa-
tor of caspase (Smac) and DIABLO. These proteins can bind and activate the apoptotic
protease-activating factor-1 (Apaf-1) promoting binding and activation of procaspase-9,
followed by the subsequent activation of caspase-3, caspase-6, and caspase-7 (40).
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Fig. 2. The two main pathways of apoptosis. The extrinsic pathway is activated at the cell surface
when a specific ligand binds to its corresponding cell-surface death receptor and activates caspase-8.
The intrinsic or mitochondrial pathway occurs when there is release of mitochondrial proteins lead-
ing to the activation of caspase-9. Both pathways converge in the activation of caspase-3. Different
dietary components can affect different molecular targets associated with apoptosis. Some dietary
components can act on multiple molecular targets. Arrows indicate activation and blocked lines indi-
cate inhibitory effects.

Moreover, the mitochondrial pathway is regulated by the Bcl-2 family of proteins,
including the anti-apoptotic proteins Bcl-2 and Bcl-XL, and the proapoptotic proteins
Bad, Bid, Bax, and Bak (41).

Compelling evidence of in vitro studies suggests that bioactive dietary components
may trigger apoptosis though numerous intracellular molecular targets in both apoptotic
pathways (Fig. 2, Tables 1 and 2). Distinct from the apoptotic events in the normal physi-
ological process, which are mediated mainly by the interaction between death receptors
and their relevant ligands (58), many bioactive dietary components appear to induce
apoptosis through the mitochondria-mediated pathway. Dietary compounds generally
induce oxidative stress, which downregulates anti-apoptotic molecules such as Bcl-2 or
Bcl-x and upregulates proapoptotic molecules such as Bax or Bak (59). Furthermore,
many of these dietary agents appear to exhibit some degree of specificity for neoplastic
cells while sparing normal cells. For example, β-carotene induces apoptosis in various
tumor cells from human prostate, colon, breast, and leukemia, whereas normal cells are
largely resistant to the induction of apoptosis by β-carotene (60).
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Table 1
Examples of Bioactive Dietary Components that Induce the Extrinsic/Death Receptor
Pathway of Apoptosis

Dietary agent
Molecular
target/mechanism

Cell
line(s)/concentration References

Lupeol Increased Fas receptor
and FADD protein
expression

LNCaP,
CRW22Rv1
1–30 μmol/l

Saleem
et al. (42)

Sulforaphane Increased Fas ligand and
cleavage of caspase-8
and caspase-3

MDA-MB-231
15–25 μmol/l

Pledgie-
Tracy
et al. (43)

Curcumin Increased
TRAIL-induced
apoptosis via inhibition
of NF-6B

LNCaP, PC-3
10–30 μmol/l

Deeb et al.
(44)

Diindolylmethane Increased
TRAIL-induced
apoptosis via
downregulation of
c-FLIP; increased
caspase-8 cleavage

HepG2, HT-29
20 μmol/l

Zhang et al.
(45)

EGC or EGCG Caspase-8 activation and
proteolytic cleavage of
Bid

SH-SY5Y
50 μmol/l

Das et al.
(46)

Genistein Decreased expression of
TNF ligand and
receptor family

SPC-A-A
20 μmol/l

Zou et al.
(47)

Please note that this table just contains selected examples.

Table 2
Examples of Bioactive Dietary Components that Induce the Intrinsic/Mitochondrial Pathway
of Apoptosis

Dietary
agent

Molecular
target/mechanism

Cell
line(s)/concentration References

Curcumin Mitochondrial swelling
and collapse of the
mitochondrial
membrane potential

HepG2
0–40 μg/ml

Cao et al. (48)

Sulforaphane Collapse of mitochondrial
membrane potential,
activation of caspase-3,
downregulation of
Bcl-2

U937
0–4 μmol/l

Choi et al. (49)
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Table 2
(Continued)

β-Carotene Loss of mitochondrial
membrane potential,
increased cytochrome c
release, activation of
caspase-9

HL-60, HT-29,
SK-MEL-2
0–20 μmol/l

Palozza et al.
(50)

Genistein Decreased Bcl-2 and
increased Bax
mRNA and protein
expression

SG7901 cells
injected into
nude mice
0.5–1.5 mg/kg
diet

Zhou et al. (51)

EGCG Decreased Bcl-2 and PARP
cleavage and increased
Bax protein expression

MDA-MB-231
50 μg/ml

Thangapazham
et al. (52)

Apigenin Increased cytochrome c
release and activation of
caspase-3 and caspase-9;
decreased Bcl-2 and
increased Bax
protein

22Rv1
10–80 μmol/l

Shukla and
Gupta (53)

Luteolin Activation of caspase-3
and caspase-9 and PARP
cleavage

SCC-4
0–100 μmol/l

Yang et al. (54)

Diallyl
disulfide

Decreased mitochondrial
membrane potential,
cytochrome c, and Smac
into the cytosol, decreased
Bcl-2 and some BIRC
proteins, activation of
caspase-9 and caspase-3

T98G and U87MG
100 μmol/l

Das et al. (55)

Selenium Decreased mitochondrial
membrane potential,
release of cytochrome c
into the cytosol,
activation of caspase-9
and caspase-3

LNCaP
2.5 μmol/l

Xiang et al. (56)

Resveratrol Cleavage of immature
caspase-3 into active
fragments (p12, p17, and
p20), increased caspase-3
activity, and PARP
cleavage

MD-MB-231
50 μmol/l

Alkhalaf et al.
(57)

Please note that this table just contains selected examples.
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It is important to consider whether the concentrations used in cell culture mod-
els are nutritional or pharmacological. For example, the concentrations of EGCG
needed to significantly downregulate anti-apoptotic proteins and induce programmed
cell death in vitro (20 μmol/l) are much higher than the physiological concentra-
tions that could be obtained in humans by typical tea consumption (19). Consump-
tion of 6–7 cups of green tea/day (∼30 mg/kg/day EGCG) would generate a plasma
EGCG concentration of about 1 μmol/l (61). Therefore, to achieve higher plasma con-
centrations, EGCG supplements are needed (62). In contrast, human consumption of
onions and applesauce with peel resulted in peak plasma concentrations of quercetin
of 225 ± 43 and 331 ± 7 μmol/l, respectively (63), which are significantly higher
than concentrations shown to induce apoptosis in vitro (30–100 μmol/l) (64). These
data suggest that for quercetin, the effects observed in cell culture are nutritionally
relevant.

Another important consideration is that dietary components have been shown
to exert additive and synergistic effects on apoptosis induction. Resveratrol and
quercetin additively activated caspase-3 and cytochrome c release in a human pan-
creatic cell line (65). Quercetin and ellagic acid, respectively, at concentrations
of 5 and 10 μmol/l also synergistically induced apoptosis in human leukemia
MOLT-4 cells (66). Selenium and vitamin E have been shown to exert synergis-
tic effects on apoptosis induction in human prostate cancer cells (67). This synergy
was accounted for primarily by selenium and vitamin E modifying distinct signal-
ing pathways of caspase activation. Selenium activated caspase-1 and caspase-12,
whereas vitamin E activated caspase-9. Thus, the combination of selenium and vita-
min E may activate multiple molecular targets for apoptosis induction, the endoplas-
mic reticulum stress/cytokine signaling pathway and mitochondrial pathway, respec-
tively. The combinatorial effects of selenium and vitamin E may target the entire
battery of initiator caspases and “switch on the full force of the apoptotic machin-
ery” (67). These studies suggest that combinations of bioactive compounds that tar-
get different mechanisms of action can likely achieve synergistic effects in cancer
prevention.

Studies in human subjects have demonstrated that dietary compounds can influence
apoptosis. Thirty-two patients diagnosed by biopsy with prostate cancer were given
tomato sauce pasta entries (30 mg lycopene/day) for 3 weeks before prostatectomy (68).
Tomato sauce consumption resulted in a significant increase in the percentage of apop-
totic cells in benign prostatic hyperplasia (from 0.66 ± 0.13% to 1.38 ± 0.31%) and
in carcinomas (0.84 ± 0.13% to 2.76 ± 0.58%). This increase was associated with
decreased Bax expression in the carcinomas (68). Similarly, 18 men with prostate can-
cer who consumed 160 mg/day of red clover-derived isoflavones, containing a mix-
ture of genistein, daidzen, formononectin, and biochanin A, prior to prostatectomy had
significantly higher percentage of apoptotic cells (1.14%) in the radical prostatectomy
samples compared to the control group (0.24%) (69). While these data are encouraging,
additional human studies are needed to determine whether other dietary components, at
physiologically relevant concentrations, can modulate specific molecular targets associ-
ated with apoptosis.
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4. INFLAMMATION

Inflammation represents a physiological response to invading microorganisms,
trauma, chemical irritation, or foreign tissues. The inflammatory response is a complex
tightly regulated process to prevent extensive damage to the host. However, uncontrolled
and persistent inflammation is detrimental to the host and can increase cancer risk. Evi-
dence for this comes from epidemiologic data showing an association between chronic
inflammatory conditions and subsequent malignant transformation in the inflamed tis-
sue. Clinical trials showed decreased cancer risk with the use of anti-inflammatory
drugs. Animal studies showed increased cancer incidence with genetically (trans-
genic/knockout animals) or chemically induced chronic inflammation (70). Experimen-
tal evidence indicates that there are multiple mechanisms linking inflammation to cancer
and that there are multiple targets for cancer prevention by bioactive dietary compounds
(Fig. 3, Table 3).

Chronic inflammation promotes carcinogenesis by inducing gene mutations, inhibit-
ing apoptosis, and stimulating cell proliferation and angiogenesis. At the molecular
level, free radicals and aldehydes produced during chronic inflammation can induce
gene mutations and posttranslational modifications of key cancer-related proteins (74).

Fig. 3. The inflammatory cascade. The binding of proinflammatory cytokines to their receptors acti-
vates the mitogen-activated protein kinase family of proteins which activate NF-kB and induce expres-
sion of target genes such as COX-2 and iNOS. Stars indicate potential molecular targets for bioactive
dietary components.
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Table 3
Molecular Targets for Representative Dietary Bioactive Components that Influence
Inflammation (71–73)

Molecular target Dietary components

Inhibit NF-κB activation Curcumin, resveratrol, gingerol,
indole-3-carbinol, ellagic acid, green tea
polyphenols, S-allyl-cysteine, lycopene,
caffeic acid phenethyl ester, capsaicin,
gingerol, ginseng

Inhibit mitogen-activated protein
kinases (MAPK)

Curcumin, indole-3-carbinol, resveratrol, green
tea polyphenols, capsaicin, gingerol, ginseng

Inhibit COX-2 activity Luteolin, apigenin, genistein, green tea
polyphenol, curcumin, resveratrol,
kaempferol, quercetin, vitamin D, capsaicin,
gingerol, ginseng, genistein

Inhibit iNOS activity Curcumin, gingerol, EGCG, resveratrol,
indole-3-carbinol, ginseng, genistein

Two key genes involved in the inflammatory process are cyclooxygenase-2 (COX-2)
and nuclear factor-kappa B (NF-κB). These factors provide a mechanistic link between
inflammation and cancer and are targets for nutritional prevention of cancer.

Inflammatory insults result in the synthesis and secretion of proinflammatory
cytokines such as tumor necrosis factor- (TNF-), interleukin-1 (IL-1), IL-6, IL-12, and
γ-interferon. The production of proinflammatory cytokines results in an elevation in
reactive oxygen and nitrogen species and has been directly linked to tumor develop-
ment. Development of cytokine gene knockout mice has demonstrated the vital role of
proinflammatory cytokines in carcinogenesis. For example, mice that are deficient for
either TNFα or TNFα receptors have reduced susceptibility to chemically induced skin
cancers and develop fewer experimental metastases (75). Inflammation is self-limiting
because the production of proinflammatory cytokines is followed by the secretion of
anti-inflammatory cytokines (e.g., IL-4, IL-10, and TGF-β) to reduce the accumulation
of reactive species.

The binding of proinflammatory cytokines to their receptors activates one or more
members of the mitogen-activated protein kinase (MAPK) family of proteins, which
include the extracellular signal-regulated protein kinase (ERK), the p38 MAP kinase,
and the c-Jun N-terminal kinase (JNK). The improper activation of each of these
MAP kinases amplifies the signal cascades through phosphorylation of downstream
molecules including IκB, activating transcription factor–2 (ATF–2), Elk, mitogen and
stress-activated kinase (Msk), leading to coactivation of two redox-sensitive transcrip-
tion factors, namely, NFκ and c–Jun. The latter is a member of the activator protein–1
(AP–1) transcription factor. In resting cells, NF-κB resides in the cytoplasm as an inac-
tive complex with the inhibitory protein IκB, which undergoes rapid phosphorylation,
ubiquitination, and subsequent proteasomal degradation in response to a variety of stim-



Chapter 3 / Molecular Targets for Nutritional Preemption of Cancer 57

uli, such as mitogens, proinflammatory cytokines, ultraviolet (UV) radiation, viral pro-
teins, and bacterial toxins (76). Dissociation of IκB from NF-κB allows the activated
free dimer to translocate to the nucleus, where it binds to a κB element located in the
promoter region of target genes, controlling their expression (77). In normal cells, NF-
κB is tightly regulated, whereas in tumor cells NF-κB becomes constitutively activated
leading to deregulated expression of its target genes (78).

NFκ and AP-1 activate the expression of over 400 genes including cytokines,
chemokines, adhesion molecules, acute phase protein, growth factors, as well as specific
enzymes such as inducible nitric oxide synthase (iNOS) and COX-2 (79). In turn, these
enzymes directly influence the levels of reactive oxygen species (ROS), reactive nitro-
gen species (RNS), and eicosanoids. ROS profoundly affect numerous critical cellular
functions, and the absence of efficient cellular detoxification mechanisms that remove
these radicals can increase cancer risk (80). ROS and RNS are potentially damaging to
cellular macromolecules such as DNA, proteins, and lipids. ROS can also specifically
activate certain intracellular signaling cascades and thus contribute to tumor develop-
ment and metastasis through the regulation of cellular phenotypes such as proliferation,
death, and motility (80).

The enzyme COX-2 catalyzes the first two steps in the biosynthesis of prostaglandins
from arachidonic acid. Inappropriate upregulation of COX-2 has been implicated in the
pathogenesis of various types of malignancies including colorectal, breast, and pancre-
atic cancers and well as cancers of the head and neck (81). Transgenic mice overexpress-
ing COX-2 had higher cancer incidence compared to COX-2 knockout animals (82, 83).
There is abundant evidence that a number of dietary components are COX-2 enzyme
inhibitors (Table 3). For example, COX-2 transcription is inhibited in vitro not only
by quercetin aglycone, but also by the quercetin conjugates that are found in human
plasma (e.g., quercetin 3-glucoronide, quercetin 3′-sulfate, and 3′-methylquercetin 3′-
glucoronide). Both quercetin and quercetin 3′-sulfate also inhibit COX-2 enzyme activ-
ity (84). Additionally, the biologically active form of vitamin D [1,25 (OH)2D] or cal-
citriol regulates multiple genes involved in the prostaglandin pathway (85). These effects
include calcitriol’s action to decrease COX-2 synthesis, to increase COX-2 catabolism,
and to inhibit expression of prostaglandin receptors. In combination, these three mech-
anisms reduce prostaglandin levels and signaling thereby attenuating the growth stimu-
latory effects of prostaglandins.

Nitric oxide is a short-lived radical that diffuses freely within cells and acts as an
important intracellular and intercellular signaling molecule in almost every tissue in the
body. Nitric oxide is synthesized from L-arginine by members of the nitric oxide syn-
thase family including iNOS. Whereas low concentrations of nitric oxide may act as
antioxidants and alter the transcriptional activity of NF-κB and AP-1, excess produc-
tion of nitric oxide by iNOS may damage DNA, thereby enhancing the risk of cancer
(86). Thus, the control of iNOS expression is an important mechanism for cancer pre-
vention. A variety of flavonoids, including apigenin, luteolin, kaempferol, myricetin,
and genistein downregulate nitric oxide production and/or iNOS protein expression and
activity in RAW 264.7 macrophage cells (87).

In humans, evidence of efficacy for many bioactive food components is lacking.
However, there is evidence that 1.5 g of eicosapentaenoic acid compared to placebo
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significantly reduces COX-2 protein expression in the esophageal mucosa of Barrett’s
esophagus patients. Moreover, the change in COX-2 expression was inversely related
to a change in eicosapentaenoic concentrations (88). There is also evidence from a
double-blind, placebo-controlled trial that consumption of a tomato-based drink (Lyc-
o-Mato, containing 5.7 mg lycopene, 3.7 mg phytoene, 2.7 mg phytofluene, 1 mg β-
carotene, and 1.8 mg -tocopherol) for 26 days reduced TNF- production by 34.4% com-
pared to a placebo drink (same test and flavor but void of active compounds) (89). While
these studies support the results obtained with in vitro models, additional studies in
humans are warranted.

5. IMMUNITY

The main function of the immune system is to monitor tissue homeostasis, to pro-
tect against invading or infectious pathogens, and to eliminate damaged cells (90). The
immune system may have the ability to eliminate nascent transformed cells (cancer
immunosurveillance). Cancer immunosurveillance involves adaptive immune responses
specific for antigens on malignant cells, as well as innate immune responses to non-
self status or stress-induced ligands of transformed or malignant cells (91). The innate
immune response provides a first line of defense and requires no previous exposure to
a pathogen. The innate immune response involves recognition of common pathogen-
associated molecules by cell-surface receptors, followed by infiltration of natural killer
(NK) cells, macrophages, neutrophils, basophils, eosinophils, and mast cells at the site
of infection that function to engulf and digest the pathogen. In contrast, the adap-
tive immune response represents a learned response to a previous exposure. Molecular
changes that consistently occur during the carcinogenic process that might be recog-
nized as “flags” on tumor cells could include: (1) products of oncogenes or tumor sup-
pressor genes that are often mutated in cancer cells; (2) normal cellular proteins that
are either overexpressed or aberrantly expressed in cancer cells; (3) oncogenic virus
products; and/or (4) overexpression of stress-inducible proteins (91).

The adaptive immune system is comprised of B-lymphocytes and T-lymphocytes.
B-lymphocytes recognize and engulf specific circulating antigens, triggering their clonal
expansion and maturation into antibody secreting plasma cells. These antibodies bind
to and mark pathogens for phagocytosis by cells of the innate immune system (92).
Adaptive immunity involves the recognition of tumor antigens that are expressed in
conjunction with HLA molecules by tumor-specific cytotoxic T-lymphocytes. These
cells secrete tumoricidal molecules (such as perforin) or produce cytokines (such as
IFN-γ and TNF-α) that can either directly inhibit tumor cell growth or potentiate the
antitumor activity of other lymphoid effectors. However, although cancer cells typically
express recognizable surface antigens, some tumor cells can escape detection and sur-
vive when the mutated gene products in question are not presented as MHC/peptide
complexes (93). Mechanisms for immune escape are considered a hallmark of tumor
progression (94).

DNA damage transcriptionally induces the expression of the mRNA for ligands of the
immune receptor NKG2D (95). NK2GD is a cell-surface receptor that is expressed by
many cell types in the immune system, including natural killer cells, γδ T cells, CD8+
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T cells, and some activated CD4+ cells (96). In NK cells, NK2GD triggers cytotoxic
activity and cytokine production (97). These data suggest that DNA damage, in addition
to stimulating cell cycle arrest and enhancing DNA repair activity or triggering apop-
tosis, may also participate in alerting the immune system to the presence of potentially
cancerous cells.

The immune system not only plays a crucial role in preventing tumor growth,
but it can also facilitate cancer progression, at least in part, by selecting tumors
with lower immunogenicity (98). Specifically, tumors derived from immunodeficient
mice, such as recombination-activating gene-2 (RAG2)–/–, Jα18–/– (NKT deficient),
perforin–/–, nude, or Scid mice are more immunogenic and less tumorigenic as a
group, compared to the tumors derived from mice with an intact immune system
(reviewed in 98). In addition, an abundance of infiltrating innate immune cells can con-
tribute to cancer development. Tumor-infiltrating leukocytes can facilitate tumor pro-
gression by secreting growth factors, reactive oxygen and nitrogen species, proteases,
prostaglandins, and angiogenic growth factors. ROS and RNS may directly promote
tumor progression by inducing DNA damage and, therefore, the acquisition of additional
mutations.

Because improved systemic immune function correlates with a reduction in tumor
growth in several transplantable tumor models (99, 100), as well as a reduced intesti-
nal polyp number and increased survival in a spontaneous tumor model (101), dietary
components that increase immune function offer promise for nutritional preemption of
cancer. For example, in mice fed a diet supplemented with probiotics in the form of
yogurt, there was a correlation between enhanced mucosal cytokine production and a
reduction in chemically induced colon carcinogenesis in the mice that consumed yogurt
(102). Fish oil consumption has also been linked to decreased cancer risk in a number of
animal models and these effects may be modulated by alterations in the immune system.
Fish oil consumption has been shown to improve macrophage function in Walker 256
tumor-bearing rats (103) and alter the balance between CD4+ T-helper (TH1 and Th2)
subsets by directly suppressing Th1 cell development (104). This is noteworthy because
Th2 cells mediate resistance to extracellular pathogens.

Both energy restriction and increased physical activity have also been associated with
decreased cancer risk. When mice were fed either an energy restricted diet (30% reduc-
tion compared to control energy intake) and/or exercise (voluntary wheel reduction),
there were alterations in both systemic and mucosal immune function (105). Although
energy restriction significantly enhanced NK cell function, it significantly impaired
splenic and intestinal T-cell proliferation and had an inhibitory effect on cytokine pro-
duction by intestinal lymphocytes. In contrast to energy restriction, exercise enhanced
both mucosal T-cell proliferation and cytokine productions, as well as IFN-γ production
in the spleen (105). Therefore, exercise and energy restriction are working via different
biological mechanisms to regulate NK and T-cell function.

Selenium is another nutrient, whose status has been linked with cancer risk. In
preclinical models, selenium deficiency decreases antibody production by B-cells and
decreases neutrophil chemotaxis and activity, while selenium supplementation enhances
T-cell response by upregulation of the T-cell IL-2 receptor and increased antibody
synthesis (106). Moreover, selenium supplementation has been shown to enhance the
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immune system in humans. In a double-blind placebo-controlled study, 50 or 100 μg
of selenium/day for 15 weeks augmented the cellular immune response through an
increased production of IFN-γ and other cytokines, an earlier peak T-cell proliferation
and an increase in T helper cells (107). Selenium-supplemented subjects also showed
more rapid clearance of poliovirus and the reverse transcriptase-polymerase chain reac-
tion products recovered from the feces of the supplemented subjects contained a lower
number of mutations (107).

Many different dietary components have been shown to enhance γδ T-cell function
and may play a role in cancer prevention (108). These include vitamin E, mistletoe
extract, nucleotides, n-3 fatty acids, conjugated linoleic acids, tea, and fruit and veg-
etable juice concentrate (108). For example, in a randomized, double-blind, placebo-
controlled trial, the γδ T cells from subjects who consumed a green tea capsule for
3 months proliferated 28% more and secreted 26% more IFN-γ in response to γδ T-
cell antigens, as compared to the γδ T cells from subjects taking placebo (109). Human
consumption of a fruit and vegetable juice concentrate has also been associated with
increased circulating γδ T cells (110). Although it is logical to assume that a change in
tumoricidal cell activity will coincide with cancer prevention, direct evidence for this is
lacking, and thus firm conclusions regarding the impact of these alterations on cancer
risk cannot be made.

6. ANGIOGENESIS

Tumor angiogenesis is the proliferation of a network of blood vessels that penetrates
into cancerous growths, supplying nutrients and oxygen and removing waste products.
Tumor angiogenesis is a complex process that involves the tight interplay of tumor
cells, endothelial cells, phagocytes and their secreted factors, which act as promoters
or inhibitors of angiogenesis. Neoplastic cells have an inherent propensity to produce
angiogenic molecules to initiate neoangiogenesis by paracrine regulation of endothe-
lial cells. Endothelial cells are stimulated and attracted to the site where the new blood
supply is needed by various growth factors such as vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and insulin-like growth factor-1 (IGF-1), and
inflammatory molecules including IL-8, COX-2, and iNOS (Fig. 4) (111, 112). Chemo-
tactic migration along this gradient is, however, possible only through the degradation
of extracellular matrix components (113). This is accomplished via matrix metallopro-
teinases (MMPs) (114, 115). MMPs include collagenases (MMP-1, MMP-8, and MMP-
13), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-10, and MMP-7),
and elastase (MMP-12) (116).

The expression of matrix metalloproteinases is regulated by the AP-1 transcrip-
tion complex, which can be activated by several mechanisms involving growth factors,
cell–cell interactions, and interactions among cells and matrix (117). In addition, nat-
ural MMP inhibitors (tissue inhibitors of metalloproteinases, TIMPs) are also involved
in regulating the activation and activity of these enzymes. MMPs are involved in many
physiological processes involving matrix remodeling and appear to be essential in angio-
genesis, tumor cell invasion, and metastasis. In addition to removing physical barriers
to migration through degradation of the extracellular matrix, MMPs can modulate cell
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Fig. 4. Angiogenesis. Endothelial cells are stimulated and attracted to the site where a new blood sup-
ply is needed by various growth factors. Different dietary components can affect different molecular
targets associated with angiogenesis. Some dietary components can act on multiple molecular targets.
Arrows indicate activation and blocked lines indicate inhibitory effects.

adhesion and generate extracellular matrix degradation products that are chemotactic
for endothelial cells.

Inhibition of angiogenesis serves two purposes. First, it limits tumor size by restrict-
ing oxygen and nutrients. Second, it decreases the opportunities for metastatic cells to
enter the circulatory system. Several dietary components have surfaced as inhibitors
of angiogenesis in various animal and cell culture models (Table 4). In addition, experi-
mental findings suggest that energy restriction suppresses tumor angiogenesis in prostate
cancer, human gliomas, and intracerebral growth of malignant tumors (121, 122). A
recent study in rats implanted with prostate cancer cells demonstrated that a 40% caloric
restriction reduced serum concentrations of IGF-1 by 35%, VEGF mRNA by 30%, and
secreted VEGF protein by 33% compared to control animals (123). Moreover, in vitro
studies with the prostate cancer cells demonstrated dose- and time-dependent stimula-
tion of VEGF expression by IGF-1. These results suggest that dietary restriction reduces
endocrine and prostate tumor autocine/paracrine IGF-1 expression, which contributes to
reduced VEGF expression and signaling, to inhibit tumor angiogenesis associated with
prostate tumorigenesis (123).
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Table 4
Examples of Bioactive Dietary Components that Inhibit Angiogenesisa

Dietary agent Effect on angiogenesis

Apigenin Inhibits hypoxia-inducible factor 1- and VEGF expression in human
ovarian cancer cells Inhibits in vitro angiogenesis

Inhibits in vitro angiogenesis
Berry extracts Inhibition of VEGF expression in human keratinocytes
Conjugated
linoleic acid

Inhibits angiogenesis in vitro and in vivo by suppression of
formation of microcapillary networks

Suppression of both serum and mammary gland VEGF
concentrations in breast cancer model

Curcumin Downregulates transcript levels of VEGF and bFGF and suppresses
VEGF, MMP-2, and MMP-9 expression, NF-6B, COX-2, and
MAPKs activity

Inhibits microvessels density in tumor xenografts
EGCG Inhibits growth and survival of endothelial cells

Suppresses tumor vasculature in tumor xenograft models
Suppresses ERK1/2 activity and inhibits VEGF expression and
secretion in cancer cells

Suppresses MMP-2/9 expression and activation in the TRAMP
model, along with inhibition of COX-2, iNOS, and NF-6B in other
tumor models

Genistein Downregulates MMP-9 and upregulates TIMP-1
Suppresses endothelial cell proliferation, migration, and invasion
Inhibits VEGF and COX-2 expression and suppresses
VEGF-induced tyrosine phosphorylation of receptor kinases

Grape seed
procyanidins

Inhibits growth, survival, migration, and matrigel invasion of
HUVEC

Decreases VEGF expression and microvessel density in tumor
xenograft model

Indole-3-
carbinol

Decreases VEGF and Flk-1 expression in endothelial cells

Inhibits growth of HUVEC and inhibits in vitro angiogenesis in
matrigel

Decreases iNOS expression
Inositol
hexaphosphate

Decreases VEGF expression and microvessel density in tumor
xenograft model

Inhibits growth, survival, migration, and matrigel invasion of
HUVEC

Luteolin Inhibition of VEGF-induced proliferation of HUVEC
Phenylethyl
isothiocyanate

Inhibits VEGF secretion and lowers VEGF-R expression

Lowers survival rate of HUVEC cells, inhibits capillary-like tube
formation and migration of HUVEC cells

Quercetin Inhibits MMP-2 and MMP-9 secretion from tumor cells and
suppresses endothelial cell proliferation, migration, and tube
formation
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Table 4
(Continued)

Dietary agent Effect on angiogenesis

Resveratrol Inhibits capillary-like tube formation by HUVEC and capillary
diffentiation and VEGF binding to HUVEC

Decreases iNOS and VEGF expression
Retinoic acid Inhibits responsiveness of endothelial cells to angiogenic growth

factors
Selenium Suppresses VEGF expression, lowers microvessel density, and

inhibits genolytic activity of MMP-2 in rat mammary carcinoma
Initiates apoptotic death in HUVEC cells

Silibinin Inhibits growth and survival of endothelial cells via disrupting
VEGF and IGF-1 signaling

Inhibits MMP-2 expression and tube formation in HUVEC
Inhibits VEGF secretion from human cancer cells
Decreases iNOS and VEGF expression and microvessel density in
mouse lung tumors

aAdditional information can be obtained from recent reviews on dietary modification of angiogenesis
(118–120).

While angiogenesis may be inhibited by many dietary components, this process also
serves many important physiological functions such as the healing of wounds, acute
injury, and chronic damages of the gastrointestinal mucosa.

A better understanding of the differential effects of dietary components on tumor
versus physiological angiogenesis is needed.

7. CONCLUSIONS

Dietary behavior is one of the most important modifiable determinants of cancer risk
and tumor behavior. Overwhelming evidence demonstrates that a variety of dietary com-
ponents can influence a number of key intracellular targets that are associated with the
cancer process. Unraveling the role of bioactive food components is complicated by the
multiple steps in the cancer process, which can be modified simultaneously, including
sites such as drug metabolism, DNA repair, cell proliferation, apoptosis, inflammation,
immunity, differentiation, and angiogenesis. Bioactive food components typically influ-
ence more than one process. The dose dependency of these changes needs to be exam-
ined in much more detail as they relate to phenotypic differences in tumor incidence
and/or tumor behavior. There is a growing body of evidence to suggest that even if sin-
gle agents are inactive at low concentrations, combinations of two or more components
might be more efficacious (4). Additionally, the timing and duration of exposure needed
to bring about a response deserves greater attention.

A fundamental action of several bioactive food components is that they serve as regu-
lators of gene expression and/or modulate gene products. Transcriptomic or microarray
analysis can provide clues about the mechanisms that underlie the beneficial or adverse
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effects of dietary components. Such analysis can identify important genes and related
events that are altered in the predisease state, and may, therefore, serve as molecular
biomarkers and/or assist in identifying and characterizing the basic molecular pathways
influenced by food components.

Typically, increasing the intensity and duration of exposure to dietary components
increases the number of genes whose expressions are modified (124, 125). Thus, dose
and duration of exposure become fundamental considerations in interpreting findings
from microarray studies. Additionally, while most studies are simple snapshots of
genomic expression changes that can help identify important possible targets, they must
be interpreted cautiously because of inherent biological variability (126). Determin-
ing which one of the targets is most important in altering tumor growth will not be
a simple task. Likewise, unraveling the multitude of interactions among nutrients with
these key events makes the challenge even more daunting. Finally, interindividual differ-
ences, probably reflecting genetic polymorphisms, can mask the response to a nutrient
and thereby complicate this undertaking to an even greater extent. Nevertheless, deci-
phering the role of diet is fundamental to optimizing health and preventing disease.
Access to this information should help resolve the inconsistencies within the literature
and provide clues to strategies that may be developed to assist individuals in preventing
cancer.

REFERENCES
1. World Cancer Research Fund/American Institute for Cancer Research Food. (2007) Nutrition, Phys-

ical Activity and the Prevention of Cancer: A Global Perspective. Washington, DC: AICR.
2. Milner, J.A. (2004) Molecular targets for bioactive food components. J Nutr 134, 2492S–98S.
3. Liu, R.H. (2003) Health benefits of fruit and vegetables are from additive and synergistic combina-

tions of phytochemicals. Am J Clin Nutr 78, 517S–20S.
4. Davis, C.D. (2007) Nutritional interactions: Credentialing of molecular targets for cancer prevention.

Exp Biol Med 232, 176–83.
5. Liu, R.H. (2003) Health benefits of fruit and vegetables are from additive and synergistic combina-

tions of phytochemicals. Am J Clin Nutr 78, 517s–20s.
6. Sarkar, F.H., and Li, Y. (2007) Targeting multiple signal pathways by chemopreventive agents for

cancer prevention and therapy. Acta Pharmacol Sin 28, 1305–15.
7. Meeran, S.M., and Katiyar, S.K. (2008) Cell cycle control as a basis for cancer chemoprevention

through dietary agents. Frontiers Biosci 13, 2191–202.
8. Mailand, N., Falck, J., Lukas, C., Syljuasen, R.G., Welcker, M., Barteck, J., and Lukas, J. (2000)

Rapid destruction of human Cdc25A in response to DNA damage. Science 288, 1425–29.
9. Sherr, C.J. (2000) The Pezcoller lecture: Cancer cell cycles revisited. Cancer Res 60, 3689–95.

10. Santamaria, D., and Ortega, S. (2006) Cyclins and CDKS in development and cancer: Lessons from
genetically modified mice. Front Biosci 11, 1164–88.

11. Beasley, M.B., Lantuojoul, S., Abbondanzo, S., Chu, W.S., Hasleton, P.S., Travis, W.D., and Bram-
billa, E. (2003) The P16/cyclin D1/Rb pathway in neuroendocrine tumors of the lung. Hum Pathol
34, 136–42.

12. Belleti, B., Nicoloso, M.S., Schiappacassi, M., Chimienti, E., Berton, S., Lovat, F., Colombatti, A.,
and Baldassare, G. (2005) p27(kip1) functional regulation in human cancer: A potential target for
therapeutic designs. Med Chem 12, 1589–605.

13. Macaluso, M., Montanari, M., Cinti, C., and Giordano, A. (2005) Modulation of cell cycle compo-
nents by epigenetic and genetic events. Semin Oncol 32, 452–57.

14 Fresco, P., Borges, F., Diniz, C., and Marques, M.P. (2006) New insights on the anticancer properties
of dietary polyphenols. Med Res Rev 26, 747–66.



Chapter 3 / Molecular Targets for Nutritional Preemption of Cancer 65

15. Semczuk, A., and Jakowicki, J.A. (2004) Alterations of pRB1-cyclin D1-cdk4/6-p16(INK4A) path-
way in endometrial carcinogenesis. Cancer Lett 203, 1–12.

16. Shankar, S., Suthakar, G., and Srivastava, R.K. (2007) Epigallocatchin-3-gallate inhibits cell cycle
and induces apoptosis in pancreatic cancer. Front Biosci 12, 5039–51.

17. Benitz, D.A., Pozo-Guisado, E., Alvarez-Barrientos, A., Fernandez-Salguero, P.M., and Castellon,
E.A. (2007) Mechanisms involved in resveratrol-induced apoptosis and cell cycle arrest in prostate
cancer derived cell lines. J Androl 28, 282–93.

18. Suh, N., Luyengi, L., Fong, H.H., Kinghorn, A.D., and Pezzuto, J.M. (1995) Discovery of natural
product chemopreventive agents using HL-60 cell differentiation as a model. Anticancer Res 15,
233–39.

19. Howell, L.M., Moiseeva, E.P., Neal, C.P., Foreman, B.E., Andreadi, C.K., Sun, Y., Hudson, E.A., and
Manson, M.M. (2007) Predicting the physiological relevance of in vitro cancer preventive activities
of phytochemicals. Acta Pharmacol Sin 28, 1274–304.

20. Wang, L., Liu, D., Ahmed, T., Chung, F.L., Conaway, C., and Chiao, J.W. (2004) Targeting cell cycle
machinery as a molecular mechanism of sulforaphane in prostate cancer prevention. Int J Oncol 24,
187–92.

21. Jackson, S.J., and Singletary, K.W. (2004) Sulforaphane inhibits human MCF-7 mammary cancer
cell mitotic progression and tubulin polymerization. J Nutr 134, 2229–36.

22. Parnaud, G., Li, P., Cassar, G., Rouimi, P., Tulliez, J., Combaret, L., and Gamet-Payrastre, L. (2004)
Mechanism of sulforaphane-induced cell cycle arrest and apoptosis in human colon cancer cells. Nutr
Cancer 48, 198–206.

23. Singh, S.V., Herman-Antosiewicz, A., Singh, A.V., Lew, K.L., Srivastava, S.K., Kamath, R., Brown,
K.D., Zhang, L., and Baskaran, R. (2004) Sulforaphane-induced G2/M phase cell cycle arrest
involves checkpoint kinase 2-mediated phosphorylation of cell division cycle 25C. J Biol Chem 279,
25813–22.

24. Tang, L., and Zhang, Y. (2005) Mitochondria are the primary target in isothiocyanate-induced apop-
tosis in human bladder cancer cells. Mol Cancer Ther 4, 1250–59.

25. Shukla, S., and Gupta, S. (2007) Apigenin-induced cell cycle arrest is mediated by modulation of
MAPK, P13K-Akt, and loss of cyclin D1 associated retinoblastoma dephosphorylation in human
prostate cancer cells. Cell Cycle 6, 1102–14.

26. Shukla, S., and Gupta, S. (2006) Molecular targets for apigenin-induced cell cycle arrest and apopto-
sis in prostate cancer cell xenograft. Mol Cancer Ther 4, 843–52.

27. Hollman, P.C., and Katan, M.B. (1999) Health effects and bioavailability of dietary flavanols. Free
Radic Res 1, 75–80.

28. Srivastava, R.K., Chen, Q., Siddiqui, I., Sarva, K., and Shankar, S. (2007) Linkage of curcumin-
induced cell cycle arrest and apoptosis by cyclin-dependent kinase inhibitor p21/WAF1/CIP1. Cell
Cycle 6, 2953–61.

29. Chuang, S.E., Cheng, A.L., Lin, J.K., and Kuo, M.L. (2000) Inhibition by curcumin of
diethylnitrosamine-induced hepatic hyperplasia, inflammation, cellular gene products and cell-cycle-
related proteins in rats. Food Chem Toxicol 38, 991–95.

30. Khafif, A., Schantz, S.P., Chou, T.L.C., Edelstein, D., and Sacks, P.G. (1998) Quantitation of chemo-
preventive synergism between (–)-epigallocatechin-3-gallate and curcumin in normal, premalignant
and malignant human oral epithelial cells. Carcinogenesis 19, 419–24.

31. Lin, N., Chen, X., Liao, J., Yang, G., Wang, S., Josephson, Y., Han, C., Huang, M.T., and Yang,
C.S. (2002) Inhibition of 7,12-dimethylbenz{a}antrhracene (DMBA)-induced oral carcinogenesis in
hamsters by tea and curcumin. Carcinogenesis 23, 1307–13.

32. Holt, P.R., Wolper, C., Moss, S.F., Yang, K., and Lipkin, M. (2001) Comparison of low-fat dairy
foods on epithelial cell proliferation and differentiation. Nutr Cancer 41, 150–55.

33. Rozen, P., Lubin, F., Papo, N., Knaani, J., Farbstein, H., Farbstein, M., and Zajicek, G. (2001) Calcium
supplements interact significantly with long-term diet while suppressing rectal epithelial proliferation
of adenoma patients. Cancer 91, 833–40.

34. Weerasooriya, V., Rennie, M.J., Anant, S., Alpers, D.H., Patterson, B.W., and Klein, S. (2006) Dietary
fiber decreases colonic epithelial cell proliferation and protein synthetic rates in human subjects. Am
J Physiol Endocrinol Metab 290, E1104–E08.



66 Part I / Understanding the Role of Nutrition in Health

35. Sun, S.Y., Hail, N., and Lotan, R. (2004) Apoptosis as a novel target for cancer chemoprevention.
J Natl Cancer Inst 96, 662–72.

36. Rodriguez, M., and Schaper, J. (2005) Apoptosis: Measurement and technical issues. J Mol Cell
Cardiol 38, 15–20.

37. Fischer, U., and Schulze-Ostoff, K. (2005) Apoptosis-based therapies and drug targets. Cell Death
Differ 12, 942–61.

38. Khan, N., Afaq, F., and Mukhtar, H. (2007) Apoptosis by dietary factors: The suicide solution for
delaying cancer growth. Carcinogenesis 28, 233–39.

39. Cho, S.G., and Choi, E.J. (2002) Apoptotic signaling pathways: Caspases and stress-activated protein
kinases. J Biochem Mol Biol 35, 24–27.

40. Watson, R.W., and Fitzpatrick, J.M. (2005) Targeting apoptosis in prostate cancer: Focus on caspases
and inhibitors of apoptosis proteins. BJI Int 96, 30–34.

41. Li, P., Nijhawan, D., and Wang, X. (2004) Mitochondrial activation of apoptosis. Cell 116, S57–S9.
42. Saleem, M., Kweon, M.H., Yun, J.M., Adhami, M., Khan, N., Syed, D.N., and Mukhtar, H. (2005)

A novel dietary triterpene leueol induces fas-mediated apoptotic death of androgen-sensitive prostate
cancer cells and inhibits tumor growth in a xenograft model. Cancer Res 65, 11203–13.

43. Pledgie-Tracy, A., Sobolewski, M.D., and Davidson, N.E. (2007) Sulforaphane induces cell type-
specific apoptosis in human breast cancer cell lines. Mol Cancer Ther 6, 1013–21.

44. Deeb, D., Jiang, H., Gao, X., Al-Holou, S., Danyluk, A.L., Dulchavsky, S.A., and Gautam, S.C.
(2007) Curcumin [1,7-Bis(4-hydroxy-3-methoxyphenyl)-1-6-heptadine-3,5-dione] sensitizes human
prostate cancer cells to tumor necrosis factor-related apoptosis-inducing ligand/Apo2L-induced apop-
tosis by suppressing nuclear factor-6B via inhibition of the prosurvival Akt signaling pathway.
J Pharmacol Exp Ther 321, 616–25.

45. Zhang, S., Shen, H.M., and Ong, C.N. (2005) Down-regulation of c-FLIP contributes to the sensiti-
zation effect of 3,3′-diindolylmethane on TRAIL-induced apoptosis in cancer cells. Mol Cancer Ther
4, 1972–81.

46. Das, A., Banik, N.L., and Ray, S.K. (2006) Mechanism of apoptosis with the involvement of calpain
and caspase cascades in human malignant neuroblastoma SH-SY5Y cells exposed to flavonoids. Int
J Cancer 119, 2575–85.

47. Zou, H., Zhan, S., and Cao, K. (2008) Apoptotic activity of genistein on human lung adenocarcinoma
SPC-A-1 cells and preliminary exploration of its mechanisms using microarray. Biomed Pharma-
cother (E-pub).

48. Cao, J., Liu, Y., Zhou, H.M., Kong, Y., Yang, G., Jiang, L.P., Li, Q.J., and Zhong, L.F. (2007) Cur-
cumin induces apoptosis through mitochondrial hyperpolization and mtDNA damage in human hep-
atoma G2 cells. Free Rad Med Biol 43, 968–75.

49. Choi, W.Y., Choi, B.T., Lee, W.H., and Choi, Y.H. (2008) Sulforaphane generates reactive oxygen
species leading to mitochondrial perturbation for apoptosis in human leukemia U937 cells. Biomed
Pharmacother (E-pub).

50. Palozza, P., Serini, S., Torsello, A., Di Nicuolo, F., Maggiano, N., Ranelletti, F.O., Wolf, C.I., and
Calviello, G. (2003) Mechanisms of activation of caspase cascade during beta-carotene-induced
apoptosis in human tumor cells. Nutr Cancer 47, 76–87.

51. Zhou, H.B., Chen, J.M., Cai, J.T., Du, Q., and Wu, C.N. (2008) Anticancer activity of genistein on
implanted tumor of human SG7901 cells in nude mice. World J Gastroenterol 14, 627–31.

52. Thangapazham, R.L., Passi, N., and Maheshwair, R.K. (2007) Green tea polyphenol and epigallocat-
echin gallate induce apoptosis and inhibit invasion in human breast cancer cells. Cancer Biol Ther 6,
1938–43.

53. Shukla, S., and Gupta, S. (2008) Apigenin-induced prostate cancer cell death is initiated by reactive
oxygen species and p53 activation. Free Radic Biol Med 44, 1833–45.

54. Yang, S.F., Yang, W.E., Chang, H.R., Chu, S.C., and Hsieh, Y.S. (2008) Luteolin induces apoptosis
in oral squamous cancer cells. J Dent Res 87, 401–06.

55. Das, A., Banik, N.L., and Ray, S.K. (2007) Garlic compounds generate reactive oxygen species lead-
ing to activation of stress kinases and cysteine proteases for apoptosis in human glioblastoma T98G
and U87MG cells. Cancer 110, 1083–94.



Chapter 3 / Molecular Targets for Nutritional Preemption of Cancer 67

56. Xiang, N., Zhao, R., and Zhong, W. (2008) Sodium selenite induces apoptosis by generation of super-
oxide via the mitochondrial-dependent pathway in human prostate cancer cells. Cancer Chemother
Pharmacol (E-pub).

57. Alkhalaf, M., El-Mowafy, A., Renno, W., Rachid, O., Ali, A., and Al-Attyiah, R. (2008) Resveratrol-
induced apoptosis in human breast cancer cells is mediated primarily through the caspase-3-
dependent pathway. Arch Med Res 39, 162–68.

58. Krammer, P.H. (2000) CD95’s deadly mission in the immune system. Nature 407, 789–95.
59. Chen, C., and Kong, A.N. (2005) Dietary cancer-chemopreventive compounds: From signaling and

gene expression to pharmacological effects. Trends Pharmacol Sci 26, 318–26.
60. Palooza, P. (2005) Can beta-carotene regulate cell growth by a redox mechanism? An answer from

cultured cells. Biochim Biophys Acta 740, 215–21.
61. Yang, C.S., Chen, L., Lee, M.J., Balentine, D., Kuo, M.C., and Schantz, S.P. (1998) Blood and urine

levels of tea catechins after ingestion of different amounts of green tea by human volunteers. Cancer
Epidemiol Biomarkers Prev 7, 351–54.

62. Chow, H.H., Cai, Y., Alberts, D.S., Hamkin, I., Dorr, R., Shahi, F., Crowell, J.A., Yang, C.S., and
Hara, Y. (2001) Phase 1 pharmacokinetic study of tea polyphenols following single-dose administra-
tion of epigallocatechin gallate and polyphenon E. Cancer Epidemiol Biomarkers Prev 10, 53–58.

63. Nemeth, K., and Piskula, M.K. (2007) Food content, processing, absorption and metabolism of onion
flavonoids. Critical Rev Food Sci Nutr 47, 397–409.

64. Kim, Y.H., Lee, D.H., Jeong, J.H., Guo, Z.S., and Lee, Y.J. (2008) Quercetin augments TRAIL-
induced apoptotic death: Involvement of the ERK signal transduction pathway. Biochem Pharmacol
75, 1946–58.

65. Mouria, M., Gukovskaya, A.S., Jung, Y., Buechler, P., Hines, O.J., Reber, H.A., and Pandol, S.J.
(2002) Food-derived polyphenols inhibit pancreatic cancer growth throughmitochondrial cytochrome
C release and apoptosis. Int J Cancer 98, 761–69.

66. Mertens-Talcott, S.U., and Percival, S.S. (2005) Ellagic acid and quercetin interact synergistically
with resveratrol in the induction of apoptosis and cause transient cell cycle arrest in human leukemia
cells. Cancer Lett 218, 141–51.

67. Zu, K., and Ip, C. (2003) Synergy between selenium and vitamin E in apoptosis induction is associ-
ated with activation of distinctive initiator caspases in human prostate cancer cells. Cancer Res 63,
6988–95.

68. Kim, H.S., Bowen, P., Chen, L., Duncan, C., Ghosh, L., Sharifi, R., and Christov, K. (2003) Effects
of tomato sauce consumption on apoptotic cell death in prostate benign hyperplasia and carcinoma.
Nutr Cancer 47, 40–47.

69. Jarred, R.A., Keikha, M., Dowling, C., McPherson, S.J., Clare, A.M., Husband, A.J., Pedersen, J.S.,
Frydenberg, M., and Risbridger, G.P. (2002) Induction of apoptosis in low to moderate-grade human
prostate carcinoma by red clover-derived dietary isoflavones. Cancer Epidemiol Biomarkers Prev 11,
1689–96.

70. Hofseth, L.J., and Ying, L. (2006) Identifying and defusing weapons of mass inflammation in car-
cinogenesis. Biochim Biophys Acta 1765, 74–84.

71. Ichikawa, H., Nakamura, Y., Kashiwada, Y., and Aggarwal, B.B. (2007) Anticancer drugs designed
by mother nature: Ancient drugs by modern targets. Curr Pharm Des 13, 3400–16.

72. Surh, Y.J., and Kundu, J.K. (2007) Cancer preventive phytochemicals as speed breakers in inflamma-
tory signaling involved in aberrant COX-2 expression. Current Cancer Drug Targets 7, 447–58.

73. Murakami, A., and Ohigashi, H. (2007) Targeting NOX, iNOS, and COX-2 in inflammatory cells:
Chemoprevention using food phytochemicals. Int J Cancer 121, 2357–63.

74. Hussain, S.P., Hofseth, L.J., and Harris, C.C. (2003) Radical causes of cancer Nat. Rev. Cancer 3,
276–85.

75. Moore, R.J., Owens, D.M., Stamp, G., Arnott, C., Burke, F., East, N., Holdsworth, H., Turner, L.,
Rollins, B., Pasparakis, M., Kollias, G., and Balkwill, F. (1999) Mice deficient in tumor necrosis
factor-alpha are resistant to skin carcinogenesis. Nat Med 5, 828–31.

76. Naugler, W.E., and Karin, M. (2008) NF-kappaB and cancer-identifying targets and mechanisms.
Curr Opin Genet Dev (E-pub).



68 Part I / Understanding the Role of Nutrition in Health

77. Greten, F.R., and Karin, M. (2004) The IKK/NF-kappaB activation pathway-a target for prevention
and treatment of cancer. Cancer Lett 206, 193–99.

78. Dolcet, X., Llobet, D., Pallares, J., and Matias-Guiu, X. (2005) NF-6B in development and progres-
sion of human cancer. Virchows Arch 446, 475–82.

79. Nam, N.H. (2006) Naturally occurring NF-kappaB inhibitors. Mini Rev Med Chem 6, 945–51.
80. Storz, P. (2005) Reactive oxygen species in tumor progression Front. Bioscience 10, 1881–96.
81. Harris, R.E. (2007) Cyclooxygenase-2 (cox-2) and the inflammogenesis of cancer. Subcell Biochem

42, 93–126.
82. Oshima, H., Oshima, M., Inaba, K., and Taketo, M.M. (2004) Hyperplastic gastric tumors induced

by activated macrophages in COX-2/mPGES-1 transgenic mice. EMBO J 23, 1669–78.
83. Oshima, M., Dinchuk, J.E., Kargman, S.L., Oshima, H., Hancock, B., Kwong, E., Trzaskos, J.M.,

Evans, J.F., and Taketo, M.M. (1996) Suppression of intestinal polyposis in Apc delta716 knockout
mice by inhibition of cyclooxygenase 2 (COX-2). Cell 87, 803–09.

84. O’Leary, K.A., de Pascual-Tereasa, S., Needs, P.W., Bao, Y.P., O’Brien, N.M., and Williamson, G.
(2004) Effect of flavonoids and vitamin E on cyclooxygenase-2 (COX-2) transcription. Mutat Res
551, 245–54.

85. Feldman, D., Krishnan, A., Moreno, J., Swami, S., Peehl, D.M., and Srinivas, S. (2007) Vita-
min D inhibition of the prostaglandin pathway as therapy for prostate cancer. Nutr Rev 65,
S113–S15.

86. Hofseth, L.J., Saito, S., Hussain, S.P., Espey, M.G., Miranda, K.M., Araki, Y., Jhappan, C.,
Higashimoto, Y., He, P., Linke, S.P., Quezado, M.M., Zurer, I., Rotter, V., Wink, D.A., Appella,
E., and Harris, C.C. (2003) Nitric oxide-induced cellular stress and p53 activation in chronic inflam-
mation. Proc Natl Acad Sci U S A 100, 143–48.

87. Kim, H.K., Cheon, B.S., Kim, Y.H., Kim, S.Y., and Kim, H.P. (1999) Effect of naturally occurring
flavonoids on nitric oxide production in the macrophage cell line RAW 264.7 and their structural-
activity relationships. Biochem Pharmacol 58, 759–65.

88. Mehta, S.P., Boddy, A.P., Cook, J., Sams, V., Lund, E.K., Johnson, I.T., and Rhodes, M. (2008) Effect
of n-3 polyunsaturated fatty acids on Barrett’s epithelium in the human lower esophagus. Am J Clin
Nutr 87, 949–56.

89. Riso, P., Visioli, F., Grande, S., Guarnieri, S., Gardana, C., Simonetti, P., and Porrini, M. (2006) Effect
of tomato-based drink on markers of inflammation, immunomodulation and oxidative stress. J Agric
Food Chem 54, 2563–66.

90. de Visser, K.E., Eichten, A., and Coussens, L.M. (2006) Paradoxical roles of the immune system
during cancer development. Nat Rev Cancer 6, 24–37.

91. Nakachi, K., Hayashi, T., Imai, K., and Kusunoki, Y. (2004) Perspectives on cancer immuno-
epidemiology. Cancer Sci 95, 921–29.

92. Philpot, M., and Ferguson, L.R. (2004) Immunonutrition and cancer. Mutat Res 551, 29–42.
93. Wu, J., and Lainer, L.L. (2003) Natural killer cells and cancer. Adv Cancer Res 90, 127–56.
94. Marincola, F.M., Jaffee, E.M., Hicklin, D.J., and Ferrone, S. (2000) Escape of human solid tumors

from T-cell recognition: Molecular mechanisms and functional significance. Adv Immunol 74,
181–273.

95. Gasser, S., Orsulic, S., Brown, E.J., and Raulet, D.H. (2005) The DNA damage pathway regulates
innate immume system ligands of the NKG2D receptor. Nature 436, 1186–90.

96. Raulet, D.H. (2003) Roles of the NKG2D immunoreceptor and its ligands. Nat Rev Immunol 3,
781–90.

97. Billadeau, D.D., Upshaw, J.L., Schoon, R.A., Dick, C.J., and Leibson, P.J. (2003) NKG2D-DAP10
triggers human NK cell-mediated killing via a Syk-independent regulatory pathway. Nat Immunol 4,
557–64.

98. Ikeda, T., Chamoto, K., Tsuji, T., Suzuki, Y., Wakita, D., Takeshima, T., and Nishimura, T. (2004)
The critical role of type-1 innate and acquired immunity in tumor immunotherapy. Cancer Sci 95,
697–803.

99. Palena, C., Abrams, S.I., Schlom, J., and Hodge, J.W. (2006) Cancer vaccines: Preclinical studies and
novel strategies. Adv Cancer Res 95, 115–45.



Chapter 3 / Molecular Targets for Nutritional Preemption of Cancer 69

100. Jones, E., Golgher, D., Simon, A.K., Dahm-Vicker, M., Screaton, G.L., Elliot, T., and Gallimore, A.
(2004) The influence of CD25+ cells on the generation of immunity to tumour cell lines in mice.
Novartis Found Symp 256, 149–52.

101. Revaz, V., and Nardelli-Haefliger, D. (2005) The importance of mucosal immunity in defense against
epithelial cancers. Curr Opin Immunol 17, 175–79.

102. Rachid, M.M., Gobbato, N.M., Valdez, J.C., Vitalone, H.H., and Perdigon, G. (2002) Effect of yogurt
on the inhibition of an intestinal carcinoma by increasing cellular apoptosis. Int J Immunopathol
Pharmacol 15, 209–16.

103. Pizato, N., Bonatto, S., Piconcelli, M., de Souza, L.M., Sassaki, G.L., Naliwaiko, K., Nunes, E.A.,
Curi, R., Calder, P.C., and Fernandes, L.C. (2006) Fish oil alters T-lymphocyte proliferation and
macrophage responses in Walker 256 tumor-bearing rats. Nutrition 22, 425–32.

104. Chapkin, R.S., Davidson, L.A., Ly, L., Weeks, B.R., Lupton, J.R., and McMurray, D.N. (2007)
Immunomodulatory effects of (n-3) fatty acids: Putative link to inflammation and colon cancer.
J Nutr 137, 200S–4S.

105. Rogers, C.J., Berrigan, D., Zaharoff, D.A., Hance, K.W., Patel, A.C., Perkins, S.N., Schlom, J.,
Greiner, J.W., and Hursting, S.D. (2008) Energy restriction and exercise differentially enhance com-
ponents of systemic and mucosal immunity in mice. J Nutr 138, 115–22.

106. Arthur, J.R., McKenzie, R.C., and Beckett, G.J. (2003) Selenium in the immune system. J Nutr 133,
1457s–59s.

107. Broome, C.S., McArdle, F., Kyle, J.A.M., Andrews, F., Lowe, N.M., Hart, C.A., Arthur, J.R., and
Jackson, M.J. (2004) An increase in selenium intake improves immune function and poliovirus han-
dling in adults with marginal selenium status. Am J Clin Nutr 80, 154–62.

108. Percival, S.S., Bukowski, J.F., and Milner, J. (2008) Bioactive food components that enhance γδT cell
function may play a role in cancer prevention. J Nutr 138, 1–4.

109. Nantz, M.P., Rowe, C.A., Nieves, C., and Percival, S.S. (2006) Immunity and antioxidant capacity in
humans is enhanced by consumption of a dried, encapsulated fruit and vegetable juice concentrate.
J Nutr 136, 2606–10.

110. Rowe, C.A., Nantz, M.P., Bukowski, J.F., and Percival, S.S. (2007) Specific formulation of Camellia
sinensis prevents cold and flu symptoms and enhances γδT cell function: A randomized, double-blind,
placebo-controlled study. Am Coll Nutr 26, 445–52.

111. Presta, M., Dell’Era, P., Mitola, S., Moroni, E., Ronca, R., and Rusnati, M. (2005) Fibroblast growth
factor/fibroblast growth factor receptor system in angiogenesis. Cytokine Growth Factor Rev 16,
159–78.

112. Albini, A., Tosetti, F., Benelli, R., and Noonan, D.M. (2005) Tumor inflammatory angiogenesis and
chemoprevention. Cancer Res 65, 10637–41.

113. Pfeffer, U., Ferrari, N., Morini, M., Benelli, R., Noonan, D.M., and Albini, A. (2003) Antioangiogenic
activity of chemopreventive drugs. Int J Biol Markers 18, 70–74.

114. Cockett, M.I., Murphy, G., Birch, M.L., O’Connell, J.P., Crabbe, T., Millican, A.T., Hart, I.R.,
and Docherty, A.J. (1998) Matrix metalloproteinases and metastatic cancer. Biochem Soc Symp 63,
295–313.

115. Ii, M., Yamamoto, H., Adachi, Y., Maruyama, Y., and Shinomura, Y. (2006) Role of matrix
metalloproteinase-7 (matrilysin) in human cancer invasion, apoptosis, growth and angiogenesis. Exp
Biol Med 231, 20–27.

116. Bisacchi, D., Benelli, R., Vanzetto, C., Ferrari, N., Tosetti, F., and Albini, A. (2003) Antiangio-
genesis and angioprevention: Mechanisms, problems and perspectives. Cancer Detect Prev 27,
229–38.

117. Westermarck, J., and Kahari, V.M. (1999) Regulation of matrix metallopreoteinase expression in
tumor invasion. FASEB J 13, 781–92.

118. Singh, R.P., and Agarwal, R. (2007) Inducible nitric oxide synthase-vascular endothelial growth fac-
tor axis: A potential target to inhibit tumor angiogenesis by dietary agents. Curr Cancer Drug Targets
7, 475–83.

119. Bhat, T.A., and Singh, R.P. (2008) Tumor angiogenesis – a potential target in cancer chemopreven-
tion. Food Chem Toxicol 46, 1334–45.



70 Part I / Understanding the Role of Nutrition in Health

120. Dulak, J. (2005) Nutraceuticals as anti-angiogenic agents: Hopes and reality. J Physiol Pharmacol
56, 51–69.

121. Mukherjee, P., Sotnikov, A.V., Mangian, H.J., Zhou, J.R., Visek, W.J., and Clinton, S.K. (1999)
Energy intake and prostate tumor growth, angiogeneis, and vascular endothelial growth factor expres-
sion. J Natl Cancer Inst 91, 512–23.

122. Mukherjee, P., Al-Abbadi, M.M., Kasperzyk, J.L., Ranes, M.K., and Seyfried, T.N. (2002) Dietary
restriction reduces angiogenesis and growth in an orthotopic mouse brain tumour model. Br J Cancer
86, 1615–21.

123. Powolny, A.A., Wang, S., Carlton, P.S., Hoot, D.R., and Clinton, S.K. (2008) Interrelationships
between dietary restriction, the IGF-1 axis, and the expression of vascular endothelial growth fac-
tor by prostate adenocarcinoma in rats. Mol Carcinog 47, 458–65.

124. El-Bayoumy, K., and Sinha, R. (2005) Molecular chemoprevention by selenium: A genomic
approach. Mutat Res 591, 224–36.

125. Prima, V., Tennant, M., Gorbatyuk, O.S., Muzyczka, N., Scarpace, P.J., and Zolotkhin, S. (2004)
Differential modulation of energy balance by leptin, ciliary neurotrophic factor, and leukemia
inhibitory factor gene delivery: Microarray deoxyribonucleic acid-chip analysis of gene expression.
Endocrinology 145, 2035–45.

126. Zakharkin, S.O., Kim, K., Mehta, T., Chen, L., Barnes, S., and Scheirer, K.E. (2005) Sources of
variation in Affymetrix microarray experiments. BMC Bioinformatics 6, 214.



4 Nutrigenetics: The Relevance
of Polymorphisms

Susan E. McCann, Michelle R. Roberts,
Mary E. Platek, and Christine B. Ambrosone

Key Points

1. Nutrigenetics has been defined as “an integrated framework that simultaneously examines genetics
and associated polymorphisms with diet-related diseases” and may lead to a better understanding
of how diet may influence cancer risk.

2. Nutrigenetics enables us to better understand mechanisms of action of numerous food components
in relation to cancer risk, and to better clarify risk relationships by focusing on those most likely to
be impacted based upon genetics.

3. Single nucleotide polymorphisms (SNP) can change the structure, function, and cellular content of
a specific protein. If the SNPs are harbored in genes involved in the metabolism of drugs, environ-
mental agents, or dietary components, then they may greatly affect how an individual responds to
specific exposures.

4. Fruits and vegetables are sources of many bioactive food components that possess anticarcinogenic
properties, and the intake of specific bioactive components found in fruits and vegetables modulate
the relationship between genetic variants and cancer risk.

5. Individuals with defective endogenous protection from oxidative stress may benefit from dietary
antioxidants. Conversely, the intake of fruits and vegetables may have little impact on cancer risk
in subjects with higher endogenous antioxidant potential.

6. It should be noted that regardless of one’s genotype a balanced diet high in fruits, vegetables, and
whole grains and low in meat and fats may be beneficial for overall health and well-being and
prevention of numerous diseases other than cancer.

Key Words: Nutrigenetics; polymorphisms; oxidative stress; diet; prevention

1. INTRODUCTION

Although experimental studies provide insights into how specific macronutrients and
micronutrients may affect the carcinogenic process, it is through epidemiologic studies
that associations between dietary components and specific cancers may be inferred, and
risk estimates calculated. Following strong leads from epidemiologic studies, clinical

From: Nutrition and Health: Bioactive Compounds and Cancer
Edited by: J.A. Milner, D.F. Romagnolo, DOI 10.1007/978-1-60761-627-6_4,

C© Springer Science+Business Media, LLC 2010

71



72 Part I / Understanding the Role of Nutrition in Health

prevention trials may be conducted to determine if specific food components do, in fact,
reduce risk of cancer or surrogate endpoints, such as polyps as a precursor of colorec-
tal cancer. However, despite work in the last decades to better understand associations
between diet and cancer risk, results for many cancers remain inconsistent, and findings
from association studies are often not validated in intervention studies.

Difficulties in clearly defining risk relationships, if they exist, between bioactive com-
pounds and cancer risk are often attributed to methodological issues. There is likely a
good degree of misclassification of dietary intake with the use of Food Frequency Ques-
tionnaires (FFQs), which are most often used in epidemiologic studies to ascertain usual
patterns of consumption. It is also possible that assessment of current or recent diet does
not capture the most important, relevant periods in life, which may be earlier in the
carcinogenic process in cancers with a long latency period. Other study considerations
likely play a role, including bias in selection of cases and controls, differences in time
periods between dietary assessment and cancer in cohort studies, and most importantly,
sample size and statistical power.

Inconsistencies in results, however, may also occur because of the heterogeneity of
study populations, in that not all individuals respond in the same way to similar expo-
sures or to foods consumed. In the pharmaceutical field, it is known that some individ-
uals may have “allergies” to certain drugs, which is actually a reaction due to metabolic
differences in drug activation and detoxification. This field of pharmacogenetics has led
the FDA to include label warnings for specific drugs, indicating that dose should be
adjusted based on the genetic makeup of the patient. This field was later extended to
studying interactions between the environment and genetics, “ecogenetics,” and more
recently to understanding how genetics influence the interaction between dietary intake
and cancer risk. Nutrigenetics has been defined as “an integrated framework that simul-
taneously examines genetics and associated polymorphisms with diet-related diseases”
(1) and may lead to a better understanding of how diet may influence cancer risk. In this
chapter, we will first review the concept of genetic variability, and then discuss how it
influences the response to specific dietary components, including fruits and vegetables,
meats, and phytoestrogens.

1.1. One Size Does Not Fit All
Except for monozygotic twins, no two individuals look exactly the same, and the

majority of this heterogeneity is due to genetic makeup. Similarly, there are common
differences between biologic and biochemical processes in individuals due to variations
in DNA coding. The human genome is comprised of millions of base pairs of nucleotides
in various reading frames of four basic nucleotides: adenine, cytosine, guanine, and
thymine (Fig. 1). The order in which these nucleotides occur determines which proteins
will be synthesized and, more importantly, the level of expression and protein stability.
Inherited single nucleotide substitutionsin a part of the gene that encodes a protein, such
as a cytosine instead of a guanine (Fig. 2), are called single nucleotide polymorphisms
(SNPs), and can change the structure, function, or amount of the protein that is made.

The discovery of numerous commonly occurring SNPs in most genes has led to inves-
tigations of how these genetic variants may affect cancer risk. If the SNPs are in genes
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Fig. 1. DNA structure, and translation into proteins.

Fig. 2. A G to C substitution single nucleotide polymorphism (SNP).

that are important in the metabolism of drugs, environmental agents, or dietary compo-
nents, then they may greatly affect how an individual responds to specific exposures,
putting some groups at greater risk than others. For example, certain populations may
consist of individuals whose genetic makeup requires different levels of antioxidants, as
well as those whose endogenous antioxidant capabilities are high. Blending these groups
of heterogeneous individuals may mask potential relationships between consumption of
fruits and vegetables and cancer risk. Similarly, certain populations may be particularly
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susceptible to potential carcinogens formed during cooking of meats at high tempera-
tures, based upon how they metabolize those carcinogens or how well their DNA repair
capabilities function to compensate for DNA-damaging agents. However, the associa-
tion between meat consumption and cancer risk may not be detectable if these individ-
uals are clustered within groups whose genetic background does not put them at risk.
The field of nutrigenetics may be useful for separating out those groups that are most
susceptible or can most benefit from intake of specific food components and allow for
better estimation of risk among strata of the entire population. If associations between
cancer and bioactive compounds are examined based on genotypic differences, it may
become clear whether intake of a specific nutrient increases or decreases cancer risk for
certain subgroups. Below we apply this concept to a number of food components and
nutrients.

2. FRUIT AND VEGETABLE CONSUMPTION AND CANCER RISK

Consumption of fruits and vegetables has been proposed to reduce the risk of a num-
ber of cancers. However, for many tumor types results are not consistent. A recent pub-
lication by the World Cancer Research Fund and the American Institute for Cancer
Research (2) reported there is no “convincing” evidence that the intake of fruits and
vegetables decreases cancer risk. The same report noted that there is “probable” evi-
dence that foods containing lycopene and selenium reduce risk of prostate cancer; that
non-starchy vegetables reduces the risk of cancers of the mouth, pharynx, larynx, esoph-
agus, and stomach; and that intake of fruits reduces the risk of cancers of the mouth,
pharynx, larynx, esophagus, lung, and stomach. Fruits and vegetables are sources of
many bioactive food components likely to possess anticarcinogenic properties. In this
section, we discuss how intake of specific components of fruits and vegetables modu-
lates the potential relationships between diet, genetic variants, and cancer risk.

2.1. Cruciferous Vegetables, SNPs in Metabolic Enzymes, and Cancer Risk
Based upon experimental data supporting a role in carcinogenesis for compounds

found in cruciferous vegetables, such as precursors of isothiocyanates (ITCs), poten-
tial associations have been evaluated in relation to a number of cancer sites. Because
ITC metabolites are excreted in the urine, thus exposing urinary bladder cells to their
effects in urine, cruciferous vegetable intake has been evaluated in two cohort studies
of bladder cancer. In the Health Professionals Follow-up Study (HPFS) (3), cruciferae
were the only vegetable group associated with decreased risk of bladder cancer, with the
strongest associations noted for broccoli and cabbage. However, in the ATBC study (4),
an intervention trial among male smokers, no associations were reported between risk
and intake of cruciferous vegetables. We recently showed that consumption of crucif-
erous vegetables decreased risk of bladder cancer, with strongest relationships detected
among higher consumers of raw vegetables (5). This association is biologically plau-
sible since the strength of isothiocyanates is reduced when cruciferous vegetables are
heated.

Somewhat consistent findings have been noted for prostate cancer. In one cohort and
three case–control studies, including our own analysis in the Western New York Diet
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Study (6), associations were noted between higher intake of cruciferous vegetables and
decreased risk (7–9), although other studies observed no effect (10, 11). In the HPFS
(12) a weak, non-significant inverse association between intake of cruciferous vegetable
and prostate cancer risk was observed. However, the inverse association was strength-
ened when analyses were restricted to men who received PSA screening tests.

In the EPIC study, no associations were noted between intake of cruciferous veg-
etables and risk of breast cancer (13). Conversely, the Pooling Project (14) reported
inverse, non-significant associations between risk of breast cancer and high intake of
broccoli and Brussels sprouts. These findings were replicated in a large case–control
study in Sweden (15). We also found that consumption of cruciferous vegetables, par-
ticularly broccoli, was marginally inversely associated with breast cancer risk in pre-
menopausal women (16). In the Shanghai Breast Cancer Study (17), urinary levels of
ITCs were inversely associated with breast cancer risk among both premenopausal and
postmenopausal women.

Genetic variability in metabolic pathways may explain some of the inconsisten-
cies in relationships between cruciferous vegetable consumption and cancer risk.
The metabolism of ITCs involves four polymorphic genes in the mercapturic
acid pathway: glutathione transferase (GST), γ-glutamyltranspeptidase (γ-GT), cys-
teinylglycinase (CG), and N-acetyltransferase (NAT). The bioavailability of ITCs
depends upon their clearance by these metabolic enzymes. Furthermore, ITCs are
potent inhibitors of phase I and inducers of phase II enzymes, such as glutathione
S-transferases (GSTs). The induction of phase II enzymes could lead to more efficient
excretion of reactive intermediates of phase I metabolism.

Most of the research that examined the associations between intake of cruciferous
vegetables, genetic polymorphisms, and cancer risk have focused on the role of GSTs.
Lin et al. (18) reported an inverse association between broccoli consumption and risk of
colorectal adenomas. This was attributed to genotypes null for GSTM1. In a colon can-
cer study (19), high consumers with GSTM1 null genotypes had a two-thirds reduction
in risk, while GSTM1 present genotypes were associated with reduced risk regardless
of diet. In a Chinese study, risk of colorectal cancer was also lowest among those indi-
viduals with GSTM1 and GSTT1 null genotypes and high dietary ITCs (20).

The detoxifying effects of GSTs may play an important role in the risk of lung can-
cer, where carcinogen exposure is a known risk factor. London and colleagues (21)
found that individuals with detectable urinary ITCs were at decreased risk of lung can-
cer. The risk was lowest among those individuals who carried deletions in GSTM1 and
GSTT1. These associations were also observed in a large case–control study in Europe
(22). Conversely, a study by Spitz et al. (23) found that the risk was greatest among
those individuals who were null for GST and consumed low levels of ITCs. Among
higher consumers of ITCs, risk was greater for GST null individuals than those with
GST present genotypes. Similarly, in a large case–control study (24), higher cruciferous
vegetable intake reduced lung cancer risk only among those with GSTM1 present geno-
types. Among non-smoking women in China, however, the strongest inverse association
between intake of ITC and lung cancer risk was seen in individuals with GSTM1 and
GSTT1 null genotypes (25).
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There are also inconsistencies in the breast cancer literature. In theWestern New York
Diet Study, an inverse relationship was observed between cruciferous vegetable intake
and risk of breast cancer, but polymorphisms in GSTM1 and GSTT1 did not modify risk
relationships (16). However, in the Long Island Breast Cancer Study Project (LIBCSP),
women who had GSTA1 genotypes related to lower activity and who consumed lower
levels of cruciferous vegetables were at significantly increased risk (26). Similar rela-
tionships were noted in the Shanghai Breast Cancer Study for the GSTP1 genotype (27).
In contrast, no associations were observed in the LIBCSP study between breast cancer
risk, intake of cruciferous vegetables, and GSTM1, GSTT1, and GSTP1 polymorphisms
(28).

The impact of polymorphisms in other genes in ITC metabolic pathways have yet to
be extensively examined in relation to cruciferous vegetable intake and cancer risk. In
one study of bladder cancer, Zhao and colleagues (29) found that inverse relationships
between intake of cruciferous vegetables and bladder cancer risk were not modified by
polymorphisms in GSTM1, GSTT1, or NAT2.

Inconsistencies between these molecular epidemiologic studies could be attributed
to study design issues or to chance. However, GST genotypes encode for enzymes that
are highly inducible by numerous exposures and processes and participate in extremely
complex pathways. Thus, associations for one cancer site may vary from those for
another, and other exposures that are also substrates for GSTs may impact risk rela-
tionships. This biochemical complexity in studying the effects of genetic variants in
metabolic pathways cannot be oversimplified. Epidemiologic research needs to develop
approaches to comprehensively account for phenotypic effects of genetic polymor-
phisms. Nonetheless, it can be concluded from the majority of these analyses that crucif-
erous vegetables are likely to play an important role in cancer prevention, the strength
of which may be dependent to some extent upon exposure to other carcinogens and
genotypes for GSTs, as well as other metabolic enzymes.

2.2. Dietary Antioxidants, Genetics of Oxidative Stress, and DNA Repair
Experimental evidence from in vitro and in vivo studies indicates that dietary antioxi-

dants are likely to play a role in the prevention of breast cancer. However, epidemiologi-
cal studies have not consistently found inverse associations between risk of several can-
cers and fruit and vegetable consumption, or specific dietary antioxidants. It is possible
that variability in endogenous antioxidant capabilities, resulting from genetic variants in
enzymes that generate or neutralize reactive oxygen species (ROS), may alter the needs
of individuals for dietary antioxidants. For example, individuals with less endogenous
protection from oxidative stress may require greater protection from dietary antioxi-
dants. Conversely, the intake of fruits and vegetables may have little impact on cancer
risk in individuals with higher endogenous antioxidant capabilities.

Our group has been investigating this hypothesis for the last several years, with
focused attention on the pathway of reduction of superoxide radicals. As shown in
Fig. 3, superoxide radicals can be reduced through superoxide dismutase (SOD), result-
ing in production of hydrogen peroxide (H2O2), a weak ROS. The enzyme catalase
(CAT) breaks down H2O2 into H2O and oxygen gas (O2). Gluthathione peroxide (GPX)
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Fig. 3. Illustration of conversion of superoxide to either greater reactive species through
myeloperoxidase, or reduced by catalase or glutathione peroxidase.

performs a similar function. However, H2O2 is also a substrate for myeloperoxidase
(MPO), which in the presence of chloride anion (Cl–) generates the cytotoxic hypochlor-
ous acid (HOCl). It is likely that genetic variants in any of these enzymes will alter the
ultimate levels of ROS, which in turn may affect the endogenous antioxidant potential
and needs for dietary antioxidants.

Manganese superoxide dismutase (MnSOD) is synthesized in the cytosol and post-
transcriptionally modified for transport into the mitochondria. There is a structural muta-
tion in the gene, a T to C substitution in the mitochondrial targeting sequence, which
changes an amino acid in the signal peptide resulting in better transport of MnSOD
into mitochondria. We first showed that women with CC genotypes were at significantly
higher risk of breast cancer than those with A alleles, but the risk associated with the CC
genotypes was greatly reduced by higher consumption of dietary fruits and vegetables
(30). A number of groups subsequently investigated this hypothesis in relation to breast
cancer, with many noting associations between MnSOD variants particularly in relation
to a low antioxidant environment. Results of the Nurses’ Health Study suggested that
C alleles were associated with increased risk only in women who were smokers at the
time of enrollment into the cohort (31). The same study reported that MnSOD variants
increased risk among women who also had low-activity genotypes for GPx (32). In the
Shanghai Breast Cancer Study, C alleles were associated with a slight increase in risk,
which was strongest among women who were low consumers of fruits and vegetables
(33), consistent with our earlier findings. In a large German study of breast cancer, there
were no main effects for MnSOD polymorphisms, nor was there significant modifica-
tion by diet or smoking. However, women with C alleles who were higher consumers
of alcohol had greater risk than those with T alleles who did not drink (34). In the Car-
olina Breast Cancer Study, there were greater than additive effects for MnSOD geno-
types and smoking and radiation to the chest, with a reduction in risk with the use of
non-steroidal anti-inflammatory drugs (NSAIDs) (35). However, no associations were
reported between breast cancer risk and MnSOD genotypes in relation to antioxidant or
prooxidant exposure in the LIBCSP (36).

Relationships between MnSOD genotypes and oxidative stress-related exposures
have also been examined in relation to prostate cancer. In the ATBC Study, C alleles
for MnSOD were associated with increased risk of high-grade tumors, but there was
no modification by α-tocopherol supplementation (37). The Physicians’ Health Study
reported a lower risk of prostate cancer among men with A alleles and high selenium,
lycopene, and α-tocopherol levels (38), similar to our findings for breast cancer. Simi-
lar associations were also noted in the HPFS (39), the Prostate, Lung, Colorectal, and
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Ovarian Cancer Screening Trial (40), and the CARET study (41). These results confirm
the important role of genetics in modifying relationships between diet and cancer risk.

Myeloperoxidase (MPO), an antibacterial agent released by neutrophils, is found in
breast tissue and milk. There is a G to A polymorphism in the 5′ upstream region of the
MPO gene causing greater transcription in the G allele carriers due to disruption of the
binding site. In the LIBCSP, we found that the low activity A alleles were associated
with more than a 2.0-fold reduction in risk of premenopausal breast cancer. Importantly,
the reduction in risk was confined to those individuals who were higher consumers of
fruits and vegetables (42). These results were replicated in the Nurses’ Health Study,
which reported reduced risk with MPO A alleles only among higher consumers of fruits
and vegetables and those individuals with the highest level of plasma carotenoids, a good
surrogate marker for fruit and vegetable consumption (43). We recently evaluated MPO
genotypes and breast cancer risk in the context of oxidant and antioxidant exposures in
the American Cancer Society cohort and noted similar, but nonsignificant findings (44).

An alternate pathway for H2O2 conversion is through reduction by CAT or GPX.
A few studies have evaluated polymorphisms in CAT and GPX as potential modifiers
of relationships between diet and cancer risk. We assessed the role of both genes in
the LIBCSP. We found no associations between GPX1 and risk, nor any significant
modification by dietary intake of fruits and vegetables (45). In the same study, we noted
a slight reduction of breast cancer risk for women with low-activity CAT genotypes
(46). Importantly, there was notable modification of relationships by dietary intake of
fruits and vegetables, with significant risk reduction limited to those with high dietary
consumption. To our knowledge, this was the first published study that examined the
impact of dietary habits and variants in GPX1 or CAT on risk of breast cancer.

One factor involved in repair of oxidative DNA damage is XRCC1 (47). In a small
case–control study of prostate cancer in North Carolina, the intake of lycopene signifi-
cantly reduced risk only among men with Arg/Arg polymorphisms in XRCC1, with no
effects among men with Gln alleles. Similar associations were seen for plasma levels of
α-tocopherol and β-carotene (48). Similar relationships were noted for XRCC1 codon
194 Arg to Trp polymorphisms and dietary antioxidants and breast cancer risk in the
LIBCSP (49). In the Nurses’ Health Study, this polymorphism was also associated with
decreased risk of breast cancer, with a significant interaction with plasma carotene levels
(50). XRCC1 gene polymorphisms were also evaluated in relation to lung cancer risk,
and individuals with the Arg194Trp allele were at lower risk, particularly if they had
higher serum levels of α-tocopherol and retinol (51). These studies clearly illustrate the
complex interactions between endogenous and exogenous antioxidants and polymor-
phisms in DNA repair genes. Importantly, they demonstrate that genetic heterogeneity
dilutes relationships between dietary antioxidants and cancer risk when all populations
are taken together, regardless of relevant genotypes.

2.3. Folate and Folate Metabolism
Folate refers to compounds that have nutritional properties similar to those of folic

acid and are found naturally in foods and biological tissues (52). Folic acid is a water-
soluble B vitamin rarely found in nature. It is the most common synthetic form of the
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vitamin, more bioavailable than natural folates, and is the form used in fortified food
products, supplements, and drugs (52). The bioavailability of natural folate in food
varies greatly as biochemically reduced forms of folate are labile and easily oxidized
(52). It is estimated that folate bioavailability from a mixed diet is only about 50% (52).
High-quality food sources of folate include fresh green vegetables such as spinach, Brus-
sels sprouts, broccoli, asparagus, and turnip greens. Additionally, legumes, lentils, and
fruits (especially strawberries and oranges) are good sources of folate (52).

Folate-dependent intermediary metabolism, also referred to as one-carbon
metabolism, is a series of biochemical reactions necessary for the synthesis of purines
and pyrimidines, the compounds that are the backbone of nucleic acids. These reactions
are also required for the formation of S-adenosylmethionine (SAM), important for the
methylation of substrates including RNA, protein, and DNA (53). Other nutrients such
as choline, methionine, and vitamin B12 can supply or transport methyl groups, but only
folate is capable of de novo generation of one-carbon groups (54).

A consistent body of epidemiologic evidence supports the preventive role of ade-
quate folate status to sustain nucleotide synthesis and decrease mutations in replicating
tissues (55). Epidemiological studies have reported inverse associations for colorectal
cancer among those with high folate intake (56). Accordingly, inadequate folate sta-
tus was associated with increased risk for cancer of the cervix, brain, pancreas, lung,
prostate, breast, esophagus, and blood (57–60). It is important to note here that folate
is considered a “double-edged sword” in that supraphysiological levels of folate due
to extreme folate supplementation at different times during the carcinogenic process
may negatively affect risk for cancer or survival. Here, we focus on inadequate or
adequate body folate status based on median values of control populations for either
dietary and/or supplemental intake, blood levels, or plasma and/or red blood cell folate
levels, for which normal physiological levels have been defined for the United States
population.

Alcohol consumption may affect folate status by altering the absorption, activation,
and storage of folate, as well as affecting dietary intake of folate-rich foods. Alcohol
directly affects internal folate metabolism and results in a reduction of serum folate lev-
els and tissue supply (61). Furthermore, high levels of acetaldehyde, a by-product of
alcohol metabolism, induce cleavage of folate at the C9–N10 bond (62). Epidemiolog-
ical studies provide evidence that low folate status due to high alcohol intake increases
the risk of breast cancer (55).

Folate metabolism is complex and numerous genes are involved in one-carbon
metabolism. Polymorphisms of genes involved in folate metabolism may influence can-
cer risk (Fig. 4). Several gene variants have been evaluated in epidemiologic stud-
ies, but the best-studied folate related gene is the rate limiting enzyme methylenete-
trahydrofolate reductase (MTHFR). MTHFR is a ubiquitous cytosolic enzyme that
catalyzes the irreversible reduction of 5, 10-methylenetetrahydrofolate (CH2-THF) to
5-methyltetrahydrofolate (CH3-THF) (63). CH3-THF is the most abundant form of
circulating folate. Therefore, MTHFR is important for the maintenance of adequate
intracellular levels of folate (63). MTHFR’s substrate, CH2-THF, is found primarily
within cells and is important for de novo purine synthesis and maintenance of the
deoxynucleotide pool required for DNA synthesis (63, 64). MTHFR plays a key role in
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Fig. 4. Schematic drawing of one-carbon metabolism TTCC (179).

one-carbon metabolism by redirecting one-carbon moieties from nucleic acid synthesis
to production of methionine and methylation reactions (63, 64).

A well-studied polymorphism of the MTHFR gene (677 C to T) causes an amino acid
change from alanine to valine. The 677 variant heterozygotes (CT) and homozygotes
(TT) have, respectively, 65 and 30% enzyme activity compared with the common variant
(CC) (65). In a cross-sectional examination of folate intake within the Nurses’ Health
Study, plasma folate and homocysteine concentrations were investigated by MTHFR
genotype status. An inverse association between plasma folate and homocysteine was
modified by the MTHFR677 genotype (p for interaction = 0.05) (66).

To date, there are a number of research studies reporting on the interaction of folate
and MTHFR 677 in relation to colorectal cancer risk. Chen et al. from the HPFS reported
that folate, as part of the dietary methyl supply, was critical for those with the TT variant
genotype of MTHFR 677 (67). In the Physicians’ Health Study, Ma et al. reported that
men with the TT variant of MTHFR 677 and adequate folate levels had a decreased
risk for colorectal cancer (OR=0.32, CI=0.15–0.68) compared to those individuals
with wild-type (CC) or heterozygote (CT) genotype. At a decreased level of folate,
this change in risk was diminished (68). Studies examining colon cancer outcomes have
shown that those with the TT variant and higher intakes of folate had a decreased risk of
either adenomatous polyps or carcinoma. However, those with the variant genotype and
a lower intake of folate had an increased risk of adenomas (19, 69–72).

There have been several other epidemiological investigations of the potential asso-
ciation of the MTHFR C677T genetic polymorphism, diet and risk for other can-
cers. Chen et al. examined the MTHFR C677T polymorphism within the LIBCSP
and found that the 677TT genotype was associated with an increased risk (OR=1.37;
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CI=1.06–1.78), which was most pronounced in women with the lowest intake of dietary
folate (73). Lin et al. reported a 3.0-fold increase in risk of bladder cancer among
those with the MTHFR 677CT or TT genotypes and low dietary folate intake com-
pared to those with the CC genotypes and high dietary intake of folate (74). Addi-
tionally, Goodman et al. demonstrated that women with the MTFHR 677CT or TT
genotype and lower folate intake had an increased risk for cervical cancer that was
2.0- to 3.0-fold higher than women with the CC genotypes and folate intake above the
median (75).

Folate is an excellent example of a bioactive nutrient and a well-known genetic poly-
morphism that together impact cancer risk, with the combined effects altering risk esti-
mates beyond that which would be expected. The influence of this interaction on cancer
risk estimates may differ depending on the type of cancer, the variance in dietary intake,
the use of folic acid supplements (amount and recent or lifetime use), and the amount of
alcohol consumption (amount and recent or lifetime use). Furthermore, risk estimates
can differ based on the limitations of the epidemiological study design. Nonetheless, the
MTHFR C677T polymorphism and folate intake interaction is biochemically plausible
and shows a fairly reliable relationship with cancer that is supported by animal and in
vitro studies.

3. PHYTOESTROGENS AND HORMONE METABOLISM PATHWAYS

Phytoestrogens are naturally occurring polyphenolic compounds ubiquitous in plant
foods (76). Although a number of polyphenols have been shown to have phytoestrogenic
activities, phytoestrogens are generally grouped into three main classes: isoflavones,
coumestans, and lignans. Isoflavones include genistein and daidzein, among others, and
are found predominantly in soybeans and soy products. Non-soy legumes also contribute
isoflavones. Coumestans are found in bean sprouts, refried beans, and pinto beans.
The richest source of lignans is flaxseed; additional sources include other seeds, whole
grains, vegetables, and fruits.

Because of the structural similarities of phytoestrogens to estradiol, early research
focused on the hormonal aspects of these compounds in cancer etiology (76). In addition
to antioxidant, antiangiogenic, and antiproliferative effects, phytoestrogens have been
shown to have estrogenic activities in vitro and in vivo. However, phytoestrogens may
also act as antiestrogens either through competition for the estrogen receptor or through
modification of steroid hormone metabolism.

Several phytoestrogens have been shown to be metabolized by, as well as to modify,
the activity of enzymes in the CYP450 family (77). In experimental studies, genistein,
quercetin, and resveratrol (polyphenols) have been shown to decrease both transcrip-
tion and activity of CYP1A1 and CYP1B1, two enzymes involved in the metabolism
and clearance of estrogens (78). Catechol-O-methyl transferase, which catalyzes the
O-methylation of estrogens to catechol estrogens, is inhibited by quercetin (79) and
most likely by other flavonoids. Probably the best known inhibitory target of phy-
toestrogens is CYP19 (aromatase), which catalyzes the conversion of androgens to
estradiol (80). Another important enzyme in estrogen biosynthesis, 17β-hydroxysteroid
dehydrogenase, is inhibited by isoflavones, flavones, coumestrol, and lignans (81–83).
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Steroid sulfatase, an enzyme that hydrolyzes estrone sulfate to estradiol and dehy-
droepiandrosterone sulfate to DHEA, can be inhibited by several flavonoids includ-
ing quercetin and daidzein. Isoflavones inhibit sulfotransferases (SULT1E1, SULT1A1)
(84, 85).

Of relevance to breast cancer and possibly prostate and colon cancer, several phytoe-
strogens have been shown to affect the expression of estrogen receptor-α (ERα) and
estrogen receptor-β (ERβ) (80). Although the binding affinity of phytoestrogens for
the ER is weak relative to that of estradiol, individuals consuming large amounts of
phytoestrogens (e.g., vegetarians, herbal supplement users) could conceivably achieve
pharmacologic levels that compete with endogenous estrogens for the ER. The relative
expression of ERalpha and ERbeta may be modified by differences in concentration of
available substrate.

Epidemiologic studies investigating the role of phytoestrogens in the etiology of
cancers of the breast (86), prostate (87), and colon/rectum (88) have often produced
inconsistent findings. Some of these inconsistencies may be due to interactions between
genetic variations and exposure to phytoestrogens.

3.1. Genetic Variation in Hormone Metabolizing Genes and Response
to Phytoestrogen Exposure

Circulating levels of endogenous steroid hormones and other cancer-related biomark-
ers can be affected by genetic variation in genes responsible for their metabolism. Given
the accumulating evidence establishing that many of these genes can be either inhibited
or upregulated by dietary phytoestrogens, it is becoming increasingly recognized that
these exposures might have differential effects depending upon an individual’s genetic
makeup.

Several observational as well as experimental studies have investigated
phytoestrogen–gene interactions. A randomized, double-blind, placebo-controlled,
crossover dietary intervention trial with 117 healthy postmenopausal women investi-
gated the effect of soy isoflavones on several parameters including plasma total, HDL,
and LDL cholesterol, triglycerides, lipoprotein(a), glucose, insulin, and the homeostasis
model of insulin resistance. These measurements and other related biomarkers were
assessed in conjunction with SNPs in several related genes including ERα (XbaI and
PvuII), ERβ (AluI), ERβ(cx), endothelial nitric oxide synthase (eNOS), apolipoprotein
E (Apo E2, E3, and E4), cholesteryl ester transfer protein (CETP) (TaqIB), and leptin
receptor (17). The impact of equol producer status on these relationships was also
investigated. Although the intervention had no impact on any of the biomarkers
examined in the study, there was a statistically significant difference in response to
isoflavones supplementation for HDL cholesterol among women who had the ERβ(cx)
Tsp509I AA genotype, but not GG or GA.

In a separate study, 205 women ranging from 49 to 65 years of age and with high
breast density were randomly assigned to either an isoflavones supplement or placebo
for 1 year (89). The goal of this study was to assess the effect of the isoflavones sup-
plementation on changes in breast density, serum estradiol, follicle stimulating hor-
mone (FSH), luteinizing hormone (LH), menopausal symptoms, and lymphocyte tyro-
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sine kinase activity. Results of this study showed no difference between supplement
and placebo for changes in breast density overall but did observe a significant interac-
tion between the supplementation group and the ER PvuII polymorphism for change in
breast density. Although both the placebo and the supplementation groups had reduced
density from baseline to postintervention, isoflavone-supplemented women with the TT
genotype tended to show very little decrease over time, whereas all other groups and
genotypes showed decreases averaging from 3 to 10%. No interactions were observed
for polymorphisms in CYP17 or CYP19. A borderline significant interaction between
CYP19 polymorphism and FSHwas observed across treatment groups, with decreases in
FSH for all groups except for the isoflavone-supplemented women carrying the CYP19
GG allele.

In a moderate-sized clinical trial among 132 postmenopausal women consuming
10 g/day ground flaxseed (a rich source of phytoestrogen lignans) for 7 days, uri-
nary hydroxyestrone metabolism was shown to vary by polymorphisms in CYP1B1
(Leu432Val) and COMT (Val158Met) (90). Whereas there was little effect of genotype
on hydroxyestrone metabolism at baseline, in the supplementation group with flaxseed
the 2-hydroxyestrone:16α-hydroxyestrone ratio increased with increasing numbers of
variant alleles for COMT, and especially for CYP1B1. These findings provide support
that many hormone-related genes may modify the effect of dietary phytoestrogen on
estrogen metabolism.

A number of cross-sectional investigations have been conducted using data and sam-
ples from the European Prospective Investigation of Cancer and Nutrition (EPIC). Stud-
ies by Low et al. (91) with 125 women participating in EPIC and Nutrition-Norfolk
documented that urinary excretion of isoflavones was negatively correlated with plasma
estradiol, especially among postmenopausal women with the CC genotype for the
ESR1 PvuII polymorphism (91). In 2006, these investigators extended their studies to
include 1,988 healthy postmenopausal women participating in EPIC-Norfolk. Results
of these investigations revealed that SHBG levels were positively associated with uri-
nary isoflavones excretion, especially among women with the N variant of the SHBG
D356N polymorphism (92). Finally, Low et al. (93) reported that urinary excretion of
lignans was positively associated with plasma SHBG and negatively associated with
plasma testosterone. They also reported that equol, a metabolite of soy isoflavones,
was negatively associated with plasma estradiol. Importantly, significant interactions
were observed between polymorphisms in the estrogen receptor 1 (ESR-1) and lignans,
whereas women with the GG or GA, but not AA, genotypes had lower estrone levels in
association with higher excretion of lignans. Also reported was an interaction between
isoflavones excretion and NR1I2-6 (nuclear receptor subfamily 1, group I, member 2
gene) polymorphism. For women with the AA genotype there was a positive associa-
tion between isoflavones excretion and estrone levels, whereas for women with the GG
genotype this study revealed a positive association between isoflavones excretion and
estradiol levels.

Similarly, Low et al. (94) demonstrated that among 267 men in EPIC-Norfolk poly-
morphisms in CYP19 modified the associations between serum and urinary phytoestro-
gens and plasma androgens. Both urinary and serum equol were associated with plasma
testosterone among men with the TT genotype, but not the CC or CT genotypes, for
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the CYP19 3′untranslated region (UTR) T-C polymorphism. Similar associations were
shown for urinary and serum enterolactone associations with testosterone.

3.2. Genetic Variation, Phytoestrogen Exposure, and Disease Risk
Only a few studies have investigated the combined effect of genetic variation and

intake of phytoestrogens on cancer outcome. Two case–control studies have demon-
strated a modifying effect of CYP17 polymorphism on the association between dietary
lignan intakes and breast cancer (95, 96). Among 207 women with breast cancer and 188
controls inWestern NewYork, breast cancer risk was greatly reduced for premenopausal
women with at least one CYP17 A2 allele in the highest tertile of dietary lignan intake
(95). Piller et al. reported a similar interaction in a larger study of 267 premenopausal
women with breast cancer and 573 age-matched population controls. In this study, lig-
nan exposure was expressed as levels of plasma enterolactone and dietary intake. Only
in A2A2 carriers, both plasma enterolactone and dietary intake were inversely related to
breast cancer risk (96).

Interactions between genes and phytoestrogens have been investigated for prostate
cancer as well. In a nested case–control study among participants in EPIC-Norfolk,
prospectively collected biomarkers and dietary data were examined to study the asso-
ciation between genetic variations in a number of steroid hormone metabolizing genes
and risk of prostate cancer (97). The relatively small study included 89 men who had
developed prostate cancer after enrollment into EPIC and 178 men without prostate
cancer. Isoflavones and lignans were measured in spot urine and serum samples, and
dietary intake calculated from food diaries and a food frequency questionnaire. Prostate
cancer risk was elevated for men with the CC vs. TT genotype for the estrogen
receptor I PvuII polymorphism, but no association was observed for prostate cancer
risk and phytoestrogen exposure, nor were there interactions between genotype and
phytoestrogens.

On the other hand, a much larger case–control study involving 1,314 prostate cancer
patients and 782 controls reported an interaction between dietary phytoestrogens and
genetic variation in association with risk of prostate cancer (98). In this population-based
case–control study conducted in Sweden, carriers of the variant allele of a promoter
SNP in the ERβ gene (ESR2) had strongly reduced prostate cancer risks with increasing
intakes of total phytoestrogens, isoflavonoids, and coumestrol, but these associations
were not observed in men with the common alleles. These findings are not necessar-
ily contradictory to those of Low et al. ERβ is highly expressed in the prostate, and
phytoestrogens tend to bind more strongly to ERβ compared to ERα. Additional stud-
ies are necessary to fully delineate how these interactions modulate the risk of prostate
cancer.

Finally, two studies have investigated phytoestrogen–gene interactions in endome-
trial cancer. In the Shanghai Endometrial Cancer Study, 1,204 endometrial cancer cases
and 1,212 community controls provided blood samples and information on dietary
intakes of usual soy food intake (99). Daily intakes of soy protein and soy isoflavones
were calculated from the food frequency questionnaire, and genotyping for two
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polymorphisms (rs2676530 and rs605059) in 17β-HSD1 was performed using Taq-
Man assays. 17β-HSD1, which is inhibited by isoflavones, is an enzyme that catalyzes
the conversion of estrone to estradiol. No associations with endometrial cancer were
observed for the rs2676530 polymorphism, but women with at least one A allele of the
rs605059 polymorphism had a 20% lower risk of endometrial cancer compared to those
with the GG genotype. Furthermore, among premenopausal carriers of at least one A
allele of rs605059, those women in the highest tertile of soy intake had a 60% reduction
in endometrial cancer risk compared with women in the lowest tertile of intake. No inter-
actions between genotype and isoflavones intake were observed among postmenopausal
women.

In a separate study, several polymorphisms in CYP19A1 were examined in associa-
tion with soy food and tea consumption in the Shangai Endometrial Cancer Study (100).
In this study, higher intakes of soy foods and tea were both inversely associated with
endometrial cancer risk. There was no interaction between soy intake and SNPs in any
of the CYP19A1 polymorphisms examined, but several SNPs modified the association
between endometrial cancer and tea consumption. Tea contains high levels of polyphe-
nols which have been shown to inhibit aromatase activity (101).

4. MEAT CONSUMPTION, GENETICS, AND CANCER RISK

Conflicting epidemiological evidence exists between meat consumption and risk of
colon, breast, and prostate cancers. Consumption of processed meat products has been
associated with an increased risk of developing colorectal cancer in prospective stud-
ies (102–104), but the role of red meat intake in cancer etiology is less well known,
with studies reporting both positive (102, 105) and no associations (103). Two meta-
analyses concluded that greater consumption of meat was associated with increased risk
of breast cancer (OR=1.17, 95% CI 1.06–1.29; OR=1.18 95% CI 1.06–1.32) (106,
107). While case–control studies have yielded conflicting results (108, 109), prospec-
tive studies have generally found no associations between meat consumption and breast
cancer risk (110–112), except for one study in which meat consumption was associated
with increased risk of ER-positive breast cancer (113). Red and processed meat con-
sumption has also been positively associated with risk of prostate cancer in prospective
and case–control studies (105, 114–118). Reasons for the inconsistencies observed in
these studies include variations in study design, sample size, measurement of dietary
exposures, biases relating to exposure recall or participant selection, and genetic vari-
ability in xenobiotic metabolizing enzymes.

Cooking of meats such as chicken, beef, pork, and fish results in the forma-
tion of several mutagens and carcinogens including heterocyclic amines (HCAs),
nitrosamines (NAs), and polycyclic aromatic hydrocarbons (PAHs). The most preva-
lent HCA found in meats is 2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine (PhIP).
Following metabolic activation, PhIP, along with other HCAs, causes the production of
DNA adducts and is carcinogenic in rat colon, mammary, and prostate tissues (119–
121). In rodents and cell lines, PhIP has been shown to stimulate signaling pathways
resulting in increased cellular proliferation (119, 120, 122, 123).
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4.1. Heterocyclic Amines, Genetics, and Cancer Risk
Heterocyclic amines are metabolized through an oxidation reaction catalyzed by

cytochrome p450 enzymes including CYP1A2, and to a lesser extent, by CYP1A1, 1B1,
and 3A4 (124, 125). The oxidized molecules are then acetylated by the two isozymes
of N(O)-acetyltransferase, NAT1 and NAT2, or sulfated by sulfotransferases (SULT)
(126). The acetylated products can undergo spontaneous hydrolysis to form arylnitre-
nium ions, which can covalently bind DNA to form DNA adducts that may increase the
risk of mutagenesis and subsequent development of cancer (126–132). Genetic poly-
morphisms exist for cytochrome p450, NAT, and SULT (133). Therefore, cancer risk
related to metabolism of HCA may differ based on genotype.

Because meat consumption is an accepted risk factor for colorectal cancer, a num-
ber of studies have evaluated the role of HCAs in the etiology of this type of tumor.
One prospective study of NAT genotype, red meat intake, and colorectal cancer risk
in men found that neither NAT1 nor NAT2 genotype was independently related to risk
of colorectal cancer. However, there was an association between red meat intake and
colorectal cancer among men who were rapid acetylators at either the NAT1 or NAT2
locus (134). Three case–control studies have demonstrated an increased risk of col-
orectal cancer among those individuals with the NAT2 rapid acetylator genotypes who
consume well-done meat (122, 135, 136). In one study, this association was limited to
ever-smokers (136). A recent study revealed positive associations between colorectal
cancer and NAT1, but not NAT2, genotype for increased consumption of HCAs, esti-
mated using an exposure index that accounted for frequency of consumption, cooking
method, and level of doneness of meat (137). This finding is consistent with an ear-
lier study that found a 6.0-fold increase in risk of colorectal adenoma among NAT1
rapid acetylators (OR=6.50; 95% CI 2.16–19.6) with daily consumption of greater than
27 ng of one type of HCA, 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx)
(138). Two case–control studies have demonstrated an increased risk of colorectal can-
cer among those subjects with the CYP1A2 rapid metabolizing phenotype who consume
meat cooked well done (122, 136). Additionally, an analysis of six single nucleotide
polymorphisms in the CYP1A2, CYP2E1, CYP1B1, and CYP2C9 genes found that three
allelic variant combinations were associated with increased risk of colorectal cancer
with higher red meat consumption (137).

Case–control studies have yielded conflicting results concerning the relationships
between NAT1 genotype, HCA consumption, and breast cancer risk. Two studies found
an increased risk of breast cancer among carriers of the NAT1 rapid acetylator genotype
who consumed high levels of red meat or meat cooked well done (140, 141). Con-
versely, two separate studies failed to find similar relationships (108, 109). Likewise,
results of case–control studies examining NAT2 genotype have been equivocal. Four
studies have revealed no associations between NAT2 genotype, risk of breast cancer,
and meat intake or meat doneness (109, 142–144). Two case–control studies, however,
found an increased risk of breast cancer among women with the NAT2 rapid or interme-
diate acetylator genotype who consumed higher levels of red meat or meat cooked well
done (108, 145).
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Human prostate tissue has been demonstrated to metabolically activate heterocyclic
amines formed when meat is cooked (146). In rats, PhIP has been shown to produce
PhIP-DNA adducts and prostate tumors (147). Consumption of grilled red meats has
been associated with higher levels of PhIP-DNA adduct levels (148). One prospec-
tive study linked data from a meat-cooking preferences questionnaire to a database
estimating intake of benzo[a]pyrene, MeIQx, 2-amino-3,4,8-trimethylimidazo[4,5-
f]quinoxaline (DiMeIQx), and PhIP. An intake of greater than 10 g/day of very well-
done meat was associated with increased risk of prostate cancer. The highest quintile
of PhIP intake was also associated with increased risk, although intake of MeIQx or
DiMeIQx was not (149). While NAT1 and NAT2 genotypes have been associated with
increased risk of prostate cancer (150), a case–control study examining intake of MeIQx
and PhIP found no association between prostate cancer and either NAT1 or NAT2 acety-
lator genotypes (151). In humans, mutagenicity testing of HCAs has indicated that N-
hydroxy-PhIP is activated specifically by SULT1A1 (152). Transcripts of SULT1A1
have been found in prostate tissue (153). A polymorphism in SULT1A1 has been asso-
ciated with increased N-hydroxy-PhIP DNA adduct catalytic activity (154). This poly-
morphism was not associated with prostate cancer in a small population (155), but a
larger study found that both SULT1A1 genotype and enzymatic activity increased the
risk of prostate cancer (156).

4.2. Nitrosamines and Colorectal Cancer
Nitrosamines are activated by cytochrome p450 enzymes. CYP2E1 catalyzes the α-

hydroxylation of many types of nitrosamines to activate and allow them to bind to DNA
(157). The intake of processed meats, an important source of nitrosamines, has been
associated with an increased risk of colorectal cancer (158). Polymorphisms in CYP2E1
have been associated with increased risk of colorectal cancer (159, 160). Conversely, a
case–control study reported no evidence of an association between CYP2E1 genotype,
red or processed meat consumption, and risk of colorectal cancer. However, there was
an increased risk of rectal cancer for those individuals with high intake of red or pro-
cessed meat and the high-activity CYP2E1 genotype (161). The enzyme CYP2A6 has
also been shown to metabolize nitrosamines and is overexpressed in colorectal cancers
(162). Nevertheless, to date, there have been no studies that investigated potential inter-
actions of CYP2A6 with meat consumption and risk of colorectal cancer.

4.3. Polycyclic Aromatic Hydrocarbons and Breast Cancer
PAHs are known carcinogens in humans, have been shown to cause mammary tumors

in rodents (163), and form PAH-DNA adducts in human breast cells (164). Exposure
to these compounds has been linked to development of postmenopausal breast cancer
(165), and levels of PAH-DNA adducts have been associated with risk of breast cancer
(166–168). PAHs are metabolized by cytochrome p450 and GST enzymes (GSTM-1 and
GSTT-1) (169, 170). Studies have generally concluded there is no association between
polymorphisms in these GST genes and risk of breast cancer (171–175), although one
study found that the GSTM1 null genotype was predictive of PAH-DNA adduct levels
in breast tissue (176). While one case–control study concluded there was no relationship
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between GSTM1 or GSTT1 null genotypes, meat consumption, and risk of breast cancer
(109), another study found an increased risk among women with either null genotype
who consumed meats consistently well or very well done (177).

5. CONCLUSIONS

The above examples illustrate the complex relationships between dietary factors and
cancer risk, and the importance of consideration of genetic makeup in assessing risk
relationships in epidemiologic studies. Nutrigenetics enables us to better understand
mechanisms of action of numerous food components in relation to cancer risk, and to
better clarify risk relationships by focusing on those most likely to be impacted based
upon genetics. However, we do not believe that nutrigenetics is a doorway to individ-
ualized genotyping for risk assessment and dietary counseling. First, the biochemistry
underlying gene–diet interactions is complex. For example, we measured the activity
of catalase in red blood cells in several hundred healthy controls and noted clear dose–
response relationships between phenotype and genotype of the CAT promoter poly-
morphism (178). However, these relationships between phenotype and genotype varied
based on fruits and vegetables consumption. As shown in Fig. 5, for those with CAT
genotypes that confer higher enzyme activity (CC), geometric means for CAT activity
in units/mg hemoglobin in each tertile of consumption were very similar (118.9, 117.0,
115.0 for tertiles 1, 2, and 3, respectively). However, among those with low-activity
genotypes (CT and TT), CAT levels were highest among those with low consumption,
with decreasing levels with increasing tertiles of fruit and vegetable consumption (93.0,
78.0, and 74.7 for tertiles 1, 2, and 3, respectively). These data indicate that there are
feedback mechanisms involved and that, in a high endogenous antioxidant environ-
ment, the effects of dietary antioxidants on oxidative balance may be minimal. How-
ever, if there is lower consumption of dietary antioxidants, there may be compensation
through activation of endogenous enzyme systems. Therefore, genotyping may reveal
only part of an intricate picture. Furthermore, because so little is known about relation-
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ships between SNPs, diet, and cancer risk, extrapolation of research data to individual
risk assessment remains difficult.

Finally, it should be noted that regardless of one’s genotype a balanced diet high in
fruits, vegetables, and whole grains and low in meat and fats may be beneficial for over-
all health and well-being and prevention of numerous diseases in addition to cancer.
Thus, although applying genetics to studies of diet and cancer will help us to refine rela-
tionships and understand mechanisms and may, in the future, identify those individuals
whose needs are greater for specific nutrients or food components, the public health
message of consumption of a healthy diet should not be influenced by knowledge of
one’s genetic makeup.
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5 Diet and Epigenetics

Sharon A. Ross

Key Points

1. Diet and dietary factors are important contributing factors to health and disease. Since an inappro-
priate diet may contribute significantly to the causation of chronic disease, including cancer, it is
important to uncover the molecular mechanisms of dietary bioactive factors in health and disease
in order to determine the best strategies for intervention.

2. Evidence suggests that diet and other environmental factors may be significant regulators of epige-
netic events, including DNA methylation, histone posttranslational modification, noncoding RNAs,
and factors/proteins that regulate chromatin structure and dynamics.

3. At least four ways in which nutrients may be interrelated with DNA methylation have
been found. First, nutrients may influence the supply of methyl groups for the formation of
S-adenosylmethionine (SAM). Second, nutrients may modify the utilization of methyl groups by
DNA methyltransferases. A third possible mechanism may relate to DNA demethylation activity.
Fourth, the DNA methylation patterns may influence the response to a nutrient.

4. One example of the influence of diet in DNA methylation and cancer is the finding that dietary
methyl deficiency (of folate, choline, or methionine) has been shown to alter hepatic DNA methy-
lation patterns and induce hepatocarcinogenesis in the absence of a carcinogen in Fisher 344 rats.

5. Although the cancer epigenetic field has advanced in the last decade, much remains to be revealed
especially with respect to potential modification by bioactive dietary components. Research needs
to address the quantity of dietary components needed to bring about a biological effect, the effects of
timing of exposure, and how chemical form and duration of exposure influence the cancer process.

Key Words: Bioactive food components; diet; DNA methylation; histone; polycomb repressive
complex; microRNA; epigenetics

1. INTRODUCTION

Several lines of evidence, including epidemiological and preclinical studies, suggest
that the increased intake of certain bioactive food components (BFCs) including folate,
choline, zinc, genistein, epigallocatechin gallate, diallyl disulfide, and sulforaphane may
modulate cancer risk. However, the specific molecular mechanisms for these observa-
tions about BFCs and the quantities needed (as well as issues of frequency, duration, and
timing of exposure in the life span) to bring about the anticancer effect remain largely
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unresolved. It has also been known that these dietary constituents influence the cellular
milieu by modulating several cellular processes, including DNA repair, hormonal reg-
ulation, differentiation, inflammation, apoptosis, cell cycle control/proliferation, car-
cinogen metabolism, and angiogenesis, among others. Cancer has been hypothesized
to develop from cells that have escaped normal regulation of these processes along
with disordered intercellular relationships. These functional abnormalities are thought
to arise from deregulated expression of key genes, resulting in altered cellular phenotype
(1). Such anomalous gene expression may result from genetic disruption, i.e., mutation,
or from epigenetic modulation by silencing genes that should be active or activating
genes that should be silent. Diet and bioactive food factors may directly influence both
processes.

Many studies provide intriguing evidence that part of the anticancer properties
attributed to several BFCs may relate to modulation of epigenetic processes, includ-
ing DNA methylation of the cytosine phosphate guanine dinucleotide (CpG) islands in
promoters and other regions of the genome, chromatin remodeling and higher order
chromatin structural alterations, posttranslational ATP-dependent modifications which
include methylation, acetylation, ubiquitination, and phosphorylation of histone tail
domains, as well as gene regulation through noncoding RNAs (Fig. 1). We have previ-
ously delineated (2) at least four ways in which nutrients may be interrelated with DNA
methylation. The first is that nutrients may influence the supply of methyl groups for
the formation of S-adenosylmethionine (SAM). The second mechanism is that nutri-
ents may modify utilization of methyl groups by processes including altered DNA
methyltransferase activity. The third possible mechanism may relate to DNA demethy-
lation activity. Finally, the DNA methylation patterns may influence the response to a
nutrient. Intriguingly, such interactions may apply similarly to the way in which diet

Fig. 1. Evidence suggests that bioactive food components can modify several epigenetic mechanisms,
including DNA methylation, histone modifications, noncoding RNA, and chromatin factors such as
the polycomb repressive complex 1.
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impacts histone methylation marks and processes. The interrelationship between nutri-
ents, epigenetics, and cancer will be further explored in this review by providing addi-
tional examples and highlighting areas for further research.

2. EPIGENETICS AND CANCER

The cellular epigenetic apparatus consists of chromatin, which contains a histone
protein-based structure around which DNA is wrapped, histone posttranslational mod-
ifications, and covalent modifications of a methyl group to cytosines residing at the
dinucleotide sequence CG in DNA (3). These modifications determine the accessibility
of the transcriptional machinery to the genome. Recently, small noncoding RNAs have
also been hypothesized to provide an additional level of epigenetic regulation in the
nucleus (4).

The most widely studied epigenetic modification in humans is cytosine methyla-
tion of DNA within the dinucleotide CpG (5). DNA methylation does not act in iso-
lation, but interacts with histone modifications and chromatin-remodeling complexes
to inform chromatin structure and gene regulation (6). One-carbon metabolism pro-
vides the methyl group for all biologic methylation reactions, which are dependent on
methyl donors and cofactors (e.g., methionine, choline, folic acid, vitamin B12, and
pyridoxal phosphate) to synthesize the universal methyl donor SAM. DNA methyltrans-
ferases (DNMTs) catalyze the transfer of a methyl group from SAM onto the 5′ posi-
tion of the cytosine ring at the dinucleotide sequence CG. Three DNMTs – DNMT1,
DNMT3A and DNMT3B – have been extensively studied in developmental processes
and in cancer. DNMT1, known as a “maintenance” methyltransferase, has a preference
for a hemimethylated substrate and is involved in copying DNA methylation patterns
during cellular replication (7). DNMT3A and DNMT3B are responsible for “de novo”
methylation. Emerging evidence suggests that DNMT targeting to DNA is more com-
plicated in that these enzymes appear to target specific genes with the assistance of
sequence-specific factors (8). DNA methylation is thought to be removed passively by
blocking methylation of newly synthesized DNA during DNA replication (9). However,
the presence of an active DNA demethylase has long been speculated in mammalian
cells and recent experimental findings suggest that the methyl DNA binding protein
MBD2 and de novo DNA methyltransferases DNMT3A and DNMT3B possess DNA
demethylase activity in mammalian cells (9, 10). These findings need to be replicated
and further explored to determine whether active mammalian demethylation plays a role
in the regulation of DNA methylation.

Regions rich in CpG dinucleotides, termed CpG islands, span the 5′ end region (pro-
moter, untranslated region, and exon 1) of many genes and are usually unmethylated in
normal cells (11). This unmethylated status is associated with the ability of CpG island-
containing genes to be transcribed in the presence of the necessary transcriptional acti-
vators. Conversely, methylation at these critical sites inhibits the binding of transcription
factors to their recognition elements and recruits methylated DNA binding proteins such
as MeCP2 to the gene and chromatin modification enzymes such as histone deacetylases
(HDACs) which in turn introduce histone modifications, resulting in the silencing of
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chromatin (12). In cancer cells, the transcriptional silencing of tumor suppressor genes
by CpG island-promoter hypermethylation is thought to be an early response in the
tumorigenic process (13). In addition to region-specific hypermethylation, widespread
global DNA hypomethylation (14) and increased DNA methyltransferase (15) activity
are common characteristics of tumor cells. Importantly, DNA methylation changes are
thought to be inherited mitotically in somatic cells, providing a potential mechanism by
which environmental effects, including dietary exposures, on the epigenome can have
long-term effects on gene expression (16).

The secondary structure of chromatin is arranged as a chain of nucleosomes consist-
ing of an octamer of histone proteins inclusive of the H3–H4 histone protein tetramer
flanked on either side with a H2A–H2B histone protein dimer and 147 base pairs of
double-stranded DNA twisted around this protein complex (17). Arrangement in this
multinucleosomal order is important for organization and stablization of DNA, as well
as for regulation of transcription of genetic information, DNA replication, and repair
processes. The N-terminal tails of the histone proteins are extensively modified by
methylation (18), phosphorylation (19), acetylation (20), sumoylation (21) ubiquitina-
tion (22), and biotinylation (23). These modifications confer functional attributes, for
example, histone acetylation typically facilitates the decondensation of the chromatin,
relaxing nucleosomal connections between DNA and histones, and thereby promot-
ing the transcription process, whereas deacetylation and condensation generally sup-
press transcription (24). The specific pattern of histone modifications has been proposed
to form a “histone code,” which explains, in part, the sections of the genome to be
expressed at a given point in time in a given cell type (25). It has been hypothesized that
similar to a genetic mutation, a change in the posttranslational modification of histone
tails around a regulatory region of a gene can silence an active gene, resulting in “loss
of function,” or activate a silent gene, leading to “gain of function.” Such modifications
may also enhance or impair levels of gene expression in the absence of complete gene
silencing or activation. In fact, aberrant histone posttranslational modifications have
been associated with cancer. For example, a common hallmark of human tumor cells
is the loss of monoacetylation and trimethylation of histone H4 (26).

Histone acetylation is regulated by several enzymatic activities with the capacity to
either transfer acetyl groups or to induce histone deacetylation, which is associated
with gene silencing. A common observation in cancer cells is an imbalance of histone
acetyltransferase (HAT) and HDAC activities (27). It is interesting to note that aber-
rant targeting of HDACs has been associated with transcriptional silencing of tumor
suppressor genes, including p21 – which encodes a cyclin-dependent kinase inhibitor
that blocks cell cycle progression from G1 into S phase (28). The expression of p21
has been found to be diminished in many different tumors, permitting uncontrolled
cell division. Interestingly, HDAC inhibitors have been shown to reactivate p21 expres-
sion, thereby preventing tumor cell proliferation (28). Furthermore, the HDAC inhibitor-
induced expression of p21 has been found to correlate with an increase in the acetyla-
tion of histones associated with the p21 promoter region. These discoveries have led to
the development of HDAC inhibitors as chemotherapeutic agents in clinical trials (27).
Recent studies implicating histone posttranslational modifications with cell identity,
including stem cell identity and characteristics such as pluripotency, suggest that HATs
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and histone acetylation in concert with other chromatin modifications may regulate
stem cell pluripotency, and deregulation of such histone marking may lead to tumori-
genesis (24).

Several proteins or protein complexes have recently been identified that regulate
chromatin structure and dynamics. For example, ATP-dependent chromatin-remodeling
factors alter the position of nucleosomes around the transcription start site and define
accessibility to the transcription machinery (29). The SWItch/Sucrose NonFermentable
(Swi/SNF) complex is a chromatin-remodeling complex that uses the energy of ATP
hydrolysis to modify chromatin structure and regulate gene expression; recent obser-
vations link an aberrant SWI/SNF complex to cancer (30). Evidence is emerging that
both gene activation complexes and gene repressive complexes contain chromatin-
remodeling activities (31). A DNA helicase/ATPase-containing complex termed nucle-
osome remodeling and deacetylase corepressor complex (or NuRD), which represses
transcription through chromatin remodeling (31), has recently been found to direct aber-
rant gene repression and transmission of epigenetic repressive marks in acute promye-
locytic leukemia (32).

The polycomb group (PcG) proteins, which function as transcriptional repressors that
silence specific sets of genes through chromatin modification, may also contribute to
the pathogenesis of cancer (33). At least two distinct complexes, PcG complex 1 and
2, are thought to be involved in chromatin modification. PcG complex 2, composed of
several factors/proteins including histone methylase activity, is first recruited to silence
chromatin with concomitant methylation of histone H3 at lysine 27 (K27me3). This
is followed by recruitment of the PcG complex 1 through recognition of this histone
mark, which thereby triggers ubiquitination of histone H2A and/or inhibits chromatin
remodeling to maintain the silenced state of the locus (34). PcG-deficient mice have
provided biological evidence that these chromatin repressive complexes are essential
for sustaining stem cell activity. Furthermore, enrichment of polycomb repressive com-
plexes is correlated with cancer progression and prognosis and is also associated with
cancer stem cell activity. How and in what context these and other epigenetic mecha-
nisms and regulatory factors may interact to regulate chromatin structure, dynamics, and
gene expression in cancer development and prevention is an active area of research.

The role of small noncoding RNA molecules in the regulation of gene expression
is an emerging area of research. Noncoding RNAs (e.g., microRNA) have been shown
to modulate posttranscriptional silencing (i.e., the targeted degradation of mRNAs) and
there is much interest in studying deregulation of these small RNAs in various diseases,
including cancer (35). It has been recently reported that microRNAs (miRNAs) may
also transcriptionally silence gene expression in the nucleus (36). In this study, inves-
tigators performed a bioinformatic search for miRNA target sites proximal to known
gene transcription start sites in the human genome. One conserved miRNA, miR-320,
that was identified is encoded within the promoter region of the cell cycle gene POLR3D
in the antisense orientation. Evidence for a cis-regulatory role for miR-320 in transcrip-
tional silencing of POLR3D expression was provided. Interestingly, using chromatin
immunoprecipitation (ChIP) assays, miR-320 was suggested to direct the association
of RNA interference (RNAi) protein Argonaute-1 (AGO1), polycomb group compo-
nent EZH2, and trimethylation of histone H3 lysine 27 (H3K27me3) to the POLR3D
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promoter. These results support the existence of an epigenetic mechanism for miRNA-
directed transcriptional gene silencing (TGS) in mammalian cells. These investigators
hypothesized that misregulation of endogenous miRNAs that target gene promoters may
potentially play a role in the aberrant epigenetic silencing of cancer-related genes. More-
over, epigenetic modifications have recently been found to be induced and directed by
other small RNA molecules in human cells (37). These small RNAs are thought to act
like the exogenous small inhibitory RNAs (siRNAs) in gene inactivation. In fact, this
endogenous small RNA-mediated transcriptional gene silencing was shown to be corre-
lated with changes in chromatin structure (including modulation of histone marks and
DNA methylation) at specific sites in promoter regions (37). The impact of this epige-
netic mechanism in cancer development is currently being explored.

Evidence for interactions between dietary components and each of the epigenetic
mechanism described above – DNA methylation, histone posttranslational modifica-
tion, chromatin remodeling and other chromatin factors, as well as noncoding RNAs –
and their impact on cancer development and prevention are highlighted in the sections
that follow. Ultimately, it will be important to understand how these and other newly
identified epigenetic components work interactively and simultaneously to impose gene
regulatory information.

3. DIET AND DNA METHYLATION: TIMING OF EXPOSURE

Recent preclinical evidence suggests that prenatal and early postnatal diet may alter
DNAmethylation marks and processes which may impact the risk of developing disease
later in life (38–43). It has also been suggested that diet-induced epigenetic alterations
might also be inherited transgenerationally, thereby potentially affecting the health of
future generations. In this regard, it was recently shown that individuals who were pre-
natally exposed to famine during the Dutch Hunger Winter in 1944–1945 had, 6 decades
later, less DNA methylation of the imprinted insulin-like growth factor II (IGF2) gene
compared with their unexposed, same-sex siblings (44). The results of these studies sup-
port the fetal basis or developmental origins of the adult-onset disease hypothesis. This
intriguing hypothesis implies that an organism can adapt to environmental signals in
early life, but that these adaptations may also increase the risk of developing chronic
diseases, including cancer, later in life when there is a disparity between the perceived
environment and that which is encountered in adulthood.

Some of the best evidence for the impact of diet on DNA methylation comes from
studies examining the yellow agouti (Avy) mouse model. In this model, an endoge-
nous retrovirus-like transposon sequence is inserted close to the gene coding for the
agouti protein (45). Normally, a cryptic promoter within the retrotransposon is silenced
by methylation allowing normal tissue-specific and regulated agouti expression. How-
ever, if this site is undermethylated the promoter is active and drives constitutive ectopic
expression of the agouti gene, leading to yellow coat color and obesity (as well as
increased susceptibility to other chronic diseases, including cancer). Dietary supple-
mentation of folic acid, vitamin B12, choline, betaine, and zinc to yellow agouti dams in
utero has been shown to lead to changes in DNAmethylation as well as profound effects
on phenotype of the offspring (38–41, 46). In initial experiments this supplementation
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regime to maternal diets was associated with a change in coat color from a yellow to an
agouti or pseudo-agouti coat in the offspring (38). This phenotype change is typically
associated with a lower risk of cancer, diabetes, obesity, and prolonged life in this model
(38, 46). Furthermore, representative yellow mice displayed more hypomethylated long
terminal repeats 5′ of the agouti gene and the representative agouti coat mice were found
to have a greater degree of hypermethylation in the long terminal repeat 5′ of the agouti
gene (46).

Another group of investigators verified these findings (supplementing with folic acid,
vitamin B12, choline and betaine, but not zinc) and also compared the shift in the
distribution of coat color to changes in CpG methylation of the agouti locus in methyl-
supplemented vs. non-supplemented animals (39). They found that changes in pigmen-
tation of the mouse pup coat, ranging from yellow to brown, were significantly associ-
ated with supplementation status of the mother’s diet during pregnancy. Furthermore,
these coat color changes were directly associated with alterations in DNA methylation
and there was a distribution shift toward increased CpG methylation at the Avy locus
with methyl supplementation. Moreover, the coat color phenotype and Avy methyla-
tion relationship persisted into adulthood as evidenced by a comparison of tail DNA
at 21 days and liver DNA at 100 days. These studies clearly demonstrate that maternal
methyl donor supplementation during gestation can alter offspring phenotype by methy-
lating the epigenome. It is not yet evident, however, which of the dietary constituents
are necessary or sufficient for the DNA methylation and phenotypic change.

Similar alterations in coat color and DNA methylation were induced in offspring
through maternal dietary supplementation of genistein, the major phytoestrogen in
soy, at amounts comparable to those a human might receive through a high soy diet
(250 mg/kg diet) (41). Furthermore, the offspring exposed to genistein in utero with
DNA hypermethylation at the Avy locus appeared to be protected against obesity in
adulthood, indicating that maternal dietary supplementation is associated with not only
altered fetal methylation patterns but also methylation-dependent susceptibility to dis-
ease. The mechanism of how genistein effects methylation and epigenetic pathways has
yet to be determined as these investigators did not find an association between genistein
supplementation and the one-carbon metabolism. Changes in other epigenetic marks or
regulation of specific nuclear transcription factors are potential sites of action of genis-
tein to explore in future research.

The agouti mouse has also been utilized as an environmental biosensor to evaluate
the effects of maternal dietary exposure to a xenobiotic chemical on the fetal epigenome
(47). In utero or neonatal exposure to bisphenol A (BPA), a high-production volume
chemical used in the manufacture of polycarbonate plastic, is associated with higher
body weight, increased breast and prostate cancer, and altered reproductive function.
Maternal exposure to this endocrine active compound (50 mg of BPA/kg) shifted the
coat color distribution of Avy mouse offspring toward yellow by decreasing CpG methy-
lation in an intracisternal-A particle (IAP) retrotransposon upstream of the agouti gene.
It is fascinating that maternal nutritional supplementation with either methyl donors or
the phytoestrogen genistein rescued the BPA exposed animals by shifting the coat color
distribution toward the control animal as well as by negating the DNA hypomethylat-
ing effect of BPA. These studies present convincing evidence that early developmental
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exposure to a xenobiotic chemical such as BPA can change offspring phenotype by
stably altering the epigenome, an effect that can be counteracted by maternal dietary
supplements.

The agouti model has also recently been utilized to examine whether diet influences
phenotype transgenerationally. Interestingly, passing the Avy allele through three mater-
nal generations resulted in amplification of obesity in the offspring of the mice fed a
NIH-31 control (or unsupplemented group) diet in each successive generation (48). By
the third generation in the methyl-supplemented offspring, however, there was a signif-
icant decrease in body weight relative to the unsupplemented group, thereby suggesting
a preventive effect on transgenerational amplification of obesity in adulthood. This is an
interesting study because it examines the effect of maternal obesity among three gener-
ations of genetically identical mice which had an inclination to overeat due to the Avy

allele. Furthermore, the authors hypothesize that the methyl supplements affected body
weight by interfering with the area of the brain that regulates appetite.

Studies using another murine metastable epiallele, axin fused (AxinFu), found sim-
ilar epigenetic plasticity to maternal diet as the agouti mouse model (42). AxinFu is a
mutation in mice which causes kinked, fused tails and other developmental abnormali-
ties including axial duplications. The Axin gene is located proximally on chromosome
17 and encodes a component of the Wnt signaling pathway, an important regulator of
embryonic axis formation in mammals. The mutant AxinFu allele results from inser-
tion of an IAP, a murine retrotransposon, into intron 6 of the Axin gene. This mutant
allele is able to produce wild-type transcript, as well as mutant transcripts, arising from
either alternative splicing or initiation of transcription from a cryptic promoter. It has
been suggested that the mutant gene leads to the fused phenotype through a gain-of-
function effect. Female mice supplemented with methyl donors and factors (including
choline, betaine, folic acid, vitamin B12, methionine, and zinc) before and during preg-
nancy were found to have offspring with an increase in DNA methylation at the AxinFu

locus and reduced incidence of tail kinking (42). The hypermethylation was tail specific,
suggesting a mid-gestation effect. The investigators speculate that the results indicate a
stochastic establishment of an epigenotype at metastable epialleles, which is labile to
methyl donor nutrition and such influences are likely not limited to early embryonic
development.

It is important to clarify how observations in the agouti and Axin Fused models may
relate to human phenotype and disease. Although the Avy locus and AxinFu locus –
retrovirus-like transposon sequences – are not found in the human genome, there is the
possibility that metastable epialleles (“metastable” refers to the labile nature of the epi-
genetic state of these alleles; “epiallele” defines their potential to maintain epigenetic
marks transgenerationally (49)) associated with other transposable elements could sim-
ilarly be influenced by methylation or another epigenetic regulating process via in utero
exposure to dietary factors. It has been intriguingly proposed that transposable elements
in the mammalian genome may cause considerable phenotypic variability, making each
individual mammal a “compound epigenetic mosaic” (50). Whether such an epigenetic
mosaic can be modulated by early diet and how such phenotypes alter susceptibility
to chronic disease, including cancer, in adulthood requires further study. In addition,
other regions of the genome which may be susceptible to epigenetic variation need to
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be identified and characterized in human tissues. There is also a need to further our
understanding of the interaction between diet, epigenetics, and crucial times of expo-
sure during development and throughout the entire life span.

In this regard, another group has hypothesized that epigenetics in early infancy, child-
hood, and puberty might also be susceptible to effects of one of the involved methyl
donor nutrients described above, namely dietary folate (51). These investigators exam-
ined the effects of timing and duration of dietary folate intervention provided during the
postweaning period on genomic DNA methylation of adult Sprague Dawley rat liver.
Folate deficiency beginning at weaning and continued through puberty followed by con-
trol diet in adulthood until 30 weeks of age (when animals were sacrificed) induced a
significant 34–49% increase in genomic DNA methylation in adult rat liver compared
with control- and folate-supplemented diets provided in the same manner. The authors
hypothesized that a compensatory upregulation of DNMT and of choline and betaine-
dependent transmethylation pathways occurred in response to folate deficiency during
the postweaning period. This was thought to result in genomic DNA hypermethylation
in the liver and this pattern was maintained in the presence of adequate folate when the
animals were fed the control diet at puberty through adulthood. In contrast, dietary folate
deficiency or supplementation continually imposed from weaning to adulthood or from
puberty to adulthood did not significantly affect genomic DNA methylation in adult rat
liver. These data suggest that early folate nutrition during postnatal development can
impact epigenetic programming that can have a permanent effect in adulthood. More
studies on the long-term functional consequences of such dietary epigenetic program-
ming are encouraged.

Folate supplementation may also bring about epigenetic changes in adult humans as
demonstrated by an interesting study in dialysis patients with uremia and hyperhomo-
cysteinemia (52). In this study, global DNA methylation was reduced in patients with
uremia and hyperhomocysteinemia, but both DNA hypomethylation and hyperhomocys-
teinemia were reversed by administration of folate (15 mg oral methyltetrahydrofolate
a day for 8 weeks). Furthermore, the DNA hypomethylation was linked to defects in the
expression of genes regulated by methylation. To study this gene regulation, the pattern
of allelic expression for the normally imprinted H19 gene in peripheral mononuclear
cells in seven of the dialysis patients that were heterozygous for H19 RsaI restriction
fragment length polymorphisms (RFLP) was examined. The RFLP analysis showed a
shift from monoallelic to biallelic expression of H19 (expression of both H19 T and
H19 C alleles in the heterozygotes could be identified) when plasma total homocys-
teine concentration was between 39 and 62 μmol/L. Interestingly, in the three patients
with high total homocysteine concentrations (<62 μmol/L) reverse transcriptase-PCR
analysis showed a shift back to monoallelic expression of H19 after folate treatment.
These data suggest that treatment of hyperhomocysteinemia with folate in these patients
corrects DNA hypomethylation and provides a mechanism for the relevant changes of
gene expression. This intriguing study needs replication and follow-up for other affected
genes and conditions.

In addition to silencing inappropriately activated genes (e.g., imprinted genes) by
DNA methylation, dietary components have been shown to reactivate inappropri-
ately silenced genes (e.g., tumor suppressor genes) by demethylation in cell culture
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systems. The prevention or reversal of hypermethylation-induced inactivation of key
tumor suppression or DNA repair genes, for example, in cancer cells could be an
effective approach for cancer prevention. As examples, epigallocatechin 3-gallate
(EGCG) (5–50 μM) from green tea and genistein (2–20 μmol/L) from soybean have
been found to restore methylation patterns and gene expression of tumor suppressor
genes in neoplastic cells in culture (53–55). Both dietary factors have been shown to
inhibit DNA methyltransferase activity which was associated with demethylation of
CpG islands in the gene promoters and the reactivation of methylation-silenced genes
such as p16INK4a, retinoic acid receptor beta, O6-methylguanine methyltransferase,
human mutL homolog 1, and glutathione S-transferase-pi (53–55). These modifications
have been observed in human esophageal, colon, prostate, and mammary cancer cell
lines and were also associated with cell growth inhibition.

The Annurca apple, a variety of southern Italy, is rich in polyphenols that are associ-
ated with anticancer properties. For example, populations in southern Italy have lower
incidences of colorectal cancer than elsewhere in the Western world. Recently, investi-
gators evaluated the anticancer effects of Annurca polyphenol extract (APE) using RKO,
SW48, and SW480 human colorectal cancer cells in culture (56). Because some sporadic
colorectal cancers display the CpG island methylator (CIMP) phenotype, DNAmethyla-
tion of selected tumor suppressor genes were also evaluated in these cells after treatment
with APE and compared with the synthetic demethylating agent 5-aza-2′deoxycytidine
(5-aza-2dC). APE treatment (polyphenol dose comparable to that from dietary con-
sumption of 1 apple) decreased cell viability and enhanced apoptosis in the RKO and
SW48 cell lines, both in vitro models for CIMP. A similar dose of APE reduced DNA
methylation in the promoters of hMLH1, p14(ARF), and p16(INK4a) genes with conse-
quent restoration of normal mRNA expression in RKO cells. These effects were qual-
itatively comparable with those obtained with 5-aza-2dC. A significant reduction in
expression of DNMT-1 and DNMT-3b proteins after treatment without changes in mes-
senger RNA was also observed. Thus, APE, like EGCG and genistein, appears to have
demethylating activity through the inhibition of DNMT proteins.

Because of the relatively low bioavailability of most polyphenolic compounds, the
exact effect dietary polyphenols would have on DNA methylation in humans is not clear
(53). The effect of normal dietary consumption of a single polyphenolic compound is not
likely to affect healthy individuals. However, the combinational and additive effects of
polyphenols with various epigenetic activities might produce biological consequences.
On the other hand, the consumption of excessive amounts of polyphenols from dietary
supplements would seem to be more likely to affect DNA methylation status and per-
haps other epigenetic processes as well, but such possibilities remain to be examined.
Although polyphenols are thought to selectively induce apoptosis or reduce proliferation
in cancer cells but not in normal cells, additional research is also warranted to determine
beneficial vs. deleterious responses to these BFCs during vulnerable periods of the life
span.

The putative mechanism of action for selenium in cancer prevention has been an
active research emphasis since the start of the Selenium and Vitamin E Cancer Preven-
tion Trial (SELECT) (57). Recently, selenium has been shown to induce promoter DNA
demethylation and gene reexpression in LNCaP prostate cancer cells, suggesting that
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epigenetic modifications may be a possible mechanism for cancer prevention (58). In
particular, selenite treatment (at physiologically achievable levels) caused partial pro-
moter DNA demethylation and reexpression of the pi-class glutathione-S-transferase
(GSTP1) in a dose- and time-dependent manner. Selenite treatment decreased mRNA
levels of DNMTs 1 and 3A and protein levels of DNMT1. Additionally, selenite treat-
ment caused partial promoter demethylation and reexpression of the tumor suppressor
adenomatous polyposis coli and cellular stress response 1. Both of these genes have been
shown to be hypermethylated in human prostate cancer cells. Interestingly, selenite also
decreased histone deacetylase activity and increased levels of acetylated lysine 9 on his-
tone H3 (H3K9), but decreased levels of methylated H3K9. More specifically, selenite
treatment influenced epigenetic marks associated with the GSTP1 promoter, including
reduced levels of DNMT1 and methylated H3K9, but increased levels of acetylated
H3K9. These epigenetic marks are correlated with gene activation. The relationship
between particular histone modifications and DNAmethylation in gene reactivation may
be gene specific and requires additional study, preferably in an in vivo setting.

Although the interactions between bioactive food components and DNA methylation
are among the earliest studies of the relationship between diet and epigenetics in cancer
prevention, there continues to be a growing body of literature encompassing more and
more dietary factors that may impact DNAmethylation at various times of vulnerability,
including during cancer development and prevention. How these single observations
will be united to reflect the complexity of human dietary patterns as well as how the
many epigenetic mechanisms and marks will be integrated to provide an understanding
of specific and global gene regulation are the hopeful outcomes of future endeavors.

4. HISTONE MODIFICATION BY BIOACTIVE FOOD COMPONENTS
AND DIET COMPOSITION

Several dietary factors, including butyrate (formed in the colon from the fermenta-
tion of dietary fiber), diallyl disulfide (present in garlic and other Allium vegetables),
and sulforaphane (found in cruciferous vegetables) have been found to inhibit HDAC
enzymes (59, 60). These bioactive food components have also been shown to enhance
histone acetylation (60) and possibly alter additional histone posttranslational modifica-
tions that modify chromatin structure in specific regions as the model in Fig. 2 depicts.
Butyrate, diallyl disulfide, and sulforaphane have all been associated with cancer pre-
vention in various preclinical and clinical studies. It is certainly possible that the inhibi-
tion of HDAC activity and concomitant enhanced histone acetylation is directly linked
with the cancer protective effects of these dietary components. It is interesting to note
that butyrate, diallyl disulfide, and sulforaphane have all been shown to inhibit cell pro-
liferation and stimulate apoptosis in a manner analogous to other nondietary HDAC
inhibitors.

Butyrate has been reported to inhibit HDAC activity and increase histone acetylation
in a number of cell lines (60). These butyrate-induced alterations in histone enzymes
and marks have been associated with several processes, including cellular differenti-
ation, cell cycle arrest, apoptosis and inhibition of invasion and metastasis. Butyrate
has also been found to alter transcriptional regulation in a manner comparable to other
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Fig. 2. A model depicting dysregulation of epigenetic machinery in cancer cells and the putative
reversal actions of dietary factors. Butyrate, diallyl disulfide, and sulforaphane have been shown to
inhibit histone deacetylase activity and increase acetylation on histone proteins (59, 60). Ac, acetyla-
tion; H3K4me, histone 3 lysine 4 methylation; H3K27me, histone 3 lysine 27 methylation; H3k9me,
histone 3 lysine 9 methylation; Swi/SNF, SWItch/Sucrose NonFermentable complex; HATs, histone
acetyltransferases; DNMTs, DNA methyltransferases; MBDs, methyl-CpG binding domain proteins;
HDACs, histone deacetylases; HMTs, histone methyltransferases; HDMs, histone demethylases.

HDAC inhibitors, such as trichostatin A (61). As was observed for trichostatin A,
butyrate caused down-regulation of c-myc mRNA expression which likely accounts
for its effect on reducing cell proliferation (62). Furthermore, both trichostatin A and
butyrate increased histone H3 and H4 acetylation within the CDKN1A promoter (using
ChIP experiments), which regulates the p21 protein, in colorectal cancer cells in cul-
ture (63). Because only 2% of genes are thought to be regulated by butyrate, speci-
ficity of HDAC inhibition and consequent transcriptional regulation may be due to
sequences such as butyrate response elements in the promoter region of certain genes
(64). Epigenome-wide analysis of both genetic sequence and epigenetic marks could
assist in uncovering this specificity.

The active garlic constituent diallyl disulfide (DADS) has been shown to induce
cell cycle arrest in the G2/M phase in both HT-29 and Caco-2 human colon can-
cer cell lines. These antiproliferative effects were correlated with increased CDKN1A
mRNA and p21 protein levels, as well as increased H4 and/or H3 acetylation within
the CDKN1A promoter (65, 66). The findings suggest that histone hyperacetylation of
the promoter region may account for the cell cycle arrest induced by DADS. Histone
acetylation changes have been observed in rat liver and transplanted Morris hepatoma
7,777 cells with DADS treatment (200 mg/kg body weight), demonstrating that altered
acetylated histone status is achievable in vivo (67). Furthermore, using a nontumori-
genic animal model, investigators found that DADS (200 mg/kg) treatment increased
histone H4 and H3 acetylation in isolated colonocytes (68). More research that compares
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the effects of garlic constituents on normal and cancer cells is advocated in order to
decipher the biological effects. Physiologic concentrations (low micromolar range) of
S-allyl-mercaptocysteine, another organosulfur compound found in garlic, has also been
reported to induce growth arrest in various cell lines and increase the levels of acetylated
histones H3 and H4 (69). Much of the work on these epigenetic modulations utilized a
very large dose of garlic constituent (i.e., 200 μM), consequently there is a need to
perform dose–response experiments to delineate the physiological vs. pharmacological
effects that may provide indications for either prevention or therapy.

Sulforaphane (SFN) (3–15 μM) has been shown to inhibit HDAC activity and in
parallel increase acetylated histones in several cell systems, including human embry-
onic kidney 293 cells, HCT116 human colorectal cancer cells, and various prostate
epithelial cell lines (BPH-1, LnCaP, and PC-3) (60). This increased histone acetyla-
tion induced by sulforaphane was linked with increased apoptosis and a greater number
of cells in G2/M cell cycle arrest than control treated cells (60). Moreover, these obser-
vations were associated with increased acetylated histone H4 in the p21 promoter and
concomitant increased p21 protein expression (70). Furthermore, sulforaphane dose-
dependently increased the amount of acetylated histone H4 associated with the p21 pro-
moter (71). Using the Apcmin mouse model, sulforaphane (443 mg/kg diet) suppressed
tumor development and increased acetylated histones in gastrointestinal polyps, includ-
ing acetylated histones specifically associated with the promoter region of the p21 and
bax genes (72). Most remarkable is the finding that in healthy human subjects (N=3), a
single ingestion of 68 g (1 cup) of broccoli sprouts rich in SFN inhibited HDAC activity
in circulating peripheral blood mononuclear cells 3–6 h after consumption, with simulta-
neous induction of histone H3 and H4 acetylation (73). The biological consequences of
reduced HDAC activity and enhanced histone acetylation in normal compared to cancer
cells require further study. Although SFN has been shown to selectively induce apop-
tosis and growth inhibition in cancer cells but not in normal cells, additional research
is warranted to determine beneficial vs. harmful responses to BFCs during vulnerable
periods. Another isothiocyanate present in cruciferous vegetables, namely phenethyl
isothiocyanate (1 μM), was also found to inhibit the level and activity of HDACs in
prostate cancer cells, induce selective histone acetylation and methylation for chromatin
unfolding (74). These results demonstrate that isothiocyanates can inhibit HDAC activ-
ity in vitro and in vivo and suggest that this inhibition might contribute to the cancer
preventive effects of cruciferous vegetables.

A recent report revealed that genistein (at both 10 and 25 μmol/l) induced the expres-
sion of the tumor suppressor genes p21 and p16 (INK4a) with a concomitant decrease in
cyclins in prostate cancer cells (75). These investigators found that genistein increased
acetylation of histones H3, H4, and H3 lysine 4 (H3K4) at the p21 and p16 tran-
scription start sites with concomitant increased expression of histone acetyltransferases.
Interestingly, DNA methylation analysis revealed the absence of p21 promoter methy-
lation prior to genistein exposure. Furthermore, these same investigators found that
genistein (50 μM) activated expression of several aberrantly silenced tumor suppres-
sor genes that have unmethylated promoters such as PTEN, CYLD, p53, and FOXO3a
in prostate cancer cells (76). Instead of turning on tumor suppressor genes through pro-
moter demethylation, these investigators found that genistein influenced remodeling of



114 Part I / Understanding the Role of Nutrition in Health

the heterochromatic domains at promoters by reducing/modulating histone H3 lysine
9 (H3K9) methylation and deacetylation. These findings suggest that genistein may be
protective against cancers with various epigenetic profiles. Furthermore, the relationship
between genistein, histone, and DNA methylation modifications in gene reactivation,
which may be gene specific, is not entirely clear and requires further study.

The story is further complicated for soy consumption because of the activity of other
constituents found in soy that may modify chromatin in a somewhat opposing fashion.
In fact, lunasin, a unique 43-amino acid soybean peptide that has cancer prevention
capability, has been found to inhibit acetylation of core histones in mammalian cells
and selectively kills cells that are in the process of transformation (e.g., E1A-transfected
mouse fibroblast NIH 3T3 cells), but does not affect the growth rate of normal and
established cancer cell lines at 10 μM concentrations (77). An epigenetic mechanism of
action has been proposed whereby lunasin selectively kills cells being transformed or
newly transformed cells by binding to deacetylated core histones exposed by the trans-
formation event, thereby disrupting the dynamics of histone acetylation and deacety-
lation. These results point to the importance of understanding the timing of cellular
vulnerability to epigenetic modulation. Recently, investigators observed the histone H3
and H4 acetylation inhibitory properties of lunasin from different Korean soybean vari-
eties used for various food purposes (78). They found that various amounts of lunasin
are found in the soybean varieties (4.40–70.49 ng of lunasin per μg of protein) and that
the amount was correlated with the extent of inhibition of core histone acetylation. Fur-
thermore, the blood from rats fed lunasin-enriched soy protein, but not the blood from
control fed rats, was found to inhibit histone acetylation activity. Delineating the epi-
genetic activity of various soy constituents and products in different cellular contexts is
potential area for future research.

Recently, the maternal diet has been shown to alter histone acetylation and gene
expression profiles in the developing primate offspring (79). In this study, chronic con-
sumption of a maternal high-fat diet (35% fat vs. 13% fat for control animals) resulted
in a threefold increase in fetal liver triglycerides and histologic correlates of fatty liver
disease, which was accompanied by hyperacetylation of fetal hepatic tissue at histone 3
lysine 14 (H3K14) and decreased HDAC1 mRNA, protein, and activity. Gene expres-
sion changes were also observed, including increased glutamic pyruvate transaminase
(alanine aminotransferase) 2 (GPT2), DNAJA2 (a heat shock protein 70 co-chaperone),
and Rdh12 (an all trans and 9-cis retinol dehydrogenase responsive to oxidative stress)
in fetal hepatic tissue from maternal caloric-dense diet animals when compared with
control. Furthermore, the gene Npas2, a peripheral circadian regulator, was significantly
down-modulated in the offspring of high-fat diet animals. Definitive conclusions regard-
ing the role of H3K14 acetylation with respect to the observed altered gene expression
requires additional study. These results, however, suggest that a caloric-dense mater-
nal diet leading to obesity epigenetically alters fetal chromatin structure in primates via
covalent modifications of histones and hence offers a molecular basis to the fetal origins
of adult-onset disease hypothesis.

The majority of the evidence for dietary-induced histone posttranslational modifi-
cations concerns the effects of dietary HDAC inhibitors and the effects of diet on his-
tone acetylation, much of which is described above. Additional histone posttranslational
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modifications and their enzymatic partners have been shown to be influenced by dietary
factors that have also been implicated in cancer prevention pathways. These include
interactions between a methyl-deficient diet and histone methylation in early hepatocel-
lular carcinogenesis (80) and the nutrient biotin and histone biotinylation in repression
of transposable elements in cancer cells (81). These reports provide evidence for the
impact of dietary factors on histone modification and in determining chromatin struc-
tures, including whether the chromatin is in the open (active) or closed (inactive) state.
Research on the identification and characterization of dietary triggers of histone modi-
fications and associated affects such as gene silencing or activation is emergent. Some
of these efforts will likely examine specificity of bioactive food factors for particular
histone modifying enzymes and perhaps will utilize epigenome approaches to map the
numerous histone posttranslational marks in normal and cancer cells following dietary
exposure(s).

5. DIETARY MODULATION OF POLYCOMB REPRESSIVE COMPLEXES

Histone modifications triggered by polycomb repressive complex signaling are
thought to be important during embryonic stem (ES) cell differentiation. For example,
PcG complex 2 binding mediates trimethylation of lysine 27 (K27me3) on histone H3,
but this histone mark is lost on developmental genes that are transcriptionally induced
during ES cell differentiation. The active vitamin A constituent retinoic acid (RA) is
involved in differentiation of ES cells as well as differentiation of various cancer cells
in culture. Interestingly, a decrease in the H3K27me3 mark was recently observed in as
little as 3 days after differentiation of mouse ES cells induced by RA (1 μM) treatment
(82). The enzyme histone K27 methyltransferase EZH2, which mediates the K27me3
mark, also decreased with RA treatment. A loss of EZH2 binding and H3K27me3 was
observed locally on PcG complex 2 target genes induced after 3 days of RA, including
the gene nestin. In contrast, direct RA-responsive genes that are rapidly induced, such
as Hoxa1, showed a loss of EZH2 binding and K27me3 within only a few hours of RA
treatment. These observations suggest that there are likely temporal stages of derepres-
sion of polycomb complex target genes during early differentiation and also emphasize
the complexity of the histone code in regulating gene transcription as increased his-
tone acetylation was found to override this H3K27me3 repressive mark to induce gene
transcription in some genes.

After the PcG complex 2 binds and increases H3K27me3 in a specific gene region,
the second polycomb repressive complex 1 (PcG complex 1), which contains the protein
Bmi-1, binds to the K27me3 in histone H3 and catalyzes the ubiquitinylation of histone
H2A. This cooperation between the two PcG complexes is what leads to silencing of
gene expression. PcG complex 1, including Bmi-1, appears to remain attached to the
chromatin after these events are completed. Bmi-1 is overexpressed in some human
cancers, including colorectal cancer (83) and human non-small cell lung cancer (84), as
well as markedly elevated in epidermal squamous cell carcinoma cells (85).

The polyphenol EGCG reduces skin cancer cell survival. Thus, the impact of EGCG
on the PcG complex 1 chromatin factor in cultured squamous cell carcinoma cells was
recently examined to determine the involvement of Bmi-1 in the activity of EGCG (86).
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EGCG (40 μM) was found to suppress Bmi-1 levels and reduce Bmi-1 phosphorylation,
resulting in displacement of the Bmi-1 polycomb protein complex from chromatin and
reducing survival of transformed cells. These observations provide additional evidence
for the role of dietary components in reducing cancer cell survival by altering epigenetic
control of gene expression. The importance of the polycomb repressive complexes in
the development of cancer is currently an active research enterprise. An important area
for future research will be to clarify the role of dietary regulation of PcGs (primarily
focusing on cancer stem cells and perhaps adult stem cells) during cancer prevention as
well as cancer progression and during other periods of vulnerability.

6. SMALL, NONCODING RNA, EPIGENETICS, AND DIETARY
FACTORS

The methyl-deficient model of endogenous hepatocarcinogenesis (HCC) in rodents
is unique in that dietary insufficiency rather than the addition of chemical carcino-
gens or viral agents can lead to tumor formation (87). Specifically, deficiency of the
major dietary sources of methyl groups and cofactors – methionine, choline, folic acid,
and vitamin B12 – is sufficient to induce liver tumor formation in male rats and cer-
tain mouse strains (88–91). The methyl deficiency induced in these animals has been
associated with several defects, including increased genome-wide and gene-specific
hypomethylation (91–94). Recent studies examining the early stages of hepatocarcino-
genesis induced by methyl deficiency in rats found significant alterations in other aspects
of the epigenetic machinery, including aberrant expression of DNA methyltransferases
and methyl CpG binding proteins (95), defects in histone methyltransferase protein
expression and histone posttranslational modifications (80), and changes in the expres-
sion of microRNAs (miRNA) (96, 97). The aberrant epigenetic alterations imposed by
this diet have been hypothesized to be the primary mechanism responsible for malignant
transformation of rat liver cells (80, 91, 92, 94, 98), but which of the epigenetic defects
is initially responsible for transformation has not been determined. In this regard, devel-
opment of methyl-deficient induced HCC was shown to be characterized by prominent
early changes in the expression of miRNA genes that are involved in the regulation of
apoptosis, cell proliferation, cell-to-cell connection, and epithelial–mesenchymal tran-
sition (97). Specifically, inhibition of expression of miR-34a, miR-127, miR-200b, and
miR-16a with corresponding changes in the levels of E2F3, NOTCH1, BCL6, ZFHX1B,
and BCL2, proteins that are targeted by these miRNAs, was observed. The significance
of the disruption of miRNAs expression in HCC was confirmed by the persistence of
these miRNA alterations in the livers of methyl-deficient rats refed a methyl-adequate
diet. These investigators hypothesized that the early occurrence of alterations in miRNA
expression and their persistence during the entire process of hepatocarcinogenesis indi-
cated that the dysregulation of microRNA expression is likely to be an important con-
tributing factor in the development of HCC. Whether the inhibition of expression of
these specific miRNAs in this HCC model are the earliest trigger(s) toward fixing the
neoplastic state requires further study. It is interesting to note that the sequence of patho-
logical and molecular events in the methyl-deficient model of liver carcinogenesis is
remarkably similar to the development of human hepatocellular carcinoma associated
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with viral hepatitis B and C infections, alcohol exposure, and metabolic liver diseases
(99), thus advocating this model for further study.

Curcumin, derived from the rhizome of Curcuma longa, is a naturally occurring fla-
vanoid with apoptotic activity and has recently been shown to alter the expression pro-
files of miRNA in human BxPC-3 pancreatic cancer cells (100). In this study, 11 miR-
NAs were significantly upregulated and 18 miRNAs were significantly downregulated
after 72 h of treatment with 10 μmol/L curcumin in these cells. For example, curcumin
upregulated miRNA-22 and downregulated miRNA-199a∗, and these findings were con-
firmed by real-time PCR analysis. Furthermore, the expression of two computationally
predicted targets for miRNA-22 (because miRNA-22 function is unknown), SP1 tran-
scription factor (SP1) and estrogen receptor 1 (ESR1), was investigated in the pancreatic
cancer cells. Upregulation of miRNA-22 expression by either treatment with 10 μmol/L
curcumin or transfections with synthetic miRNA-22 mimics reduced the expression of
its target genes SP1 and ESR1, while experiments using miRNA-22 antisense enhanced
SP1 and ESR1 expression. These findings suggest that alterations of miRNA expression
by curcumin may be an important mediator of its anticancer effects in pancreatic cancer
cells.

The above evidence suggests that nutrient deficiency as well as bioactive food com-
ponent supplementation may modulate the expression of microRNA and that this modu-
lation has consequences in cancer pathways of progression and/or prevention. Whether
the affected miRNA is acting in an epigenetic fashion through miRNA-directed tran-
scriptional gene silencing (36) as well as by modulating posttranscriptional silencing
(i.e., the targeted degradation of mRNAs) has not been delineated. In fact, the role
that microRNAs themselves can have as chromatin modifiers is only beginning to be
understood (101). Recent evidence suggests that this regulation can involve a direct
or indirect repression of DNA and histone modifying enzymes, as well as chromatin-
remodeling factors. It is also interesting to note that microRNA genes are also epigenet-
ically modified in cancer cells (101). Evidence suggests that miRNA genes are subject
to hypermethylation and hypomethylation in a tumor- and tissue-specific manner. Fur-
ther characterization of the downstream mRNA targets for these miRNAs will shed light
on the functional consequences of their altered epigenetic regulation and how this con-
tributes to human tumorigenesis. Whether dietary factors also influence DNA methyla-
tion near or within miRNA genes is another research topic for consideration. In addition
to miRNA, other noncoding RNA will likely to be impacted by dietary modulation as
well as have activity in epigenetic pathways and in cancer. Investigators have only begun
to understand how small noncoding RNAs act in gene regulation and disease.

7. CONCLUSIONS

Recent evidence suggests that dietary components – as diverse as selenium, retinoids,
and sulforaphane – exert cancer protective effects through modulation of epigenetic
mechanisms, such as DNA methylation of CpG islands in promoters and other regions
of the genome, chromatin silencing complexes, posttranslational modifications of his-
tone tail domains, and regulation of noncoding RNAs. Diet and bioactive food compo-
nents may alter several cellular processes that participate in cancer risk and prevention,



118 Part I / Understanding the Role of Nutrition in Health

including DNA repair, hormonal regulation, differentiation, inflammation, apoptosis,
cell cycle control/proliferation, carcinogen metabolism, and angiogenesis, among oth-
ers. Accumulating data suggest that dietary factors may alter these cancer processes
through modifications of epigenetic mechanisms.

In the near future, epigenomic approaches are likely to assist in characterizing
genome-wide epigenetic marks that are targets for dietary regulation. The ability to
characterize reference epigenomes (be it profiles of DNAmethylation or histone modifi-
cations) will greatly impact the ability to determine, on a global level, how diet impacts
differential epigenetic effects on normal vs. cancer tissue, elucidate epigenetic changes
resulting from dietary exposures during critical periods of prenatal and postnatal devel-
opment, adolescence, and senescence, as well as investigate the potential impact of diet
on transgenerational transmission of epigenetic changes. Research also indicates that
links between genetics and epigenetics may provide additional insights about transcrip-
tional regulation in cancer risk and prevention. How dietary factors participate in these
interactions will likely need to be unraveled. Moreover, the identification and charac-
terization of novel epigenetic marks and mechanisms with the capacity to differentially
silence and activate gene expression are likely to surface over the next few years. Under-
standing how diet and dietary factors influence these evolving mechanisms will provide
additional research opportunities.

Although the cancer epigenetic field has advanced in the last decade, much remains to
be revealed especially with respect to potential modification by bioactive dietary com-
ponents. Issues remain about the quantity of dietary components needed to bring about a
biological effect, the timing of exposure and other variables (chemical form, duration of
exposure) that can influence the response. Importantly, for the future of nutrigenomics
and personalized nutrition, epigenetic marks may be useful as biomarkers of cancer pre-
vention, early disease, or nutritional status, as well as function as potential molecular
targets that are modulated by dietary interventions.
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6 Nutrient Signaling – Protein Kinase
to Transcriptional Activation

Ann M. Bode and Zigang Dong

Key Points

1. The widespread opinion today is that cancer may be prevented or treated by targeting specific cancer
genes, signaling proteins, and transcription factors. Transcriptions factors are comprised of one or
more proteins that bind to a specific DNA gene sequence and act to initiate transcription.

2. The molecular mechanisms explaining how normal cells undergo transformation to cancer cells
induced by tumor promoters have been the subject of intense investigation. These studies have
revealed that the mitogen-activated protein (MAP) kinase signaling pathways are activated differ-
entially by various tumor promoters.

3. The activation of transcription factors including AP-1, NF-κB, p53, NFAT, and CREB protein
results in transcription of genes whose proteins regulate a multitude of cellular responses including
apoptosis, proliferation, inflammation, differentiation, and development.

4. Nutrients and dietary factors have attracted a great deal of interest because of their perceived ability
to act as highly effective chemopreventive agents by targeting protein kinases and/or transcription
factors, with very few adverse side effects.

5. The AP-1 transcription factor is a potential target mediated by upstream kinase cascades for reg-
ulation and chemoprevention by specific nutrients, including epigallocatechin gallate (EGCG),
theaflavins, caffeine, [6]-gingerol, resveratrol, and various flavonols such as kaempferol, quercetin,
and myricetin.

Key Words: Activator protein-1; transcriptome; signal transduction; transcriptomics; MAP
kinase; tumor promotion; [6]-gingerol; EGCG; theaflavin; flavonol; resveratrol

1. INTRODUCTION

Experimental evidence clearly shows that the process of carcinogenesis involves
changes in expression of many genes and proteins that are crucial in the regulation
of all cellular functions. The transcriptome is the set of all messenger RNA (mRNA)
molecules, or “transcripts,” produced in a population of cells. Environmental factors,
including nutrition, can have a strong influence on the transcriptome because unlike
the genome, which is generally established for a particular cell type, the transcriptome
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varies under the influence of external and internal factors. The expanding science of
transcriptomics examines the expression level of mRNAs in a specific cell population
and is key in identifying the molecular and cellular mechanisms involved in cancer
development. In the cell, the transcriptome is regulated by the activity of transcrip-
tion factors. A transcription factor is comprised of one or more proteins that bind to
a specific gene DNA sequence and act either to initiate or repress transcription lead-
ing to increased or decreased mRNA production. DNA binding is commonly induced
by protein kinases and transcription factors that act downstream of these signaling cas-
cades are heavily involved in cellular functions that include survival, development, pro-
liferation, apoptosis, cell cycle regulation, inflammation, and differentiation (Fig. 1).
Signal transduction is the process by which information from a stimulus outside the
cell is transmitted through the cell membrane (e.g., through a protein receptor) into
the cell and along an intracellular chain of signaling proteins (e.g., protein kinases)
to cause a response (Fig. 1). Dysfunctional transduction of external and/or internal
signals can lead to diseases such as cancer. Protein kinase signaling, resulting in the
induction of transcriptional activation of specific transcription factors, plays a critical
role in carcinogenesis. A protein kinase catalyzes a reaction called phosphorylation,
in which one or more phosphate groups are added to a target protein (i.e., substrate).
Phosphorylation causes a change in the function of a target protein substrate that can
include enhanced or reduced activity, alterations in cellular localization, or changes in

Fig. 1. General scheme of signal transduction from membrane receptor to transcription factor(s) via
protein kinase cascades. Membrane receptors respond to external (or internal) stimuli. The response
(signal) is transmitted from the membrane and amplified through protein kinase cascades to the
nucleus where it results in the binding of transcription factors to DNA response elements modulating
transcription of the target gene.
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association with other proteins. Kinases phosphorylate both serine and threonine
residues and some act on tyrosine, whereas a few have dual specificity and act on all
three residues. Approximately 500 protein kinases are known to control most cellu-
lar pathways including critical signal transduction pathways that regulate proliferation
and cell death and, therefore, their activity is normally very tightly regulated. Aberrant
regulation of kinase activity and associated transcriptional activation is closely asso-
ciated with carcinogenesis and thus these molecules might be ideal targets for cancer
prevention and/or therapy (1). One of the most important outcomes in cancer research
has been the clarification of signal transduction pathways induced by tumor promot-
ers, including phorbol esters, growth factors, and ultraviolet (UV) irradiation in cancer
development. It is widely accepted that cancer may be prevented or treated by targeting
specific cancer genes, signaling proteins, and transcription factors. Cancer is believed
to be a multistage process that includes an initiation stage, which can be relatively
short and irreversible, and a promotion stage, which is a long-term process that requires
chronic exposure to a tumor promoter. Promotion is often considered as rate limiting
to the overall process of cancer development. Therefore, understanding the molecu-
lar mechanisms of promotion is crucial for the development of effective anticancer
agents.

Dietary factors have attracted a great deal of interest because of their potential abil-
ity to act as effective chemopreventive agents by preventing or reversing premalig-
nant lesions and/or reducing tumor incidence (2). A wealth of experimental evidence
suggests that many nutrients might be used alone or in combination with traditional
chemotherapeutic agents to prevent or treat cancer. Therefore, identifying the specific
signal transduction pathways, gene, protein, and transcription factor targets, and mecha-
nisms explaining the purported anticancer activity of specific dietary factors might pro-
vide effective alternatives or additions to traditional methods of cancer prevention (i.e.,
chemoprevention) or cancer treatment (i.e., chemotherapy).

The molecular mechanisms explaining how normal cells undergo transformation
to cancer cells induced by tumor promoters have been the subject of intense inves-
tigation. These studies have revealed the mitogen-activated protein (MAP) kinase
signaling pathways (Fig. 2) are activated differentially by various tumor promoters
(reviewed in (3–11)). Various environmental stimuli also activate MAP kinase cas-
cades, which regulate many cellular responses that result in the transcriptional acti-
vation of immediate-early-response genes (IEG) (12). The rapid induction of IEG by
external stimuli is associated with the delivery of intracellular signals to transcrip-
tion factors and cofactors at regulatory elements as well as nucleosomes present both
at the promoter and within the transcribed region of genes (13). In particular, the
Ras/extracellular signal-regulated kinase (Ras/ERK) pathway (Fig. 2) plays a criti-
cal role in regulating cell proliferation, survival, growth and motility (14, 15), and
tumorigenesis (16).

MAP kinases are activated by translocation to the nucleus, where they phospho-
rylate a variety of target transcription factors that are important in tumor devel-
opment. The MAP kinases include the extracellular-signal-regulated protein kinases
(ERK), c-Jun N-terminal kinases/stress-activated protein kinases (JNK/SAPK), and the
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Fig. 2. The mitogen-activated protein kinase cascades. Tumor promoters such as UV, TPA, EGF,
or arsenic stimulate membrane receptors that activate various MAP kinase cascades. Although not
mutually exclusive, ERK generally transduces signals initiated by tumor promoters such as TPA, EGF,
and PDGF. The JNKs/SAPKs and p38 kinases are strongly stimulated by UV and arsenic. MAP kinase
cascades regulate transcription factors with a proven role in carcinogenesis including AP-1, NF-κB,
p53, NFAT, and CREB. Cellular responses may be survival, development, proliferation, apoptosis,
regulation of cell cycle, inflammation, and differentiation.

p38 kinases. ERK generally transmit signals initiated by tumor promoters such as
12-O-tetradecanoylphorbol-13-acetate (TPA), epidermal growth factor (EGF), and
platelet-derived growth factor (PDGF) (17). The JNK/SAPK and p38 kinases are
strongly stimulated by stresses such as UV irradiation (18) and arsenic (19–21). MAP
kinase cascades (Fig. 2) regulate transcription factors with a proven role in carcinogen-
esis including AP-1 and NF-κB (5, 22), p53 (4), NFAT (23, 24), and CREB (25). The
activation of these signaling cascades can result in transcriptional activation of genes
whose protein products regulate a multitude of cellular responses including apoptosis,
proliferation, inflammation, differentiation, and development. This chapter will focus
on AP-1 as a target transcription factor of upstream kinase cascades and regulation by
specific nutrients including EGCG, theaflavins, caffeine, [6]-gingerol, the isoflavandiol
equol, resveratrol (and analogues), and various flavonols such as kaempferol, quercetin,
and myricetin.
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2. NUTRIENTS AND AP-1 ACTIVATION

AP-1 is a very well-characterized transcription factor composed of homodimers
and/or heterodimers of the Jun, Fos, ATF (activating transcription factor), and MAF
(musculoaponeurotic fibrosarcoma) protein families (26, 27). The Jun protein family
comprises c-Jun, JunB, and JunD whereas the Fos family consists of c-Fos, FosB, Fra-
1, and Fra-2. The activation and subsequent binding of AP-1 protein dimers to spe-
cific gene sequences results in stimulation of cell proliferation and survival functions
(Fig. 3). AP-1 plays a major role in cell transformation and is crucial in tumor promo-
tion, progression, and metastasis (28–33). Notably, neoplastic transformation and TPA-
induced cancer progression are blocked by inhibiting tumor promoter-induced AP-1
activity (29, 34–37). Constitutive elevation of AP-1 levels has been observed in malig-
nant but not in benign mouse epidermal cells (38). -(-) Epigallocatechin gallate (EGCG)
(reviewed in (22, 39–46)), theaflavins (7), caffeine (47), [6]-gingerol (48, 49), equol
(50), resveratrol or analogues (51–57), kaempferol, quercetin (58), and myricetin (59)
were shown to markedly inhibit cell transformation and carcinogenesis mediated by
AP-1 (60).

Fig. 3. Activation of signaling cascades and AP-1 in tumor promotion. Tumor promoters, including
TPA, EGF, arsenic, and UV irradiation, induce signaling cascades leading to AP-1 activation, which
may result in tumor formation, proliferation, and survival. Three MAP kinase pathways (ERK, p38,
JNK) and their target molecules lead to AP-1 activation.
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2.1. AP-1 Transcriptional Activation Is Suppressed by EGCG
EGCG, a polyphenolic compound, accounts for ∼50–80% of the total catechins

found in green tea (7, 45, 46, 61–63). Research data suggest that EGCG suppresses
carcinogenesis in a variety of tissues through inhibition of MAP kinases, growth factor-
related cell signaling, activation of NF-κB, topoisomerase I, and matrix metallopro-
teinases (reviewed in (7, 39, 43, 44, 46, 61)). However, EGCG appears to exert many of
its anticancer effects through suppression of AP-1-mediated activation of transcription.
EGCG was reported to inhibit tumor promoter-induced MAP kinase and AP-1 activa-
tion and cell transformation in JB6 (64, 65), A172, and NIH3T3 (66) cell lines. UVB
exposure of mouse skin epidermis or cultured skin cells caused a major increase in AP-1
activation that was substantially suppressed by treatment with EGCG or theaflavins (67,
68). Suppression of UVB-induced AP-1 activation may very likely be related to EGCG-
dependent inhibition of UVB-induced transcriptional activation of the c-fos gene and
accumulation of the c-Fos protein (69), an important component of the AP-1 protein
complex.

Activation of Fyn, a nonreceptor tyrosine kinase and member of the Src family, plays
a critical role in the development of skin cancer (70, 71). Interactions of Fyn with vari-
ous signaling molecules regulate diverse biological functions important in the progres-
sion of carcinogenesis (72, 73). Activated Fyn promotes oral cancer progression via
ERK and integrin β6 signaling (74). The Fyn tyrosine kinase is a downstream mediator
of Rho/PKR2 function in keratinocyte cell–cell adhesion (75). Recently, He et al. (76)
reported that EGCG suppressed EGF-induced cell transformation in JB6 cells medi-
ated through Fyn kinase activation and phosphorylation. EGCG directly bound to the
Fyn-SH2 domain, but not the Fyn-SH3 domain. Compared with control JB6 Cl41 cells,
EGF-induced phosphorylation and DNA-binding activity of ATF-2 (Thr71) and signal
transducer and activator of transcription-1 (STAT1) (Thr727) were decreased by siRNA
against Fyn and inhibited by EGCG in JB6 cells. Therefore, inhibition of Fyn kinase
activity is a novel and important mechanism that may contribute to EGCG-induced inhi-
bition of cell transformation (76).

EGCGwas reported to directly target and inhibit a number of proteins associated with
the MAP kinase/AP-1 signaling pathway. The zeta chain-associated protein of 70 kDa
(ZAP-70) tyrosine kinase plays a critical role in T-cell receptor-mediated signal trans-
duction and the immune response. A high level of ZAP-70 expression is observed in
leukemia. ZAP-70 and EGCG displayed high binding affinity (Kd = 0.6207 μmol/l)
and EGCG effectively suppressed ZAP-70, MAP kinase kinase activities, and the activa-
tion of AP-1 and interleukin-2 induced by CD3 (77). Notably, EGCG induced caspase-
mediated apoptosis in ZAP-70 expressing leukemia cells, but not in ZAP-70 deficient
cells. Molecular docking studies, supported by site-directed mutagenesis experiments,
showed that EGCG could form a series of intermolecular hydrogen bonds and hydropho-
bic interactions within the ATP-binding domain contribute to the stability of the ZAP-
70/EGCG heterocomplex (77).

The Ras pathway is critical in the activation of AP-1. Mutations of the Ras gene
occur frequently in many cancers and are associated with uncontrolled growth. Chung
et al. (78) reported that the H-Ras-activated AP-1 pathway is a growth stimulant in
transformed mutant H-ras JB6 cells. Treatment of JB6 cells with green or black tea
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polyphenols strongly suppressed cell growth and phosphorylation of ERK, c-Jun, Fra-1,
and also decreased AP-1 activity (78). In intestinal epithelial cells (RIE-1), EGCG was
reported to inhibit Ras-induced cell proliferation, perhaps through suppression of cyclin
D1 expression, leading to G1 arrest (79). Notably, the inhibitory effects of EGCG were
more pronounced in transformed cells than in non-transformed cells (79). Similarly,
EGCG was shown to have no effect on normal human fetal colon cells. Nevertheless,
it inhibited growth of a variety of colon cancer cell lines including Caco2, HCT116,
HT29, SW480, and SW837 (80). One marked difference between normal and cancer cell
lines used in these studies was the overexpression and constitutive activation of the EGF
receptor (EGFR) and HER2 proteins in the colon cancer cell lines (80). Decreased phos-
phorylation of EGFR, HER2, ERKs, and Akt proteins and an induction of G1 arrest and
apoptosis were also observed following treatment with EGCG. These effects appeared to
be mediated through a suppression of AP-1, c-Fos, NF-κB, and cyclin D1 activities (80).
These findings strongly support the idea that EGCG prevents malignant transformation
by suppressing MAP kinase-dependent activation of AP-1.

2.2. Black Tea Theaflavins Inhibit AP-1 Transactivation
Theaflavins are formed from catechins during enzymatic oxidation and confer black

tea its characteristic color and taste. Polyphenols included in this group are theaflavin
(TF), theaflavin-3-gallate (TF-2a), theaflavin-3′-gallate (TF-2b), and theaflavin-3,3′-
digallate (TF-3) (81). Research data suggest that theaflavins might act through dif-
ferent mechanisms and have a more potent anticancer activity compared to EGCG.
Both EGCG and TF-3 were reported to inhibit phosphorylation of c-Jun and ERKs,
but only TF-3 inhibited p38 (78). Further studies (82) confirmed that either EGCG or
TF-3 decreased phosphorylation of ERK and MEK, but TF-3 acted at earlier time points
(15 min) whereas the effects of EGCG were not apparent until 60 min post-treatment.
Furthermore, TF-3 decreased Raf-1 protein levels, whereas EGCG decreased the asso-
ciation of Raf-1 with MEK1 (82). Theaflavins were stronger inhibitors of UVB-induced
AP-1 activation compared to EGCG (68). Theaflavins were shown to inhibit UVB-
induced phosphorylation of JNK at very low concentrations (0.5 μM) (83). Recently,
theaflavins (20 μM) and TF-3 were reported to induce EGFR down-regulation in JB6
Cl41 mouse epidermal and A431 human EGFR-overexpressing epidermoid carcinoma
cells (84). Furthermore, TF-3 suppressed EGFR-induced phosphorylation and down-
stream signaling to ERK and AP-1 resulting in inhibition of EGF-induced cell transfor-
mation (84). Therefore, theaflavins appeared to act on AP-1 mainly through EGFR/MAP
kinase signaling.

2.3. Xanthine 70, a Caffeine Analogue, but Not Caffeine, Inhibits AP-1
Activation

Caffeine (1,3,7-trimethylxanthine) is a natural compound present in cocoa, cola nuts,
coffee, and tea (47). Various analogues of caffeine, referred to as 1,3,7-trialkylxanthines
or xanthines, have been examined for their anticancer activity. Mechanistically, caffeine
has been reported to primarily affect cell cycle function, induce programmed cell death
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or apoptosis, and perturb key regulatory proteins including the tumor suppressor protein,
p53 (85, 86). Although the effects of caffeine have been vastly investigated, much of the
research data regarding caffeine’s effects on cell cycle and proliferation are somewhat
inconclusive. A potential explanation is that the effects of caffeine have been investi-
gated in a wide range of experimental conditions, using different cell types, and a wide
range of concentrations (μM to high mM). In humans, achieving a 2 mM blood level of
caffeine would require the simultaneous consumption of over 100 cups of coffee (87),
suggesting mM concentrations used in certain studies are largely supraphysiological.

Previous studies revealed that caffeine inhibited chemically induced tumors of the
skin (88), lung (89), stomach (90), and liver (91). The oral administration of caffeine
was also reported to substantially inhibit UVB-induced skin carcinogenesis in SKH-1
mice (92). Caffeine suppressed the proliferation of various cancer and transformed cell
lines including human neuroblastoma cells, human pancreatic adenocarcinoma cells,
and human A549 lung adenocarcinoma cells (85, 93, 94). Proliferation (95) and tumor
promoter-induced neoplastic transformation (96) of JB6 cells were also inhibited by
caffeine treatment. The compounds 1,3-dimethylxanthine (theophylline) and 1-methyl-
3-propyl-7-butylxanthine (xanthine 77) were proposed to be potential anticancer drugs
especially in combination with other chemotherapeutic drugs (97–100). Xanthine ana-
logues containing methyl groups were also reported to enhance the killing of p53-
deficient cells (101). A recent study investigated the potential chemopreventive activ-
ities of 50 different 1,3,7-trialkylxanthines, which resemble caffeine in their structures,
but differ in the length of the alkyl side chains (102). Interestingly, xanthine 70, but not
caffeine, potently inhibited EGF-induced AP-1 activation and TPA- or H-Ras-induced
neoplastic transformation. Overall, results indicated that the number of carbons at R1
or R3 was important for the antitumor-promoting activity of trialkylxanthines and that
xanthine 70 might be a potential anticancer agent (102). However, the specific target for
xanthine remains to be identified.

2.4. [6]-Gingerol Modulates AP-1 Activation
One of the most popular and highly consumed dietary substances in the world

is derived from plants of the ginger (Zingiber officinale Roscoe, Zingiberaceae)
family (103). The oleoresin or oil from ginger root contains [6]-gingerol (1-[4′-
hydroxy-3′-methoxyphenyl]-5-hydroxy-3-decanone), which is the major pharmacolog-
ically active component, and a variety of other gingerols, gingerdiols, paradols, and
zingerones. The medicinal, chemical, and pharmacological properties of ginger have
been extensively reviewed (49, 104–106). Numerous research studies have reported
that specific components of ginger suppress cancer cell growth (107–110). Various
reports proposed indirect mechanisms by which ginger compounds exert their anti-
tumorigenic effects, which have been extensively reviewed (48, 49, 59, 111). Ginger
appears to exert chemopreventive activity through a combination of antioxidant and
pro-apoptotic activities. Although cyclooxygenase-2 (COX-2) and NF-κB are clearly
affected by various components of ginger, specific molecular targets have not been
clearly identified. The effect of two structurally related compounds of the ginger family,
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[6]-gingerol and [6]-paradol, on EGF-induced cell transformation and AP-1 activation
were investigated (107). Results of these studies indicated that both compounds blocked
EGF-induced cell transformation and although [6]-gingerol, but not paradol, inhibited
AP-1 activation, both could induce apoptosis (107). Independent studies showed that
[6]-paradol and structurally related derivatives, [10]-paradol, [3]-dehydroparadol, [6]-
dehydroparadol, and [10]-dehydroparadol inhibited proliferation and induced apoptosis
in KB oral squamous carcinoma cells (112). These cumulative results suggest that com-
ponents of ginger may be effective anticancer agents, but additional studies are needed
to determine the specific mechanism of action and their molecular targets.

2.5. Resveratrol and AP-1
Resveratrol is a member of the phytoalexin family of compounds that are produced

in plants during times of environmental stress or in response to pathogenic attack (113).
Studies that have investigated the anticarcinogenic effects of resveratrol (for review
see 52–57) did not identify AP-1 as the primary molecular target. However, an ana-
logue of resveratrol, RSVL2, was shown to inhibit AP-1 transactivation, c-fos activa-
tion, and cell transformation through suppression of MEK. RSVL2, but not resveratrol,
inhibited TPA-induced phosphorylation of ERK and p90RSK (114). The constitutive
activation of MEK1 results in cellular transformation. Both MEK1 and MEK2 have a
unique inhibitor-binding pocket adjacent to the MgATP-binding site. MEK1-selective
small molecule inhibitors (i.e., PD318088, PD184352, PD098059, U0126) may share
a common or overlapping binding site for MEK1 and lock MEK1 into a closed inac-
tive species (115–117). Notably, RSVL2 was also shown to directly bind to MEK1,
suggesting the mechanism of MEK inactivation by RSVL2 may be similar to that of
MEK1 inhibitors. In addition, although both resveratrol and RSVL2 were reported to
bind to and inhibit COX-2 activation, RSVL2 was a stronger inhibitor (118). Impor-
tantly, blocking ERK activity using a dominant negative ERK2 or the MEK1 inhibitor,
PD098059, blocked TPA- or EGF-induced AP-1 and cell transformation (119). MEK1
and MEK2 share 79% amino acid identity and are equally effective at phosphorylating
ERK substrates (120). Evidence suggests that MEK plays a key role in the transforma-
tion of cells and development of tumors because small molecular inhibitors of MEK
suppressed transformation and tumor growth in both cell culture and mouse models (17,
121). These data indicate that more potent anticancer agents can be derived from the
parent compound resveratrol leading to the development of more effective anticancer
strategies based on the combined use of resveratrol and its synthetic analogues.

2.6. The Flavonol Compounds, Kaempferol, Quercetin, and Myricetin,
Effectively Suppress AP-1 Activation

Flavonols such as myricetin, quercetin, and kaempferol are found in edible plants.
The highest total flavonol content is found in onion leaves (quercetin at 1,497.5 mg/kg
and kaempferol at 832.0 mg/kg) (122). Kaempferol has been shown to inhibit RSK2
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activity (123, 124), which leads to cell proliferation and anchorage-independent cell
transformation. RSK2 is a key regulator for tumor promoter-induced cell transforma-
tion and ectopic expression of RSK2 in JB6 Cl41 cells caused increased proliferation
as well as anchorage-independent transformation (125). Furthermore, knockdown of
RSK2 by siRNA almost totally blocked foci formation in NIH3T3 cells. These results
demonstrated that RSK2 was a key regulator of cell transformation induced by the tumor
promoters EGF or TPA, and kaempferol suppressed cell proliferation and EGF-induced
transformation in JB6 Cl41 cells (125).

Experimental evidence suggests that Raf and/or Ras is constitutively activated in sev-
eral tumor cell lines, and that the transforming actions of several oncogenes are depen-
dent on the activation of the MEK/ERK/AP-1 pathway (78, 82, 126). No substrates for
MEK1 have been identified other than ERK1 and ERK2, and activated MEK1 catalyzes
the phosphorylation of ERK at Thr183 and Tyr185 (120). This selectivity, coupled with
a unique ability to phosphorylate both tyrosine and threonine residues, indicates that
MEK is essential for integrating signals into the MAP kinase pathway. MEK plays a
critical role in signal cascades initiated by the tumor promoters TPA, EGF, and PDGF
(5, 17). Additionally, a mutant H-ras gene perpetually activates the MEK/ERK signal-
ing pathway and predisposes transition to anchorage-independent growth (78, 82, 126).
Because the abnormal activation of the ERK pathway has been reported to be pivotal
in various human tumors (127, 128), targeted inhibition of the ERK pathway by small
molecules is a main goal of current chemopreventative strategies.

Compared to resveratrol, the flavonol content of red wine is about 30 times
higher. The two major flavonols found in red wine are 3,3,4,5,5,7-hexahydroxyflavone
(myricetin) and 3,3,4,5,7-pentahydroxyflavone (quercetin) (129). These compounds
represent ∼20–50% of the total flavonol content found in red wine (129). Quercetin
exerted protective effects in 9,10-dimethyl-1,2-benzanthracene (DMBA)-initiated and
TPA-promoted two-stage mouse skin cancer models (130). Quercetin directly binds
to and strongly inhibits MEK1 and Raf1 activities (131). The inhibition of MEK1 by
quercetin suppressed downstream ERK phosphorylation and activation of AP-1 and
NF-κB, which subsequently inhibited EGF- or H-Ras-induced neoplastic transforma-
tion. Quercetin was more effective than PD098059 in inhibiting MEK1 activity (131).
In addition, quercetin was reported to induce apoptosis of human osteosarcoma cells.
Inhibition of JNK using the inhibitor SP600125 or siRNA against JNK sensitized tumor
cells to quercitin-induced apoptosis through down-regulation of JunD (132). Quercetin
also reduced the protein expression levels of MMP-9 and MMP-2 and AP-1 reporter
activation in human fibrosarcoma cells (133).

Myricetin (3,3′,4′,5,5′,7-hexahydroxyflavone) is a major flavonol found in onions,
berries, grapes, and red wine (134, 135). Research data have shown that myricetin exerts
antioxidant, antitumor, and anti-inflammatory effects (136–138), but like many natural
compounds, it also can act as a prooxidant (139). Reports indicate that myricetin does
not cause tumor formation in mice and attenuates the number of diol-epoxide-induced
pulmonary tumors per mouse (140). It inhibited PAH metabolism and subsequent PAH-
DNA adduct formation in mouse epidermis and lung (141). Myricetin exerted protective
effects against two-stage skin tumorigenesis (142) and inhibited the growth of A549
lung cancer cells by suppressing thioredoxin reductase activity (143). Myricetin has
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been shown to suppress invasion and both protein expression and enzyme activity of
MMP-2 in colorectal carcinoma cells (144). These cumulative data provide evidence
that myricetin is an effective chemopreventive agent. Lee et al. (145) demonstrated
that myricetin is a powerful inhibitor of MEK1 kinase activity leading to inhibition
of AP-1 transactivation, c-fos activation, and EGF- or TPA-induced cell transformation.
Jung et al. (146) also reported that myricetin directly bound to Fyn and was an ATP-
competitive inhibitor leading to suppression of UVB-induced COX-2 expression in JB6
P+ mouse skin epidermal cells and in mouse dorsal skin. In a mouse skin tumorigenesis
model, myricetin strongly reduced the incidence of UVB-induced mouse skin tumors
(146).

Equol (4′,7-isoflavandiol) is a nonsteroidal estrogen isoflavandiol originating from
metabolism of the isoflavone daidzein by intestinal bacteria. In many cell types, equol is
a more potent antioxidant than daidzein (147). For example, equol at concentrations that
approximated physiological levels was protective against hydrogen peroxide-mediated
DNA damage in human lymphocytes (148) and UV-induced DNA damage in hairless
mice (149). Moreover, equol was shown to protect against UV-induced skin cancer in
the hairless mouse model (150). The UV-induced activation of ornithine decarboxylase,
a biomarker of skin tumor promotion, was attenuated by equol treatment. These data
indicated that the anticancer activity of equol may be attributed to inhibition of the
tumor promotion phase of carcinogenesis (150). Studies have compared the effects of
equol and daidzein on TPA-induced AP-1 activity and cell transformation in JB6 P+
cells. Results indicated that equol, but not daidzein, was a potent inhibitor of MEK
activity preventing c-fos activation, AP-1 transactivation, and cell transformation (151).
Equol specifically bound to MEK noncompetitively with ATP to inhibit MEK activity
(151). Taken together, these data indicate that flavonoids are effective anticancer agents
that act primarily by targeting MEK.

3. CONCLUSIONS

A great deal of scientific data have accumulated to help elucidate the molecular
mechanisms involved in the etiology of cancer and the action of anticancer agents.
This research has provided the basis for understanding the carcinogenic process caused
by environmental agents and molecular targets for cancer prevention. These discover-
ies have identified key molecular targets that can be used for screening novel natural
anticancer drugs with fewer side effects. Dietary factors may be effective preventive
agents by inhibiting or reversing premalignant lesions and/or reducing tumor incidence.
Many dietary compounds appear to target multiple cellular pathways. Compounds that
show promise as therapeutic agents include EGCG, theaflavins, caffeine, ginger, and
flavonoids. Rigorous investigations are necessary to determine the molecular actions,
long-term effectiveness, and safety of these agents. Large-scale preclinical studies are
needed to address the bioavailability, toxicity, molecular target, signal transduction path-
ways, and side effects of bioactive food components. Clinical trials based on clear mech-
anistic approaches are also needed to assess in humans the effectiveness of dietary fac-
tors as preventive and therapeutic agents.
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Key Points

1. The prevalence of obesity, an established epidemiologic risk factor for many cancers, has risen
steadily in the past several decades in the United States. Particularly alarming are the increasing
rates of obesity among children, indicative of further increases in obesity-related cancers for many
years to come unless new prevention strategies can be developed.

2. Estimates from an American Cancer Society (ACS) study, the largest prospective analysis to date
of the weight/cancer relationship, suggest 14% of all cancer deaths in men and 20% of all cancer
deaths in women from a range of cancer types are attributable to overweight and obesity.

3. Calorie restriction (CR), long known to be the most effective and reproducible intervention for
increasing life span in a variety of animal species, is also the most potent, broadly acting cancer
prevention regimen in experimental carcinogenesis models.

4. The typical CR dietary regimen provides essential nutrients and vitamins but limits the total energy
intake of the animal. CR is often incorrectly equated with starvation; however, adequate nutriture
is designed into CR regimens to avoid the confounding effects of malnutrition. Modest calorie
decreases of 15–30% relative to an ad libitum (AL) diet can be equated to a normal, healthy level
of intake. In fact, CR animals are almost always healthier, sleeker, and more active than their AL
counterparts, which are invariably overweight and tend to develop obesity in mid-life.

5. Several hormones and growth factors serve as intermediate and long-term communicators of nutri-
tional state and have been implicated in both energy balance and carcinogenesis. These hormones
include IGF-1, insulin, adiponectin, and leptin, as well as several factors associated with inflamma-
tion and oxidative stress.

Key Words: Obesity; cancer; caloric restriction; energy; hormones; inflammation; oxidative stress

1. INTRODUCTION

Energy balance refers to the state at which the number of calories taken in equals
the number of calories used. This term integrates the effects of diet (particularly energy
derived from food and drink), physical activity, and genetics on growth, metabolism,
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and body weight. Lucretius (∼50 BC) and Lord Francis Bacon (1561–1626) have been
credited with early statements on the role of overindulgence with food in premature
aging and in the etiology of degenerative diseases, such as cancer (1, 2). Today, the
emerging obesity epidemic in the United States and throughout the world has increased
the importance of understanding the effects of energy balance on the development and
progression of cancer and in cancer patients’ quality of life during and after treatment
(3). The prevalence of obesity has increased dramatically in the last two decades in the
United States (4). As defined by the Body Mass Index (BMI), among adults aged ≥20
years in 1999–2002, 65.7% were overweight (BMI = 25.0–29.9), 30.6% were obese
(BMI ≥ 30.0), and 5.1% were extremely obese (BMI > 40). Between the early 1960s
and 2002 mean BMI increased approximately 3 BMI units in both men and women (5).
On average, this translates to an increase of more than 20 pounds, while during the same
time period mean height increased by approximately one inch (5). Of particular concern
is that these same trends have also appeared in children (4).

In a large cohort study conducted by the American Cancer Society (ACS), obesity
in adult men and women was associated with increased mortality from cancers of the
colon, breast (in postmenopausal women), endometrium, kidney (renal cell), esopha-
gus (adenocarcinoma), gastric cardia, pancreas, prostate, gallbladder, and liver (6). Esti-
mates from this ACS study, the largest prospective analysis to date of the weight/cancer
relationship, suggest 14% of all cancer deaths in men and 20% of all cancer deaths in
women from a range of cancer types are attributable to overweight and obesity (6). The
International Agency for Research on Cancer (IARC) Working Group on the Evaluation
of Weight Control and Physical Activity (2002) also concluded that there is consistent
epidemiologic evidence for a protective effect of physical activity for many cancers.
However, the report stated that the relationship between energy balance and cancer is
poorly understood. Furthermore, a gap was identified in the existing literature regarding
the mechanisms mediating the anti-cancer effects of CR or physical activity, the major
lifestyle-based strategies for reducing/maintaining weight (7).

The first tests in animal models of the link between calorie intake and cancer were
reported in 1909 byMoreschi and confirmed by Rous in 1914; both investigators demon-
strated that calorie restriction (CR), an experimental mode in which test animals receive
a lower-calorie diet than ad libitum (AL)-fed controls, inhibited the growth of trans-
planted tumors in mice (8). Intense interest in the comparison of AL versus CR animals
developed in the 1930s, when McCay et al. showed that a reduced food intake increased
life span in rodents (9). This work was extended by Tannenbaum and colleagues, who
consistently showed that the incidence of tumors in mice decreased when food intake
was reduced (10, 11). To date, CR has been the most widely studied and most effec-
tive experimental strategy for increasing the survival of mammals (12) and is also the
most potent, broadly acting dietary intervention known for preventing carcinogenesis in
experimental models (13).

The typical CR dietary regimen provides essential nutrients and vitamins but limits
the total energy intake of the animal (usually by 15–40% relative to AL controls). Unfor-
tunately, CR is often incorrectly equated with starvation and this misconception has, at
least to some degree, limited the translation of important findings from CR research
into human disease prevention strategies. In actuality, adequate nutriture is designed
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into CR regimens to avoid the confounding effects of malnutrition, and modest calorie
decreases of 15–30% relative to an AL diet can be equated to a normal, healthy level
of intake. In fact, CR animals are almost always healthier, sleeker, and more active than
their AL counterparts, which are invariably overweight (based on adiposity levels) and
tend to develop obesity in mid-life. CR regimens administered throughout life, begin-
ning within a few weeks of weaning, are generally more protective than adult-onset CR
(12, 14). However, both modalities prevent adult-onset obesity, significantly extend life
span, and suppress tumorigenesis, prompting many investigators to suggest that obesity
prevention may be a key underlying factor in the anti-aging and anti-cancer effects of
CR (13, 15, 16).

In light of the obesity epidemic and the epidemiologic associations between obesity
and many cancers, the development of intervention strategies that break the obesity-
cancer link have become increasingly urgent. Unfortunately, the effects and mecha-
nistic targets of interventions that modulate energy balance, such as reduced calorie
diets and physical activity, on the carcinogenesis process have not been well character-
ized. The purpose of this chapter is to provide a strong foundation for the translation
of mechanism-based research in this area by describing key animal and human studies
of energy balance modulations involving diet or physical activity and by focusing on
the interrelated pathways affected by alterations in energy balance. Particular attention
is placed on signaling through critical energy-dependent growth factor (particularly the
insulin and insulin-like growth factor (IGF)-1 receptor) pathways and nutrient-sensing
pathways. These include components of the Akt, AMP-kinase, mammalian target of
rapamycin (mTOR), and sirtuin signaling pathways downstream of these growth factor
receptors and nutrient-sensing components. These pathways have emerged as potential
targets for disrupting the obesity–cancer link. The ultimate goal of this work is to pro-
vide the missing mechanistic information necessary to identify targets for the prevention
and control of cancers related to or caused by excess body weight.

2. CALORIE RESTRICTION AND CANCER IN EXPERIMENTAL
MODELS

CR is the only established intervention that extends lifetime survival (including
mean and maximal life span) in mammals (12, 17). The anti-aging effects of CR have
been observed in diverse organisms, including protozoa, yeast (Saccharomyces cere-
visiae), nematode (Caenorhabditis elegans), several insect species including fruitfly
(Drosophila melanogaster), mouse, rat, hamster, guinea pig, dog, cow, and apparently in
several non-human primate species (12, 17–20). Thus, the mechanism(s) underlying the
survival extension in response to CR, imposed using a variety of dietary compositions,
feeding strategies, and levels of restriction, appears to be evolutionarily conserved. This
suggests that a better understanding of these mechanisms will reveal important clues
about the biology of aging.

The effect of CR on cancer has been best studied in rodent models, and we have
recently reviewed this literature (3, 21). In brief, CR inhibits a variety of sponta-
neous neoplasia in experimental cancer model systems, including tumors arising in
several knockout and transgenic mouse models, such as p53-deficient mice and Wnt-1
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transgenic mice (22). In rodents, CR also suppresses the carcinogenic action of several
classes of chemicals including polycyclic hydrocarbons, e.g., benzo(a)pyrene (11, 23)
and DMBA (24, 25); alkylating and methylating agents, e.g., diethylnitrosamine (26);
and aromatic amines, e.g., p-cresidine (27). In addition, CR inhibits several forms of
radiation-induced cancers (28, 29). Thus, the inhibitory action of CR on carcinogenesis
is effective in several species, for a variety of tumor types, and for both spontaneous
tumors and chemically induced neoplasia.

2.1. CR in Humans and Non-human Primates
Observational studies suggest that CR has beneficial effects on longevity in humans.

These studies include natural experiments, such as a study of Spanish nursing home
residents suggesting that reduced caloric intake reduces morbidity and mortality (30).
Moreover, physiological changes analogous to those observed in CR monkeys, includ-
ing HDL cholesterol increases, are reported in Muslims who fast during the daylight
hours of the holy month of Ramadan (31). In addition, inhabitants of Okinawa, Japan,
who until recently consumed fewer calories than residents of the main Japanese islands,
displayed lower death rates from cancer and vascular diseases (32). The relationship
between reduced calories and reduced mortality in Okinawa, relative to the rest of Japan,
could be confounded by other factors such as genetic or other dietary differences, but
these observations are intriguing. Data from certain historical events, such as the Dutch
famine during World War II, are also suggestive of decreased mortality from cancer
and other age-related diseases following extended reductions in calorie intake. How-
ever, these observations are difficult to interpret because of confounding factors such as
malnutrition (33).

In humans, more controlled demonstrations of the metabolic effects of CR include the
Biosphere 2 and the ongoing Netherlands Toxicology and Nutrition Institute study. Bio-
sphere 2, which took place in a closed ecosystem in Arizona from 1991 to 1993, involved
four men and four women who experienced, on average, a 30% calorie restriction rela-
tive to their usual energy intake. Although this sample was too small and uncontrolled to
allow clear conclusions, many of the physiological parameters associated with the anti-
aging and anti-cancer effects of CR in rodents and non-human primates were observed
in these subjects (34). The Netherlands study was more controlled, with 8 control sub-
jects and 16 subjects on a 20% CR (relative to their usual calorie intake) regimen. As in
Biosphere 2, the Netherlands study subjects on the CR regimen displayed decreased fat
mass and lowered blood pressure relative to the controls (35).

In the past decade, four longevity studies involving long-term CR versus AL con-
sumption have been initiated in several non-human primate species (30, 36). It remains
to be seen whether the extension of life span and/or reduction in tumor development
demonstrated consistently in rodents will be replicated in non-human primates. How-
ever, preliminary reports on chronic disease-associated markers and initial tumor inci-
dence and mortality data suggest that monkeys on CR regimens are less likely to
develop diabetes, cardiovascular disease, obesity, autoimmune diseases, and cancer
than their AL counterparts (30, 36). In addition, the National Institute of Aging has
invested in a randomized, controlled clinical trial to assess the effects of CR in humans.
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The Comprehensive Assessment of Long-Term Effects of Reducing Intake of Energy
(CALERIE) study involves three sites and is following 250 healthy volunteers assigned
to a 25% CR or control intervention for 2 years (from 2007 to 2009). Endpoints of this
study are markers of glucose metabolism, oxidative stress, muscle function, cognitive
function, and other outcomes.

2.2. Physical Activity and Cancer in Humans and Animals
The International Agency for Research on Cancer (IARC) Working Group on the

Evaluation of Weight Control and Physical Activity (2003), as well as the recent World
Cancer Research Fund/American Institute for Cancer Research Expert Report (2007)
concluded that there is consistent epidemiologic evidence for a protective effect of
physical activity against many cancers (37). Many of the studies have identified some
form of protective effect of either voluntary or involuntary exercise on carcinogene-
sis (37). To the detriment of the field, the number of studies has not increased dra-
matically over the years and, perhaps more importantly, few studies have focused on
plausible biological mechanisms that might explain the effect of exercise on cancer pre-
vention. Mechanisms most commonly cited as potential mediators include enhanced
antioxidant defense mechanisms, altered growth factor milieu (i.e., changes in insulin,
insulin-like growth factor-1, IGF-binding proteins), decreases in reproductive hormone
levels, enhanced anti-tumor immunity, and a reduction in chronic inflammation (37).
There are also site-specific mechanisms for various cancers such as a decreased colonic
transit time in relation to colon cancer. Many of the mechanisms that have received
more attention in human studies, such as alterations in estrogen and IGF-1 levels,
have not received much focus in animal models of exercise, and vice versa (e.g.,
exercise and immune function has been well studied in animal models but not in
humans).

3. MECHANISTIC TARGETS OF CALORIE RESTRICTION

3.1. Energy Balance-Related Hormones and Growth Factors
Several hormones and growth factors serve as intermediate and long-term communi-

cators of nutritional state throughout the body and have been implicated in both energy
balance and carcinogenesis. These hormones include IGF-1, insulin, adiponectin, and
leptin, as well as several factors associated with inflammation and oxidative stress, and
will be the focus of the following mechanistic discussion.

IGF-1 is a central component of a complex network of molecules that controls long
bone growth and energy metabolism (38). Its involvement in cancer was first suspected
when in vitro studies consistently showed that IGF-1 enhances the growth of a vari-
ety of cancer cell lines (39–42). There is now abundant epidemiological evidence sup-
porting the hypothesis that IGF-1 is involved in several types of human cancer. IGF-1
acts either directly on cells via the IGF-1 receptor (IGF-1R), which is overexpressed in
many tumors, or indirectly through its action with other cancer-related molecules, such
as the p53 tumor suppressor protein (43, 44). The circulating level of IGF-1 is mainly
determined by hepatic synthesis, which is regulated by growth hormone and influenced
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by nutrient intake, particularly intake of energy and protein (45). Regulation of IGF-1
in extrahepatic tissues is more complex, involving pituitary-derived growth hormone,
other hormones and growth factors, and IGF-binding proteins (IGFBPs), of which there
are at least six isoforms that determine the systemic half-life and local availability of
IGF-1 (38).

IGF-1 has been identified as a cell cycle progression factor based on its ability in
many normal and cancer cell types to stimulate progression through the cell cycle from
G1 to S phase, purportedly by activating the phosphatidylinositol 3-kinase (PI3K)/Akt
signal transduction pathway and modulating cyclin-dependent kinases. IGF-1 can also
suppress apoptosis in a variety of cell types, and cells overexpressing IGF-1R show
decreased apoptosis (46, 47).

Mounting experimental evidence suggests that IGF-1 mediates at least some of the
anti-proliferative, pro-apoptotic, and anti-cancer effects of CR through its role in an
evolutionarily conserved regulatory pathway that is responsive to energy availability
(21, 48). This conclusion does not exclude other mediators, which may be regulated by
IGF-1 or function independently of IGF-1. The role of IGF-1 in the anti-cancer effects
of exercise is less clear, with the findings to date consistent with little or no long-term
effects of exercise on circulating IGF-1 levels (49–51). However, IGFBP activity may
increase with physical activity, and thus overall IGF-1 bioavailability and activity may
decrease with exercise (52).

Insulin, particularly under conditions of chronic hyperinsulinemia and insulin resis-
tance, increases risk for cancer at several sites (53), although it is unclear if the tumor-
enhancing effects of insulin are due to direct effects via the insulin receptor on preneo-
plastic cells or indirect effects via stimulation of IGF-1, estrogens, or other hormones.
Certainly, high circulating levels of insulin promote the hepatic synthesis of IGF-1 and
decrease the production of IGFBP-1, thus increasing the biologic activity of IGF-1 (53).
Furthermore, both insulin and IGF-1 act in vitro as growth factors to promote cancer cell
proliferation and decrease apoptosis (54). Insulin resistance, a state of reduced respon-
siveness of tissues to the physiological actions of insulin, results in a compensatory rise
in plasma insulin levels and is affected by both adiposity and physical activity. Intra-
abdominal obesity is associated with insulin resistance (55), whereas physical activity
improves insulin sensitivity (56). A growing body of epidemiologic evidence suggests
that type 2 diabetes, which is usually characterized by hyperinsulinemia and insulin
resistance for long periods, is associated with increased risks of endometrial, colon,
pancreas, kidney, and postmenopausal breast cancers (53).

Downstream targets of IGF-1 receptor and insulin receptor comprise a signaling net-
work that regulates cellular growth and metabolism predominately through induction
of the PI3K/Akt pathway, recently reviewed in (57). The importance of this signaling
cascade in human cancers has recently been highlighted by the observation that it is one
of the most commonly altered pathways in human epithelial tumors (58–61). Engage-
ment of the PI3K/Akt pathway allows both intracellular and environmental cues, such
as energy availability and growth factor supply, to affect cell growth, proliferation, sur-
vival, and metabolism.

Activation of receptor tyrosine kinases (RTKs) and/or the Ras proto-oncogene
stimulates PI3K to produce the lipid second messenger, phosphatidyl-inositol-3,4,5-
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trisphosphate (PIP3). PIP3 recruits and anchors Akt to the cell membrane where it can
be further phosphorylated and activated (58, 60, 61). Akt is a cAMP-dependent, cGMP-
dependent protein kinase that when constitutively active is sufficient for cellular trans-
formation by stimulating cell cycle progression and cell survival as well as inhibiting
apoptosis (62, 63). Frequently associated with the aberrant Akt signaling commonly
seen in human cancers is an elevation in mTOR (mammalian target of rapamycin) sig-
naling. mTOR is a highly conserved serine/threonine protein kinase which is activated
by Akt and also inhibited by an opposing signal from AMP-activated kinase (AMPK).
At the interface of the Akt and AMPK pathways, mTOR dictates translational control of
new proteins in response to both growth factor signals and nutrient availability through
phosphorylation of its downstream mediators, S6K and 4EBP-1 (64–66). Ultimately,
activation of mTOR results in cell growth, cell proliferation, and resistance to apoptosis.

An important convergent point for these signaling cascades is the tumor suppressor,
tuberous sclerosis complex (TSC), reviewed in (67–69). Briefly, the TSC binds to and
sequesters Rheb, a G-protein required for mTOR activation, thus inhibiting mTOR and
downstream targets. However, phosphorylation of the TSC elicits inactivation and Rheb
is released, allowing for direct interaction with ATP and subsequent activation of mTOR
(70, 71). Alternatively, when the TSC is inhibited, Rheb is able to phosphorylate and
activate mTOR.

Energy balance can influence both the Akt and AMPK pathways of mTOR activa-
tion. For example, overweight and obese conditions are positively associated, as previ-
ously mentioned, with high serum levels of IGF-1. We and others have found that obe-
sity is associated with enhanced induction of the PI3K/Akt pathway (72, 73). However,
nutrient deprivation, by way of calorie restriction, is congruent with reduced PI3K/Akt
signaling as a result of decreased circulating levels of IGF-1 (72, 73). Furthermore,
genetic reduction of circulating IGF-1 mimics the effects of CR on tumor development
and PI3K/Akt signaling (74). Additionally, recent literature suggests that elevated cel-
lular amino acid, glucose, and ATP concentrations, as are present during high-energy
conditions, signal for mTOR activation (75). Conversely, low glucose availability, high
AMP/ATP ratios, and decreased amino acids, such as those achieved during calorie
restriction, can lead to growth arrest, apoptosis, and autophagy through an AMPK-
induced repression of mTOR (76). These coordinated pathways not only function to
reduce cellular energy expenditure, but they also protect against stress-induced apopto-
sis. Although nutrient and growth factor availability directly regulates mTOR, no causal
associations have been made between mTOR activation or repression, energy balance,
and tumorigenesis.

Leptin is a peptide hormone secreted from adipocytes that is involved with appetite
control and energy metabolism through its hypothalamic influence. In the non-obese
state, rising leptin levels result in decreased appetite through a series of neuroendocrine
changes. The obese state is associated with high circulating levels of leptin (70, 71, 75,
76), suggesting that the obese may develop leptin resistance. This resistance appears
to explain much of the inability of exogenous leptin administration to prevent weight
gain and may result in a higher “set-point” for body weight (77). The limited number
of studies to date are suggestive of an association between circulating leptin levels and
cancer risk, with the most consistent findings thus far for colon (78) and prostate cancer
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(particularly progression of prostate cancer, as suggested by Chang (79) and Saglam
(80)). In vitro, leptin stimulates proliferation of multiple types of preneoplastic and neo-
plastic cells (but not “normal” cells, as reported by Fenton (42)) and in animal models
appears to promote angiogenesis and tumor invasion (81).

The primary physiologic role of leptin may be the regulation of energy homeostasis
by providing a signal to the central nervous system regarding the size of fat stores, as cir-
culating leptin levels correlate strongly with adipose tissue levels in animals and humans
(82). The canonical pathway transducing leptin’s signal from its receptor (OB-R) is the
Janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) path-
way. Leptin may also exert its metabolic effects, at least in part, by activating AMPK
in muscle and liver, thus decreasing several anabolic pathways (including glucose-
regulated transcription and fatty acid and triglyceride synthesis) and increasing sev-
eral ATP-producing catabolic pathways (83). In addition, there is emerging evidence of
crosstalk between the JAK/STAT family of transcription factors, the insulin/IGF-1/Akt
pathway, and AMPK (84). Furthermore, leptin plays a role in regulating the hypotha-
lamus/pituitary/adrenal axis and thus influences IGF-1 synthesis (83). Finally, leptin
functions as an inflammatory cytokine and appears to influence immune function, pos-
sibly by triggering release of interleukin (IL)-6 and other obesity-related cytokines (42,
85). Thus, although not well studied to date, leptin is certainly positioned as a central
player in the energy balance and cancer association.

Adiponectin is a 28-kDa peptide hormone produced exclusively by adipocytes and
intimately involved in the regulation of insulin sensitivity and carbohydrate and lipid
metabolism. The link between adiponectin and cancer risk is not well characterized,
although there is a report that adiponectin infusion inhibits endothelial proliferation and
transplanted fibrosarcoma growth (86). Plasma levels of adiponectin, in contrast with
other adipokines, are decreased in response to several metabolic impairments, including
type 2 diabetes, dyslipidemia, and extreme obesity. This obesity-related decrease can
be partially reversed by weight loss, although recent reports suggest these changes are
relatively small unless there are drastic weight changes due to severe calorie restriction
or surgical intervention (87, 88). Recent findings suggest leptin and adiponectin interact
antagonistically to influence carcinogenesis (89, 90), although this interaction has not
been well established.

Steroid hormones, including estrogens, androgens, progesterone, and adrenal
steroids, reportedly play a role in the relationship between energy balance and cer-
tain types of cancer. Adipose tissue is the main site of estrogen synthesis in men and
postmenopausal (or otherwise ovarian hormone-deficient) women, through the ability
of aromatase (a P450 enzyme present in adipose tissue) to convert androgenic precur-
sors produced in the adrenals and gonads to estrogens (53). In addition, adipose tissue
is the second major source of circulating IGF-1, after liver. The increased insulin and
bioactive IGF-1 levels that typically accompany increased adiposity can feed back to
reduce levels of sex hormone-binding globulin (SHBG), resulting in an increased frac-
tion of bioavailable estradiol in both men and women (53). The epidemiologic litera-
ture clearly suggests that the increased bioavailability of sex steroids that accompanies
increased adiposity is strongly associated with risk of endometrial and postmenopausal
breast cancers (91) and may impact colon and other cancers as well. Adrenal
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glucocorticoid hormones may play a role in the anti-cancer effects of CR, especially
at restriction levels above 30% CR, which markedly increase corticosterone levels in
rodents (92–94). Glucocorticoid hormones have long been known to inhibit tumor pro-
motion (95). In addition to the anti-inflammatory effects of corticosterone, it can induce
p27 and thus influence cell cycle machinery (93). Birt and colleagues have shown that
the CR induction of corticosterone can inhibit protein kinase C and MAP kinase signal-
ing, including reduced ERK-1 and -2 signaling and AP1:DNA binding (92).

3.2. The Role of Inflammation in the Link Between Energy Balance
and Cancer

The association between chronic inflammation and cancer is widely accepted (96). To
date, the effect of exercise on inflammatory processes has been better characterized than
the effects of obesity, CR, or other energy balance perturbations. However, obesity is
clearly associated with increased inflammation, while we and others have shown that CR
and physical activity, alone and in combination, decrease certain inflammatory markers
(21, 97).

In general, acute inflammation is a process that is beneficial to the host by providing
protection from invading pathogens and initiating wound healing. In the acute phase
response, the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-α) and
interleukin-1-beta (IL-β) are produced locally at the site of infection by macrophages.
They stimulate the release of IL-6, which has been shown to have both pro-inflammatory
and anti-inflammatory effects (98), and the secretion of C-reactive protein (CRP) by the
liver into the blood. Following clearance of the infection, the production of IL-1β and
TNF-α is dampened by the production and release of IL-1 receptor antagonist (IL-1Ra)
and soluble TNF-α receptors (sTNF-R), respectively, by altering signal transduction via
these receptors (99). Additionally, IL-10, an anti-inflammatory cytokine that works by
deactivating macrophages, is produced by T lymphocytes and is important in controlling
the inflammatory response (100, 101).

Chronic (low-grade) systemic inflammation, which typically accompanies obesity,
has been described as a condition in which there is a two to threefold increase in the
circulating levels of TNF-α, IL-1β, IL-6, IL-1Ra, sTNF-R, and CRP. The origin of the
cytokine cascade is not believed to be due to the presence of a foreign pathogen. How-
ever, the initial stimuli and the cause of this elevation in cytokines with chronic systemic
inflammation are not understood. The source of TNF-α production in chronic systemic
inflammation may be adipose tissue itself (102, 103) or macrophages that reside in the
adipose tissue of obese, but not lean, animals and humans (104, 105). Additional studies
are needed to determine the initiating stimuli and the source of inflammatory cytokines
in chronic low-grade systemic inflammation. Chronic low-grade systemic inflamma-
tion is observed as part of the aging process (106–110) and in several chronic diseases,
including type 2 diabetes (111–114), atherosclerosis (108, 115, 116), and some cancers
(117, 118). Furthermore, numerous cross-sectional epidemiologic studies have shown
an association between physical inactivity and systemic inflammation (119–126). One
mechanism by which physical activity may reduce cancer risk is via a reduction in
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chronic inflammation. In particular, the exercise-induced increase in systemic IL-6 may
result in reduced pro-inflammatory mediators and elevated anti-inflammatory factors.

3.3. Sirtuins
Sirtuins are a family of proteins that have been implicated in the regulation of aging

(127), transcription (128), endocrine signaling (129), stress-induced apoptosis (130),
and most recently in metabolic changes associated with obesity (reviewed in (131)).
Sirtuins were originally studied in the budding yeast S. cerevisiae (132, 133) and nema-
tode C. elegans (134), where CR was shown to increase life span as well as increase the
levels and activity of the Sir2 protein. In mammals, it has been shown that the levels of
SIRT1, a mammalian homologue of Sir2, also rise during CR and promote long-term
survival of cells. SIRT1 is an NAD+-dependent deacetylase that acts on Ku70, which
in turn sequesters the proapoptotic factor Bax from the mitochondria, thus inhibiting
stress-induced apoptotic cell death (130). Additionally, SIRT1 has been shown to repress
PPAR-γ (peroxisome proliferators-activated receptor-γ) by docking with its cofactors
and thereby repressing PPAR-γ responsive genes. Therefore, conditions of CR and
SIRT1 upregulation result in mobilization of fatty acids from white adipose tissue,
lipolysis, and loss of fat (135). Decreases in sirtuin levels during obesity, specifically
SIRT1 levels, have been shown to regulate many other metabolic alterations linked to
obesity. SIRT1 has been shown to play a role in regulation of adiponectin (136, 137),
insulin secretion (138), plasma glucose levels and insulin sensitivity (139), and regu-
lation of oxygen consumption and mitochondrial capacity (140, 141). Another yeast
Sir2 homologue, mammalian SIRT3, has been shown to be selectively downregulated at
both the gene and protein levels in a mouse model of type 2 diabetes, but not in a model
of insulin deficiency without diabetes. These studies documented that insulin-deficient
mice lacked muscle insulin receptor (MIRKO mice), but maintained normal levels of
insulin, glucose, and insulin-regulated genes. The same MIRKO mice with streptozo-
tocin (STZ)-induced diabetes, however, modeled the metabolic changes associated with
type 2 diabetes, including downregulation of Sirt1 (142). These findings further sug-
gested sirtuins may be involved in the control of important downstream transcriptional
regulatory mechanisms involved in glucose metabolism.

While CR has long been shown to have a dramatic effect on life span and tumor
suppression in almost every tumor type tested, the specific role of sirtuins in cancer
development/progression has yet to be elucidated (143). Studies have shown conflicting
data as to whether SIRT1 can act as a tumor suppressor gene or an oncogene. SIRT1
is upregulated in several tumor types and can inhibit apoptosis and downregulate the
expression of tumor suppressor genes to extend the longevity of epithelial cancer cells
(144). SIRT1 is upregulated in tumors and cancer cells lacking the tumor suppressor
gene, HIC1 (145) and upregulated in mouse and human prostate cancers (146). In addi-
tion, DBC1 (deleted in breast cancer 1)-mediated repression of SIRT1 was shown to
increase p53 function (147, 148). However, there is also evidence that SIRT1 can act to
suppress polyp formation in the APCmin intestinal tumor model (149). Additionally, pre-
clinical studies of resveratrol, a CR mimetic shown to activate sirtuins, have suggested
that the activation of SIRT1 may be viable target in cancer prevention or therapy (150).
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4. CONCLUSIONS AND FUTURE DIRECTIONS

The findings described above with resveratrol reinforce the notion that the identifica-
tion and development of natural or synthetic agents that mimic some of the protective
effects of CR may constitute a new strategy for cancer prevention. Numerous studies
have used microarray analyses to profile the molecular targets responding to CR and
other changes in dietary energy balance (151–156). Most of these studies were focused
on understanding CR effects related to aging, and they revealed that the extent to which
CR modulates the transcriptome is species-specific, tissue-specific, and dependent on
the duration and intensity of CR. Nonetheless, some patterns from these studies have
emerged suggesting that transcripts involved in inflammation, growth factor signaling
(particularly related to the insulin and IGF-1 pathways), oxidative stress, and nutrient
metabolism are commonly altered by CR (21). Application of the emerging field of
metabolomics to this question should accelerate the identification of additional targets.

As described above, the IGF-1 and Akt/mTOR pathways have emerged as potential
key mediators of CR’s anti-cancer and anti-aging effects and are initial targets for pos-
sible CR mimetics. Agents or interventions that reduce IGF-1 without requiring dras-
tic dietary changes may provide an effective physiological or pharmacological mimetic
of those effects, which could be readily adopted by a large proportion of the popula-
tion, particularly those at high risk for cancer or other chronic diseases associated with
high IGF-1 levels. Small-molecule inhibitors of IGF-1 (157) or IGF/IGFBP (158), as
well as antisense IGF-1 inhibitor approaches (159) and anti-IGF-1 antibody therapies
(160), are under development. In addition, a wide variety of agents with demonstrated
cancer chemopreventive or chemotherapeutic activity have recently been reported to
inhibit the IGF-1 pathway (161–164), including retinoids (e.g., fenretinide and all-trans
retinoic acid), soy isoflavones (e.g., genistein and daidzein), flavonoids (e.g., quercetin
and kaempferol), somatostatin analogues (e.g., octreotide), and selective estrogen recep-
tor modulators (e.g., tamoxifen). Physical activity may also affect IGF-1, although the
limited findings to date have been mixed (165–167). More evidence is needed regarding
the role of IGF-1 in the cancer-preventive effects of these agents or interventions, but
current data suggest that targeting IGF-1 or downstream components of the IGF-1 path-
way (such as mTOR) with CR, phytonutrients, pharmacological agents, or other means
may constitute a plausible cancer prevention strategy.

Although the epidemiologic associations between overweight/obesity and several
cancers are becoming well defined, the causal relationships between energy bal-
ance, hormones, and cancer risk are not well established. For example, key unan-
swered questions include the following: (a) Which, if any, of the hormonal changes
(i.e., IGF-1, insulin, leptin, sex steroids) or other physiological changes (i.e., weight,
adiposity, insulin resistance, inflammation, alterations in energy metabolism) accompa-
nying energy imbalance are causally linked to carcinogenesis? (b) Does reversal of obe-
sity through diet, exercise, or pharmacologic regimens decrease cancer risk or impact
existing cancers? (c) Are there important differences between anti-obesity regimens
(caloric restriction, exercise, drugs) in terms of the pathways targeted and anti-cancer
effects, or is weight reduction/maintenance the key irrespective of the means? (d) Can
specific activators of the sirtuin pathway or inhibitors of the IGF/insulin/Akt signaling
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pathway (such as iGF-1R inhibitors or rapamycin and its newer derivatives), of the lep-
tin/JAK/STAT pathway (such as STAT3 inhibitors), or of the inflammatory cascade dis-
rupt the link between obesity and cancer in the absence of weight loss, which for many
individuals is very difficult? (e) What is the impact of different energy balance states
and their associated effects on physiology (i.e., lean versus obese; insulin resistant ver-
sus insulin sensitive; high versus low postmenopausal estrogen levels) on the response
to cancer prevention or cancer therapy regimens? Progress in this area will require a
multidisciplinary approach, and these and other key questions will only be answered
through well-designed studies in both animals and humans that incorporate molecular,
genetic, and metabolic/nutritional tools and expertise.
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8 Fiber and Microbially Generated
Active Components

Joanne L. Slavin and Maria L. Stewart

Key Points

1. Dietary fiber is a heterogeneous group of compounds consisting of the remnants of plant cells
resistant to hydrolysis by human alimentary enzymes.

2. Dietary fiber has effects throughout the digestive tract, although its effects in the colon are of great-
est interest in cancer prevention.

3. Dietary fiber reduces transit time, dilutes potential carcinogens, stimulates bacterial anaerobic fer-
mentation, and leads to the production of short chain fatty acids that have favorable effects on cell
growth regulation.

4. Populations that consume more dietary fiber have less chronic disease, including many forms of
cancer. Results of epidemiologic studies of dietary fiber and cancer prevention are inconsistent,
although typical intakes of dietary fiber in Western countries are low and studies find protection
with dietary fiber when intakes are greater than 35 g/day.

5. Clinical studies find that intake of dietary fiber has beneficial effects on risk factors for developing
cancers, including higher stool weights, lowered fecal pH, and increased production of short chain
fatty acids. Additionally, high-fiber diets are low in energy density, another dietary attribute linked
to cancer protection.

6. Typical Western diseases include diabetes, hypercholesterolemia, heart disease, diverticular
disease, and cancer. This may be due to the usual dietary fiber intake at only 15 g/day, about half
of recommended levels.

Key Words: Dietary fiber; cancer; short chain fatty acids; microflora

1. INTRODUCTION

1.1. What Is Fiber?
The term dietary fiber was not coined until 1953, but the anti-constipating effects

of high-fiber foods have been long appreciated. In 430 BC, Hippocrates compared the
superior laxative effects of coarse wheat and refined wheat (1). Graham (of graham
cracker fame) denounced the harmful effects of refined carbohydrate foods during the
nineteenth century, and the first Kellogg’s and Post cereals were formulated in response
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to increasing interest in dietary fiber. In the 1920s, J.H. Kellogg published extensively
on the attributes of bran, claiming it increased stool weight, promoted laxation, and
prevented disease. Dietary fiber was studied throughout the 1930s and then forgotten.

Denis Burkitt is usually credited with popularizing the contemporary idea that dietary
fiber may protect against the development of Western diseases, including diabetes,
hypercholesterolemia, heart disease, diverticular disease, and cancer (2). Whether iso-
lated dietary fiber has the same physiologic properties as the dietary fiber found naturally
in grains, fruits, and vegetables with associated substances is unknown and difficult to
study.

Interest in dietary fiber has been limited by our inability to agree on definitions for
dietary fiber and recommended intake levels. In 2002, the Food and Nutrition Board of
the National Academy of Sciences published a new set of definitions for dietary fiber
(3). Whereas the new definition suggested that the term dietary fiber would describe the
nondigestible carbohydrates and lignin that are intrinsic and intact in plants, functional
fiber consists of the isolated nondigestible carbohydrates that have beneficial physio-
logical effects in humans. Total fiber would then be the sum of dietary fiber plus func-
tional fiber. Nondigestible means not digested and absorbed in the human small intes-
tine. Fibers can be fermented in the large intestine or can pass through the digestive tract
unfermented.

There is no biochemical assay that reflects dietary fiber or functional fiber nutritional
status, e.g., blood fiber levels cannot be measured because fiber is not absorbed. No data
are available to determine an estimated average requirement (EAR) and thus calculate a
recommended dietary allowance (RDA) for total fiber, so an adequate intake (AI) was
instead developed. The AI for fiber is based on the median fiber intake level observed to
achieve the lowest risk of coronary heart disease (CHD). A tolerable upper intake level
(UL) was not set for dietary fiber or functional fiber.

Dietary fiber is part of a plant matrix which is largely intact. Nondigestible plant
carbohydrates in foods are usually a mixture of polysaccharides that are integral com-
ponents of the plant cell wall or intercellular structure. This definition recognizes that the
three-dimensional plant matrix is responsible for some of the physicochemical proper-
ties attributed to dietary fiber. In addition, dietary fiber contains other nutrients normally
found in foods that may have health effects. Cereal brans, which are obtained by grind-
ing, are anatomical layers of the grain consisting of intact cells and substantial amounts
of starch and protein; they are categorized as dietary fiber sources.

According to the DRI panel, the relationship of fiber intake to colon cancer is the
subject on ongoing investigation. The DRI panel suggested the recommended intakes of
total fiber may ameliorate constipation and diverticular disease, provide fuel for colonic
cells, reduce blood glucose and lipid levels, and provide a source of nutrient-rich, low-
energy-dense foods that could contribute to satiety, although these benefits were not
used as the basis for the AI.

Dietary fiber intake continues to be less than recommended in the United States aver-
aging only 15 g/day (3). Many popular American foods contain little dietary fiber. Serv-
ings of commonly consumed grains, fruits, and vegetables contain only 1–3 g of dietary
fiber (4). Major sources of dietary fiber in the US food supply include grains and vegeta-
bles (5). White flour and white potatoes provide the most fiber to the diet, about 16 and
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9%, respectively, not because they are concentrated fiber sources, but because they are
widely consumed. Legumes are very rich in dietary fiber, but because of low consump-
tion they only provide about 6% of the fiber in the US diet. Fruits provide only 10% of
the fiber in the overall US diet, because of low fruit consumption and the low amount of
fiber in fruits, except for dried fruits.

A variety of definitions of dietary fiber exist (6). Some are based primarily on ana-
lytical methods used to isolate and quantify dietary fiber whereas others are physio-
logically based. Dietary fiber is primarily the storage and cell wall polysaccharides of
plants that cannot be hydrolyzed by human digestive enzymes. Lignin, which is a com-
plex molecule of polyphenylpropane units and present only in small amounts in the
human diet, is also usually included as a component of dietary fiber. In labels of food
products within the United States, dietary fiber is defined as the material isolated by
analytical methods approved by the Association of Official Analytical Chemists, gen-
erally AOAC Method 985.29 (6). A variety of low-molecular carbohydrates such as
resistant starch, polydextrose, and nondigestible oligosaccharides including fructo- and
galacto-oligosacchardies are being developed and increasingly used in food processing.
Generally, these compounds are not captured by AOAC Method 985.29. Other AOAC
accepted methods to measure the fiber content of these novel fibers have been developed
or are currently in development (6).

Although the IOM report recommended that the terms soluble and insoluble fibers not
be used (3), food labels still may include soluble and insoluble fiber data. Water-soluble
fiber is precipitated in a mixture of enzymes and ethanol. Dietary fiber was divided into
soluble and insoluble fibers in an attempt to assign physiological effects to chemical
types of fiber. Oat bran, barley bran, and psyllium, mostly soluble fiber, have health
claims for their ability to lower blood lipids. Wheat bran and other more insoluble fibers
are typically linked to improved laxation and colon cancer prevention. Yet, scientific
support that soluble fibers lower blood cholesterol, while insoluble fibers increase stool
size, is inconsistent at best.

Resistant starch (the sum of starch and starch-degradation products not digested in
the small intestine) (7) reaches the large intestine and would function as dietary fiber.
Legumes are a primary source of resistant starch, with as much as 35% of legume starch
escaping digestion (8). Small amounts of resistant starch are produced by processing
and baking of cereal and grain products. Many new functional fibers increasingly being
added to processed foods are resistant starches. Murphy et al. (9) estimated resistant
starch intakes in the United States. A database of resistant starch concentrations in foods
was developed from published values. These values were linked to foods reported in
24-h dietary recalls from participants in the 1999–2002 National Health and Nutrition
Examination Surveys to estimate resistant starch intakes. Americans aged 1 year and
older were estimated to consume approximately 4.9 g/day of resistant starch (range
2.8–7.9 g/day).

Dietary fiber includes plant nonstarch polysaccharides (e.g., cellulose, pectin, gums,
hemicellulose, β-glucans, and fiber contained in oat and wheat bran), plant carbohy-
drates that are not recovered by alcohol precipitation (e.g., inulin, oligosaccharides,
and fructans), lignin, and some resistant starch. Potential functional fibers include iso-
lated, nondigestible plant (e.g., resistant starch, pectin, and gums), animal (e.g., chitin
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and chitosan), or commercially produced (e.g., resistant starch, polydextrose, inulin,
and indigestible dextrins) carbohydrates (3). Additionally, dietary fiber is a marker of
a plant-based diet and associated with a wide range of phytochemicals that also have
potential roles in cancer prevention. Also, high-fiber diets are generally low-fat diets, so
the protective properties of high-fiber diets may be confounded by low-fat intakes.

2. CANCER BACKGROUND

Cancers of the gastrointestinal tract represent the second most common cancer in
the United States and are second only to cancer of the respiratory tract as a cause of
cancer-related mortality. The development of colon cancer involves a complex inter-
play between environmental and genetic factors. As the colorectal epithelium progresses
from normal histology to one that is hyperproliferative, adenomatous, and finally malig-
nant, multiple molecular alterations, including the activation of proto-oncogenes, the
inactivation of tumor-suppressor genes, and mutations in mismatch repair genes, occur
(10). Environmental factors may also contribute to cancer, but unlike genetic factors,
they may be modifiable and targeted by prevention strategies. Estimates suggest that
35% of all cancers are attributable to diet and that up to 90% of colorectal cancers in
the United States could be avoidable through dietary intervention (11). However, estab-
lishing a cause-and-effect relationship between diet and colorectal cancer is a difficult
task.

Investigations that examine the impact of diet on cancer incidence include epidemi-
ological studies where dietary variables are compared across populations. Case–control
studies examine differences in diet between people who have colon cancer compared
to those who do not. A serious limitation of retrospective studies is the accuracy with
which intakes of dietary factors can be estimated. It is difficult to recall dietary intakes in
former years and disease tends to alter dietary habits. A stronger epidemiological design
is the cohort study in which subjects exposed to a particular agent are followed over time
and their cancer incidence is compared with those who have not been exposed. These
studies are costly and require a large number of subjects. Intervention studies allow
investigators to make a dietary change and then follow the course of a disease. Inter-
vention studies are limited by the slow progressive nature of the cancer process and the
large number of subjects needed to reach adequate statistical power.

Strategies to avoid these problems include studying individuals who are at high risk
for developing cancer to determine whether a chemopreventive agent can prevent the
development of cancer. Second, studies use intermediate biomarkers of the cancer pro-
cess as end points rather than waiting for the cancer to occur. Chemoprevention trials
in high-risk individuals use intermediate biomarkers to determine the role of dietary
ingredients on colon cancer causation.

Many studies use animal models to investigate the relationship between dietary fiber
and colon cancer. Animal studies offer the advantage of greater control of experimen-
tal variables, allow for a broader range of interventions, and are generally less expen-
sive than human studies. However, animal models may generate species-related results,
which for dietary fiber may be difficult to interpret. For example, the gastrointestinal
tract of the rat varies significantly from that of humans. Therefore, extrapolation of data
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obtained in rodents to humans may not be accurate. Very often, cancer research related
to fiber is conducted in cell culture using cancer cell lines. Also, mechanistic studies
that investigate the role of dietary fiber in colon cancer prevention utilize healthy human
subjects.

The translational significance of studies that examine the impact of dietary fiber on
the cancer process may be hampered by problems in defining, measuring, and quanti-
tating dietary fiber. This difficulty is exacerbated by lack of a standard chemical method
to assess dietary fiber. Epidemiological studies generally rely on food frequency instru-
ments that estimate dietary fiber. These estimates are largely inadequate when estimating
fermentable carbohydrates that reach the colon. Earlier studies by Hill (12) suggested
that we return to foods for epidemiologic studies rather than attempting to measure
dietary fiber, which obviously is problematic.

3. RATIONALE WHY FIBER AND ITS FERMENTATION PRODUCTS
PROTECT AGAINST CANCER

Dietary fiber exerts physiological effects throughout the gastrointestinal tract that
may explain its protectiveness against cancer. Although we generally think of dietary
fiber as most active in the large intestine, it is known that fiber alters hormone func-
tions in the upper digestive tract. These changes may alter satiety, slow digestion, and
aid in weight maintenance. Potential mechanisms for the protective effects of dietary
fiber against colon cancer are listed in Table 1. The fermentation of carbohydrates in
the colon produces short chain fatty acids (SCFA) that help maintain the integrity of the
gut (13). More than 75% of dietary fiber in an average diet is broken down in the large
intestine resulting in the production of carbon dioxide, hydrogen, methane, and SCFA

Table 1
Mechanisms by Which Fiber Can Protect Against the Development of Cancer

Increased stool bulk
Decreased transit time
Dilution of carcinogens

Binds with bile acids or other potential carcinogens
Lower fecal pH
Inhibits bacterial degradation of normal food constituents to potential carcinogens

Changes in microflora
Fermentation by fecal flora to short chain fatty acids
Decrease in colonic pH
Inhibition of carcinogens

Increase in lumenal antioxidants
Peptide growth factors
Alteration of sex hormone status
Change in satiety resulting in lowered body weight
Alterations in insulin sensitivity and/or glucose metabolism
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including butyrate, propionate, and acetate. Propionate and acetate are metabolized in
colonic epithelial cells or peripheral tissue. Butyrate regulates colonic cell proliferation
and serves as an energy source. Propionate is transported to the liver where it may sup-
press cholesterol synthesis. This may provide a potential explanation for how soluble
dietary fiber lowers serum cholesterol.

According to calculations by Cummings and McFarlane (14), fermentation of
∼20 g/day of fiber in the colon generates ∼200 mM of SCFA (62% acetate, 25% pro-
pionate,16% butyrate). Colonic absorption of SCFA is concentration-dependent with no
evidence of a saturable process. The mechanism by which SCFA crosses the colonic
mucosa is thought to be passive diffusion of the unionized acid into the mucosa cell.
SCFAs are respiratory fuels for the colonic mucosa. In isolated human colonocytes,
butyrate is actively metabolized to CO2 and ketone bodies, which account for about
80% of the oxygen consumption by colonocytes.

Butyrate exerts trophic effects on normal colonocytes in vitro and in vivo. In con-
trast, butyrate arrests the growth of neoplastic colonocytes and inhibits the preneoplas-
tic hyperproliferation induced by some tumor promoters in vitro (15). Butyrate induces
differentiation of colon cancer cell lines and regulates the expression of factors involved
in colonocyte growth and adhesion.

The effects of butyrate on colonic tumor cell lines in vitro seem to contradict what has
been shown in vivo (16). Butyrate appears to have two contrasting effects. It serves as the
primary energy source for normal colonic epithelium and stimulates growth of colonic
mucosa, yet in colonic tumor cell lines it inhibits growth and induces differentiation and
apoptosis. Since SCFAs are volatile, they are quickly absorbed from the lumen. SCFAs
acidify the gut, which may affect development of colon cancer because changes in gut
pH will affect solubility of metabolites and activities of bacterial enzymes (17).

Hamer et al. (18) reviewed the role of butyrate on colonic function and agreed that
butyrate is an important energy source for intestinal epithelial cells and plays a role in
the maintenance of colonic homeostasis. Butyrate inhibits inflammation and carcinogen-
esis. Two important mechanisms include the inhibition of nuclear factor-κB activation
and histone deacetylation. Human data for the role of butyrate in cancer prevention are
limited and in vitro data depend heavily on concentration of butyrate used and the model
system.

Bordonaro et al. (19) suggested that the effects of fiber and butyrate on colon cancer
risk may be mediated through Wnt signaling, a pathway that is constitutively activated
in most colorectal cancers. Analyses of 10 human colorectal cancer cell lines exposed to
butyrate found the levels of apoptosis in these cells were dependent on the fold induc-
tion of the canonical Wnt transcriptional activity. The same authors proposed that the
existence of colorectal cancer subtypes, individual- and population-specific variations
in butyrate-producing colonic microflora, and the timing colorectal lesions are exposed
to fiber/butyrate are all factors that may influence the protective role of fiber against
colorectal cancer.

Reddy et al. (20) reported that in healthy subjects receiving equal amounts of fiber,
the concentration of fecal secondary bile acids and mutagenic activity were significantly
lower following supplementation with wheat bran compared to supplementation with
oat bran or control diets. Other studies have examined fiber’s ability to increase fecal
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bulk and speed intestinal transit. Dietary fibers differ in their ability to hold water and
their resistance to bacterial degradation in the gut. Pectin is effective in holding water,
but is quickly fermented in the gut and cannot be found in feces. Conversely, wheat bran
has consistently been found to have the most effect on stool bulk, probably because it is
slowly fermented and survives transit through the gut. Milling of wheat bran may affect
the laxative properties of the bran, with larger particle sizes causing larger increases in
fecal weight.

Dietary fiber sources such as wheat bran are complex matrices and attempts have been
made to isolate the effects of specific components of wheat bran. In an animal study,
rats were fed wheat bran, dephytinized wheat bran, and phytic acid alone and aberrant
crypt foci were measured after treatment with azoxymethane (21). Dephytinized wheat
bran was less protective than intact wheat bran, suggesting that the protective effects of
wheat bran may be due to fiber and phytic acid. Certain components of dietary fiber are
more protective than others against colorectal cancer. Insoluble fibers have consistently
been found to decrease cell proliferation, whereas soluble fibers may even increase cell
proliferation. Lu et al. (22) found that lignin, a component of insoluble dietary fiber,
acted as a free radical scavenger. These authors suggested that the ability of dietary fiber
to protect against colorectal cancer may be determined by the amount of lignin as well
as the free radical scavenging ability of lignin.

A common criticism of animal studies is the use of large amounts of dietary fiber. For
example, dietary fibers have been fed at levels of 30% of the diet or more. These levels
of fiber intake have no bearing on typical or recommended intakes in humans.

4. EFFECT OF DIETARY FIBER ON STOOL CHEMISTRY

Many fiber sources, including cereal brans, psyllium seed husk, methylcellulose, and
a mixed high-fiber diet increase stool weight thereby promoting normal laxation. Stool
weight parallels fiber intake increases (23), but the added fiber tends to normalize defe-
cation frequency to one bowel movement daily and gastrointestinal transit time to 2–4
days. The increase in stool weight is caused by the fiber mass, the water-holding capac-
ity of fiber, and bacterial mass fermenting the fiber. If the fiber is fully and rapidly
fermented in the large bowel, as are most soluble fiber sources, there is no increase in
stool weight (24). It is a common but erroneous belief that the increased stool weight is
due primarily to water. The moisture content of human stool is 70–75% and this does not
change when more fiber is consumed. Fiber in the colon is no more effective at holding
water in the lumen than the other components of stool. The one known exception is psyl-
lium seed husk, which does increase the concentration of stool water to ∼80%. As fiber
consumption increases, stool weight increases. Therefore, increased fluid consumption
should be recommended to account for the increased loss of fecal water.

Unlike blood, fecal samples have not been collected and evaluated for a large cohort
of healthy subjects. Cummings et al. (24) conducted a meta-analysis of 11 studies in
which daily fecal weight was measured accurately in 26 groups of people (n = 206) on
controlled diets of known fiber content. Fiber intakes were significantly related to stool
weight (r = 0.84). Stool weight varied greatly among subjects from different countries,
ranging from 72 to 470 g/day. Stool weight was inversely related to colon cancer risk in
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this study. Spiller (25) suggested that there is a critical fecal weight of 160–200 g/day
for adults, below which colon function becomes unpredictable and risk of colon cancer
increases. Stool weights in healthy UK adults averaged only 106 g/day. It is likely that
average stool weights in the United States are also low as Cummings et al. (24) reported
that stool weights in Westernized populations ranged from 80 to 120 g/day.

Studies have reported that dietary fibers have differential effects on fecal weight. For
example, fecal weight increased 5.4 g/g of wheat bran fiber (mostly insoluble), 4.9 g/g
fruits and vegetables (soluble and insoluble), 3 g/g isolated cellulose (insoluble), and
1.3 g/g isolated pectin (soluble) (24). When subjects were fed 15, 30, or 42 g/day diet
fiber from a mixed diet, there was a significant increase in stool weight on all diets. Most
of the increased stool weight was from undigested dietary fiber, although the mid-range
of fiber intake was also associated with an increase in bacterial mass (26).

In addition to fiber, other food components determine stool weight. Slavin et al. (27)
fed liquid diets containing 0, 30, and 60 g of soy fiber and compared stool weights to
those of subjects consuming their habitual diets. Daily fecal weight averaged 145 g/day
on the habitual diets. On the liquid diets with added fiber stool weight averaged, respec-
tively, 67, 100, and 150 g/day. Estimated fiber intake on the habitual diet was less than
20 g/day, supporting the conclusion that other factors in solid foods besides dietary fiber
increase stool weight.

Besides food intake, other factors also affect stool size. These are often noted in
studies, but are not well studied in research trials. For example, stress associated with
exams or competition can increase intestinal transit. Exercise may stimulate intestinal
transit (28), although data on this effect remain conflicting. Bingham and Cummings
(29) found that on a controlled dietary intake, transit time increased in nine subjects
and decreased in five subjects when a 9-week exercise program was introduced. Other
measures of bowel function, including stool weight or fecal frequency, were not changed
by the exercise program.

Even on rigidly controlled diets of the same composition, there is a large variation
in daily stool weight among subjects. Gender is known to alter colonic functions (30).
Tucker et al. (31) examined the predictors of stool weight when completely controlled
diets were fed to normal volunteers. These investigators found that personality was a
better predictor of stool weight than dietary fiber intake, with outgoing subjects more
likely to produce higher stool weights.

5. EFFECT OF DIETARY FIBER ON METHANE AND SULFUR GASES

It is estimated that for every 10 g of carbohydrates that reach the large intestine,
100 mmol SCFA, 100 ml hydrogen gas, and 3 g bacterial mass are produced (14).
Hydrogen gas accumulation can adversely affect metabolism, so it must be disposed
of efficiently. The primary means of hydrogen disposal include methane and hydrogen
sulfide (H2S) production and excretion via breath and flatus (32).

Methane is produced by bacteria (methanogens) such as Methanobrevibacter smithii
that reside in approximately 30% of the population. Methane production is beneficial
for two reasons: (1) methane is nontoxic and (2) for every mole of methane gener-
ated, 4 mol of hydrogen gas are removed from the colonic lumen (32). Sulfate reducing
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bacteria (SRB) compete with methanogens for hydrogen gas when sufficient sulfate is
available due to the thermodynamic favorability of H2S production (32, 33). Dietary
sulfate is the primary source of colonic sulfate, but mucins, sulfated glycoproteins, and
sulfated polysaccharides also contribute to the colonic sulfate pool (32). H2S-impaired
oxidation of SCFA is a major component of inflammatory bowel disease (IBD), but the
role of SRB in the development of IBD is still under debate (34). IBD is associated with
an increased risk of colorectal cancer (35). H2S has not been shown to act as a direct
carcinogen, but several studies supported the role of H2S in epithelial dysregulation and
altered signal transduction (36).

6. CANCER

6.1. Large Bowel Cancer
Extensive epidemiological evidence supports the theory that dietary fiber may protect

against large bowel cancer. Studies that compared colorectal cancer incidence or mortal-
ity rates in various nations with relative estimates of dietary fiber consumption suggested
that dietary fiber may protect against colon cancer. Data collected from 20 populations
in 12 countries showed that average stool weight varied from 72 to 470 g/day and was
inversely related to colon cancer risk (37). When results of 13 case–control studies of
colorectal cancer rates and dietary practices were pooled, the authors concluded that the
results provided substantive evidence that consumption of fiber-rich foods is inversely
related to risks of both colon and rectal cancers (38). The latter study estimated that the
risk of colorectal cancer in the US population could be reduced by about 31% with an
average increase in fiber intake of about 13 g/day from food sources.

Park et al. (39) completed a more recent pooled analysis of prospective cohort studies
of dietary fiber intake and risk of colorectal cancer. From 13 prospective cohort studies
included in the Pooling Project of Prospective Studies of Diet and Cancer, 725,628 sub-
jects were followed for 6–20 years. Dietary fiber intake was inversely associated with
risk of colorectal cancer in age-adjusted analyses. However, after accounting for other
dietary risk factors, high-dietary fiber intake was not associated with a reduced risk of
colorectal cancer.

Results of three intervention studies documented that dietary fiber did not protect
against colon cancer (40–42). These studies found no significant effect of high-fiber
intakes on recurrence of colorectal adenomas. Possible explanations for these results
include short-term fiber interventions and low fiber levels; the recurrence of adenoma
may not be an appropriate measure of fiber’s effectiveness in preventing colon can-
cer. In addition the fiber intake by the low-fiber control subjects exceeded that of the
American population. Increasing dietary fiber consumption over a 3-year period did not
alter the recurrence of adenomas. Despite the inconsistency of results from epidemio-
logical studies, there appears to be sufficient scientific consensus dietary fiber may exert
protective effects against colon cancer and that health professionals should be promoting
increased consumption of dietary fiber (43).

Recent follow-up analysis of the Polyp Prevention Trial (PPT) also found no effect of
a low-fat, high-fiber, high-fruit and vegetable diet on adenoma recurrence 8 years after
randomization (44). Because the PPT study was conducted over a 4-year period, one
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possibility is that the beneficial effects of higher fiber intake could be detectable at later
times. Although the experimental group continued to consume more fiber beyond year
4, there was no effect of fiber intervention on later polyp recurrence.

The European Prospective Investigation into Cancer and Nutrition (EPIC) is a
prospective cohort study comparing dietary habits of more than a half-million people
in 10 countries with colorectal cancer incidence (45). This study found that popula-
tions whose total fiber intake averaged 33 g/day had a 25% lower incidence of colorec-
tal cancer than those with average fiber intake of 12 g/day. Also, this study estimated
that populations with low average fiber consumption could reduce by 40% colorectal
cancer incidence by doubling their fiber intake. Dukas et al. (46) reported that in the
Nurses’ Health Study, women in the highest quintile of dietary fiber intake (median
intake 20 g/day) were less likely to experience constipation than women in the lowest
quintile (median intake 7 g/day).

Although prospective studies suggest dietary fiber intake may not protect against
colorectal cancer, support exists for the protective properties of whole grain intake.
Schatzkin et al. (47) investigated the relationship between whole grain intake and inva-
sive colorectal cancer in the prospective National Institutes of Health-AARP Diet and
Health Study. Total dietary fiber intake was not associated with colorectal cancer risk,
whereas whole grain consumption was associated with a modest reduced risk. The asso-
ciation with whole grain intake was stronger for rectal than colon cancer.

The incidence of colorectal cancer is much higher in African Americans compared
to native Africans. O’Keefe et al. (48) compared a randomly selected sample of African
Americans (n= 17) to a group of native Africans (n= 17). Diet was evaluated by 3-day
diet recall. Breath samples were collected and fecal samples were cultured for bacteria.
Colonoscopic mucosal biopsies were taken to measure proliferation rates and colonic
crypt cell proliferation rates were found higher in African Americans. Differences were
also found in bacterial populations, although dietary fiber intakes were the same in both
groups.

6.2. Breast Cancer
Limited epidemiological evidence is available concerning the effects of fiber intake

and breast cancer risk. Since the fat and fiber contents of diet are generally inversely
related, it is difficult to separate the independent effects of these nutrients, and most
research has focused on the fat and breast cancer hypothesis. International comparisons
show an inverse correlation between breast cancer death rates and consumption of fiber-
rich foods (49). An interesting exception to the high-fat diet hypothesis in breast cancer
was observed in Finland, where intake of both fat and fiber is high and the breast cancer
mortality rate is considerably lower than in the United States and other Western coun-
tries where the typical diet is high in fat (50). The large amounts of fiber in the rural
Finnish diet may modify the breast cancer risk associated with a high-fat diet. A pooled
analysis of 12 case–control studies of dietary factors and risk of breast cancer found that
high dietary fiber intake was associated with reduced risk of breast cancer (51). Dietary
fiber intake also has been linked to lower risk of benign proliferative epithelial disorders
of the breast (52). Not all studies found a relationship between dietary fiber intake and
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breast cancer incidence, including a US prospective cohort study (53). A pooled anal-
ysis of eight prospective cohort studies of breast cancer found that fruit and vegetable
consumption during adulthood was not significantly associated with reduced breast can-
cer risk (54). However, a large case–control study reported protective effects with high
intake of cereals and grains, vegetables, and beans (55).

Jain et al. (56) found no association among total dietary fiber, fiber fractions, and risk
of breast cancer. Still, nutrition differences, including dietary fiber intake, appeared to
contribute to the higher rate of breast cancer experienced by younger African American
women (57). Additionally, a diet high in vegetables, fruits, and fiber did not reduce addi-
tional breast cancer events or mortality during 7.3 years of follow-up in the Women’s
Health Eating and Living (WHEL) randomized trial (58). This study was conducted
among survivors of early stage breast cancer. The intervention group was targeted with
a telephone counseling program, cooking classes, and newsletters that promoted daily
target intakes (five vegetable servings plus 16 oz of vegetable juice, three fruits, 30 g of
fiber, and reduced fat intake). This intervention did not reduce additional breast cancer
events or mortality during a 7.3 year follow-up period.

The effects of dietary fiber on breast cancer risk may be confounded by estrogen
and progesterone receptor (ER/PR) status. Suzuki et al. (59) evaluated the association
between dietary fiber and ER/PR-defined breast cancer risk stratified by postmenopausal
hormone use, alcohol use, and family history of breast cancer in the population-based
Swedish Mammography Screening Cohort, which included 51,823 postmenopausal
women. Fiber intake was measured by food frequency questionnaire. These studies
correlated significant risk reductions in breast cancer with intake of fruit and cereal
fiber.

Overall, results of population studies appear to be mixed, with large US prospective
studies finding little relationship between dietary fiber intake and breast cancer. Addi-
tionally, fruit and vegetable intake does not appear to be protective against breast cancer
(54). But, similar to colon cancer, typical intakes of dietary fiber in the US cohorts may
be lower than levels found to be protective in European studies.

6.3. Other Cancers
Similar to colon and breast cancer, it is not clear whether fiber intake is protective

against other types of cancer. In general, results of case–control studies are more positive
than results with prospective trials. Cereal fiber intakes were found to reduce risk of gas-
tric adenocarcinomas in the EPIC-EURGAST study (60). Bandera et al. (61) conducted
a meta-analysis of the association between dietary fiber and endometrial cancer. They
found support for a protective effect from case–control studies, but no evidence was
obtained for the single prospective study that had been conducted. Preliminary findings
from the CPID study showed no association between fruit and vegetable consumption
and risk of prostate and breast cancer (62). Thus, although case–control studies show
protection against cancer with dietary fiber intake, prospective, cohort studies do not
demonstrate a preventive effect of fiber against cancer. A possible protective effect may
be detectable by indirect methods including obesity protection.
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7. OTHER COMPONENTS IN FIBER-CONTAINING FOODS

There is substantial scientific evidence suggesting vegetables, fruits, and whole grains
reduce risk of chronic diseases including cancer (63, 64). In epidemiological studies,
it is often easier to count servings of whole foods than translate information on food
frequency questionnaires to nutrient intakes. Additionally, recent studies suggest that
analyses based on whole foods are better correlated with protection against chronic dis-
eases than dietary fiber, antioxidants, or other biologically active components present
in foods. Table 2 lists the many phytochemicals that have been shown to have cancer
prevention actions. This suggests that the addition of purified dietary fiber to foodstuffs
is less likely to be beneficial as opposed to changing American diets to include whole
foods high in dietary fiber. The concept of synergy among components in whole foods
is an important aspect of any dietary counseling.

Table 2
Phytochemicals, Beyond Fiber, with Cancer Protective Properties

Dietary fiber
Lignans
Isoflavones
Coumarins
Phytates
Dithiothiones
Carotenoids
Tocopherols
Ascorbate
Folate
Isothiocyantes
Indoles
Glucosinolate
Plant sterols
Protease inhibitors
Allium compounds
Flavonoids
Other phenolic compounds

A lot of what is known about the benefits of a higher fiber diet comes from epi-
demiological studies, and DRI recommendations for dietary fiber intake are based on
epidemiological findings. However, discrepancies exist between epidemiological and
metabolic studies. Foods in current databases may not be reflective of what was con-
sumed more than a decade ago. This is particularly true for data on dietary fiber in
foods that have been gathered largely in the past 15 years. Progress in standardization
of methods used to determine total dietary fiber in US foods is necessary to improve
fiber databases necessary for epidemiological studies. For example, the proportion of
total fiber that is soluble varies by two to threefold across major methods of analysis.
Thus, the use of databases to differentiate the effects of soluble vs. insoluble fiber with
disease could produce statistically significant relationships, when in fact there are none.
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Also, the use of specific fiber sources in metabolic studies may not be representative of
normal diets that contain various sources of fiber.

8. CONCLUSIONS

The relationship between cancer and dietary fiber remains complex. Although not
all data support the relationship, the difficulty in measuring dietary fiber and the poor
databases for dietary fiber content of foods make it a difficult relationship to study.
Stronger protective support has been found for whole foods high in dietary fiber, such
as cereal fiber, fruits, and whole grains. Dietary fiber may be just part of the protective
puzzle with other components including antioxidants, phenolic compounds, and associ-
ated substances also providing protection against colorectal cancer.

Other cancer sites are equally elusive as to their connection with dietary fiber intake.
Since fiber intake is linked to lower body mass index, it will be protective against
breast and prostate cancer. Also, breast cancer may be prevented by high fiber intakes,
especially if the fibers consumed are high in phytoestrogens that alter sex hormone
metabolism.

Despite many years of research and nutrition education, dietary fiber intakes are not
increasing. We must continue to promote consumption of foods high in complex carbo-
hydrates, including resistant starch, oligosaccharides, and dietary fiber. As many con-
sumers depend on processed foods as the mainstay of their diets, efforts should be made
to increase the fiber content of popular foods to assist consumers in obtaining recom-
mended levels of unavailable carbohydrate. Differences in fiber composition must be
considered since recent studies find that cereal fiber is most protective, while vegetable
and fruit fiber are often not protective against cancer. But since dietary fiber intakes
are so low, the ability to detect relationships between dietary fiber intake and cancer is
limited.
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9 Gut Microbiota, Probiotics,
Prebiotics and Colorectal Cancer

Gemma E. Walton and Glenn R. Gibson

Key Points

1. Both probiotics and prebiotics are dietary ingredients that modulate the gut microbiota composi-
tion and activity. Probiotics are live microbial feed additions, whereas prebiotics are selectively
metabolized by beneficial flora components.

2. One of the most common forms of cancer is colorectal. Because the human gut, particularly the
colon, harbours an extremely profuse and metabolically active microbiota, there is interest in how
the microbial fermentation affects colorectal cancer risk.

3. An important environmental factor that can play a large role in cancers of digestive tract is diet.
The principal hypothesis is that fat and meat increase risk and cereals, fruit and vegetables (dietary
fibre) decrease risk of cancer. With the current interest in the use of both probiotics and prebiotics to
modulate this microbiota, it is feasible that such dietary intervention tools may find use in reducing
risk.

4. Probiotics such as bifidobacteria and lactobacilli have many positive effects on the human digestive
tract, including the inhibition of pathogens and having anti-cancer activities. However, enterococci,
a Gram-positive cocci, and Enterococcus faecalis may have negative effects including the produc-
tion of hydrogen peroxide and triggering inflammatory bowel disease.

5. Clostridium butyricum, a species belonging to the core Clostridium 1 cluster, has been found to
produce butyrate-generating SCFA in the colon. When supplementation of C. butyricum and high-
amylase maize starch were fed to rats, it was noted that the colonic pH was lower and became a
more favourable condition against cancer.

6. Butyrate, a gut microbial metabolite, has been known to be associated with reduced risk colorectal
cancer onset. Colonocytes metabolize butyrate through β-oxidation, enabling it to aid in cell mat-
uration, differentiation and apoptosis. Butyrate is purported as an anti-tumoural agent. It has been
shown to induce apoptosis of colon cancer cell lines and inhibit growth in vitro.

Key Words: Colorectal cancer; gut microbiota; lactic acid bacteria; microbial fermentation

1. INTRODUCTION

Cancer is essentially a disease resulting from the uncontrolled proliferation of cells
at a particular site. The cells divide rapidly but are unable to undergo differentiation
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and this leads towards the development of tumours. Normal cellular activity is lost and
cancer cells invade surrounding tissues. They may also have the ability to spread from
site to site where new tumours can develop through the process of metastasis.

One of the commonest forms of cancer is colorectal. Because the human gut, par-
ticularly the colon, harbours an extremely profuse and metabolically active microbiota,
there is interest in how the microbial fermentation affects colorectal cancer risk. There
are incidences where this can be both positive and negative. Epidemiological studies
that suggest geographical variation in cancer incidence in various countries, communi-
ties and migrant groups, together with results from studies of social factors, have led
to the observation that a large proportion of human cancers may have an environmental
component (1). An important environmental factor that can play a large role in can-
cers of digestive tract is diet. The principal hypothesis is that fat and meat increase risk
and cereals, fruit and vegetables (dietary fibre) decrease risk of cancer. With the current
interest in the use of both probiotics and prebiotics to modulate this microbiota, it is
feasible that such dietary intervention tools may find use in reducing risk.

2. RATIONALE FOR AN INVOLVEMENT OF THE GUT MICROBIOTA
IN COLORECTAL CANCER

There are population variances, with ethnic and racial differences, for the incidences
of digestive cancers. Such differences could be considered to be the result of genetic
variation. Nevertheless, migrant studies have largely implicated environmental factors.
A study from Australia compared the cancer incidence of natives to that of migrants and
found that individuals originally from low CRC risk countries, such as Yugoslavia and
Poland, developed an increased risk of colorectal cancer (2). A similar study in North
America monitored cancer patients and controls of American origin, Chinese origin and
native Chinese. The risk of colorectal cancer development increased proportionally to
the duration of habitation within the USA. This was observed to correlate with altered
diet, increased saturated fats and reduced exercise (3, 4).

Epidemiological studies have also demonstrated that increased intakes of dietary
fibre, fruit and vegetables are associated with a reduced risk of colorectal cancer (5).
Other factors such as consumption of supplements and lifestyle may influence outcome
(6, 7). The European prospective investigation into cancer and nutrition (EPIC) study
has assessed the dietary intakes of over half a million individuals from 10 different
European countries. These intakes have been observed alongside cancer status and a
follow-up assessment over an average of almost 5 years. This work has led to a wealth
of information regarding diet and colorectal cancer risk factors. The EPIC study pro-
vides a wide-scale study of people from different countries and has demonstrated an
inverse correlation between dietary fibre intake and colorectal cancer risk (8). Methods
for protection by dietary fibre may include increased faecal bulking, dilution of colonic
contents and reduced intestinal transit time (9). An additional issue for protection could
be increased carbohydrate availability and its fermentation in the colon. On the contrary,
diets high in meat protein, particularly red and processed meats, have been associated
with increased risk of colorectal cancer development (10).



Chapter 9 / Gut Microbiota, Probiotics, Prebiotics and Colorectal Cancer 183

Diet impacts strongly with the colonic microflora and can mediate both changes in
bacterial populations and their metabolic activities (11). The ability of the microflora
to alter the effects of carcinogens within the colon was observed by Reddy et al. (12),
whereby germ-free rats and conventional rats were exposed to carcinogens. Germ-free
rats developed less dimethylhydrazine (DMH)-induced colonic tumours than conven-
tional rats.

The ingestion of foods and excretion of bile can be converted by microbial metabolic
pathways in the colon, leading to the production of carcinogenic and genotoxic com-
pounds. Nevertheless, not all microorganisms are involved with such negative effects.
Dietary intake can alter bacteria within the colon and their fermentation patterns. The
metabolic activities of some bacteria can also lead to the production of various short-
chain fatty acids (SCFAs) and anti-cancer compounds.

3. THE HUMAN GUT MICROBIOTA

Bacterial inhabitants of the colon have been estimated to comprise up to 1,000 differ-
ent bacterial species (13–15), belonging to at least 50 different genera (16). The res-
ident microflora of the colon makes this organ the most metabolically active in the
human body (17). Undoubtedly, this will have both negative and positive implications
for chronic disorders like colorectal cancer. The colonic microbial ecosystem is able to
exert many systemic effects in the human body through promotion and/or prevention of
health and disease states.

At the birth of the probiotic concept, Metchnikoff (18) reported how putrefaction
could be reduced through consumption of fermented milk products and proposed that
such benefits resulted from antagonistic effects exerted by bacteria present in the
yoghurt. He hypothesized that the colonic flora was, in the main, harmful to the host
and responsible for much putrefaction. However, beneficial bacteria from the fermented
milks were thought to repress more negative components. Today, it is widely under-
stood that the colonic bacteria exert many effects on the human body, good and bad,
hence there is a need to maintain an optimal community structure. The normal colonic
microbiota provides a level of resistance via competition with potentially pathogenic
organisms.

The genera bifidobacteria and lactobacilli are generally regarded as being helpful to
host health. Their effects are exerted in many ways including inhibition of pathogens
(19), reduced cholesterol levels (20), fortified immune response (21) and production
of vitamins (22). Through the fermentation of carbohydrates, bifidobacteria produce
SCFAs, lowering the colonic pH and making the colonic environment less favourable to
pathogens (23). For example, Bifidobacterium breve isolated from healthy humans can
inhibit harmful enzymes and ammonia production (24). Different species of Lactobacil-
lus have been involved in promoting a beneficial environment. These two genera have
also been attributed to have anti-cancer activities possibly by binding to harmful amines
within the colon, and thus preventing absorption (25).

Enterococci are Gram-positive, facultative anaerobic cocci. Some species can pro-
duce hydrogen peroxide and superoxide, which are damaging to colonic epithelial
cell DNA. Increased levels of genotoxicity have been observed in the faeces of rats
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with heightened levels of E. faecalis (26). Enterococcus faecalis has also been asso-
ciated with the triggering of inflammatory bowel disease, dysplasia and carcinoma
in genetically susceptible mouse models (27). Conversely, a non-pathogenic strain
E. faecalis SF68 has been used as a probiotic for its ability to produce lactic acid in
the colon and protect against diarrhoea (28).

Bacteroides are Gram-negative, obligatory anaerobic rods. Bacteroides fragilis and
Bacteroides vulgatus have been identified as the most common species in faecal samples
of healthy individuals (29). Bacteroides fragilis is associated with diarrhoeal disease due
to toxin production (30).

Clostridium spp. are Gram-positive, spore-forming, obligatory anaerobic rods. These
microorganisms are often proteolytic. Clostridium difficile and Clostridium perfrin-
gens are known for producing a variety of harmful enzymes and toxins, thus making
them potentially pathogenic (31). Within the colon, C. perfringens participates in var-
ious putrefactive processes and has been implicated as a causative agent of gastroen-
teritis (32). Clostridium butyricum is a species belonging to the core Clostridium 1
cluster. Clostridium butyricum produces butyrate-generating amounts of SCFA in the
colon. Spores of C. butyricum were fed to rats and in combination with high-amylose
maize starch. In rats receiving supplementation with high-amylase maize starch plus
spores of C. butyricum, the colonic pH was lower than with high-amylase maize starch
alone. Numbers of aberrant crypt foci (ACF), after injection with azoxymethane (AOM),
were lower in this group as was β-glucuronidase activity. Butyrate production was also
higher in the colons of rats receiving spores (33). Hence, favourable colonic conditions
against cancers were seen in rats receiving synbiotic treatment of C. butyricum and
high-amylase maize starch. Although the genus Clostridium is normally considered as
non-beneficial, the group consists of a range of species, some of which may even have
a positive impact on the host.

There is a link between the colonic microflora and the health status. The gut
microflora can thus be considered relevant to improved host health. Within the colon, a
range of effects are exerted by the resident microbiota, some of which are considered
beneficial, some benign and some harmful to the host. This has relevance for colorectal
cancer but obviously there are several other determinants that may affect the outcome.

4. IN VITRO, ANIMAL AND HUMAN STUDIES: PREVENTION
AND ONSET ASPECTS OF THE GUT MICROBIOTA
IN COLORECTAL CANCER

Saccharolytic metabolism is the digestion of carbohydrates by bacteria for energy
and a source of carbon. It is a major metabolic process for colonic bacteria. The end
products of saccharolytic metabolism can be considered either benign or positive (34),
these are organic acids, principally acetate, propionate and butyrate. They are involved
in supporting the growth of colonic epithelial cells and reducing absorption of toxic
products. When carbohydrates are in short supply in the colon, the bacteria utilize energy
from other compounds including proteins (see later).

Butyrate has received attention as a gut microbial metabolite associated with
reduced risk colorectal cancer onset (35–37). Colonocytes metabolize butyrate through
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β-oxidation, enabling it to aid in cell maturation, differentiation and apoptosis (38).
Butyrate is purported as an anti-tumoural agent. It has been shown to induce apoptosis
of colon cancer cell lines and inhibit growth in vitro.

Perrin et al. (39) conducted experiments whereby rats were assigned to control diets
or with added resistant starch or prebiotic fructooligosaccharides for 44 days. The rats
were then injected with AOM and killed. Rats in the control diet had a larger number
of ACF and reduced levels of butyrate in their colons. The authors stated that at least 2
weeks were needed for adaptation to the test diet.

Emenaker et al. (40) obtained freshly isolated primary invasive colonocytes from sur-
gical specimens, which were treated with the SCFA acetate, propionate, or butyrate. All
three SCFA significantly reduced cellular invasion, but butyrate was the most potent
inhibitor. The SCFA exerted their effects by upregulating tumour inhibitor protein and
tumour suppressor genes, whilst downregulating mutant p53 activity. Mutant p53 cells
suppress apoptosis and hence can be involved in the process of uncontrolled prolif-
eration (41). Beyer-Selmeyer et al. (42) showed that fermentation of faecal bacteria
with different dietary substrates yielded products with enhanced inhibitory effects on
colon cancer cell lines. Again, butyrate exerted the most potent inhibitory effects on cell
growth.

Avivi-Green et al. (43) studied the molecular events of butyrate-induced apoptosis
in different cell lines including CaCo-2 cells (from a colonic carcinoma cell line) and
RSB, a cell line obtained from a colonic tumour of an ulcerative colitis patient. Caspase-
1 was cleaved in CaCo-2 cells, whereas in RSB cells butyrate dose-dependently induced
caspase-3 cleavage. These results led to the conclusion that butyrate-induced apoptosis
is activated via different pathways depending on the cell line and type of colon cancer.
Kobayashi et al. (44) showed that sodium butyrate inhibited cell growth and stimulated
the cell cycle control factor p21(waf1/cip1) independent of p53.

Butyrate is also thought to exert its actions by inhibiting histone deacetylase (HDAC),
hence favouring histone acetylation. This histone modification allows DNA to become
less tightly wound, thus enabling transcription factors to interact with target binding
regions and stimulate transcription of genes coding for cell cycle checkpoints (45).
Thus, it appears that butyrate may exert its protective actions through regulation of genes
involved in cell cycle control and through enzymatic inhibition of HDAC. Hence, these
mechanisms may favour apoptosis in cells that are undergoing uncontrolled proliferation

Predominantly, colon cancer manifests itself in the distal regions of the bowel (46).
It is in these regions that dietary carbohydrate is less available and proteins become
more important as fermentable energy sources. Bacteria ferment proteins and generate
a number of by-products including ammonia, amines, phenols, and indoles, which are
potentially toxic (47). Ammonia, for example, has several cytopathic effects on colonic
cells (48). In particular, it stimulates cellular turnover and cell division, conditions that
increase the vulnerability to DNA damage (49).

Certain Bacteroides and Clostridium species can carry out proteolytic fermenta-
tion. Metabolic activities of bacteria are affected by diet; hence high-protein diets
will lead to sustained proteolytic fermentation in the colon. Conversely, persistence of
carbohydrates in the colon would reduce protein catabolism and favour saccharolytic
fermentation.
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5. INTERVENTION STUDIES: PROBIOTICS AND PREBIOTICS

Probiotics are live microbial feed supplements used to alter the colonic microflora and
improve the microbial balance (50). The bacteria used as probiotics are non-pathogenic
and non-toxic to the host and must be able to adapt to the colonic environment. The
most successful example of probiotics are the acid-tolerant strains of Lactobacillus and
Bifidobacterium, which are found in a wide range of functional foods and dietary supple-
ments including fermented milk drinks and dried powders (51). Desired characteristics
of a good probiotic are as follows: exerts a beneficial effect on the consumer non-
pathogenic and non-toxic, contains a large number of viable cells, has the capacity to
survive and metabolize in the gut, retain viability during storage and use and lastly, if
incorporated into a food, has good sensory qualities (52–55).

The word probiotic is translated from the Greek meaning “for life”. An early defini-
tion was given by Parker (56): “Organisms and substances which contribute to intestinal
microbial balance”. However, this definition was subsequently refined by Fuller (19) as
follows: “A live microbial feed supplement which beneficially affects the host animal by
improving its intestinal microbial balance.” This definition removed the reference to par-
ticles and a probiotic would, therefore, incorporate into the diet living microorganisms
beneficial for gut health. A further definition of probiotics was given as “a live microbial
feed supplement that is beneficial to health” (57). A WHO/FAO working party defined
probiotics as “live microorganisms that, when administered in adequate amounts, confer
a health benefit on the host” (58, 59).

An alternative approach for microflora management is the use of dietary prebiotics,
which are directed (at present) towards genus level changes in the gut microbiota com-
position. Here, the selective growth of indigenous gut bacteria is required. Prebiotics are
“non-digestible food ingredients that beneficially affect the host by selectively stimulat-
ing the growth and/or activity of one or a limited number of bacteria already resident
in the colon” (60). Thus, the prebiotic approach advocates administration of non-viable
entities and requires that many health promoting microorganisms, such as bifidobacteria
and lactobacilli, are already present in the human colon. This definition was updated in
2004 and prebiotics are now defined as “selectively fermented ingredients that allow spe-
cific changes, both in the composition and/or activity in the gastrointestinal microflora,
that confer benefits upon host well-being and health” (61). The latter definition does
not consider only the microflora changes of the human colonic ecosystem, but extends
the definition to other areas of the gastrointestinal tract that may benefit from selective
targeting of specific microorganisms. As mentioned earlier, the target genera have been
lactobacilli and bifidobacteria. However, prebiotic success has predominantly been with
the bifidobacteria because of their preference for oligosaccharides and their prevalence
in the human colon compared to lactobacilli. Criteria required for a prebiotic effect are
(61) resistance to gastric acidity, hydrolysis by mammalian enzymes and gastrointesti-
nal absorption; fermentation by intestinal microflora; and selective stimulation of growth
and/or activity of intestinal bacteria associated with health and well-being.

Any dietary material that enters the large intestine is a candidate prebiotic. This
includes carbohydrates such as resistant starch and dietary fibre as well as proteins and
lipids. However, current prebiotics are generally non-digestible oligosaccharides, many
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of which seem to confer the desired degree of selective fermentation. Oligosaccharides
are sugars consisting of ∼2–20 saccharide units, i.e. they are short-chain polysaccha-
rides. Best success has been seen with fructooligosaccharides (e.g. inulin), galacto-
oligosaccharides and lactulose (61).

Synbiotics are a mixture of prebiotics and probiotics (60) used to enhance probiotic
growth and survival of the colonic microflora. The colonic microbiota can be influenced
through the diet and potentially modified through the consumption of prebiotics, pro-
biotics or synbiotics. These dietary interventions may prove effective against colorectal
cancer. Studies whereby the use of probiotics, prebiotics and synbiotics have been used
to test anti-cancer activities are relevant (Table 1). Many of these experiments are based
upon the AOM rat model for colorectal cancer (62).

The prebiotic inulin was more effective as anti-cancer agent than oligofructose. This
effect of inulin was attributed to a greater degree of polymerization, which allows for
slower fermentation rate in a more distal part of the colon (12, 63, 64).

To investigate the metabolism of inulin and galacto-oligosaccharides (GOS) with
respect to bacterial growth, bifidobacterial stimulatory properties and anti-mutagenicity
potential, McBain and Macfarlane (65) conducted a three-stage in vitro continuous
culture of faecal microflora. Reductions in β-glucosidase and β-glucuronidase were
observed in the presence of inulin, whereas GOS strongly suppressed these enzymes.
In a separate study, the comet assay, was used to determine how heterocyclic amines
affected faecal genotoxicity. It was observed that microflora had a strong impact on the
genotoxic effects of IQ. Specifically, IQ had a genotoxic effect in liver and colon with
germ-free rats showing less DNA damage compared to conventional rats (66). Further
work has shown that when Lactobacillus bulgaricus was administered, there was inhibi-
tion of DNA damage (67) documenting that intestinal microflora plays a crucial role in
the genotoxicity of the cooked food mutagen 2-amino-3-methylimidazo [4,5-f]quinoline
(IQ). Humblot et al. (68) showed that inulin could also be used to suppress DNA damage
through reducing concentration of the enzyme β-glucuronidase. These studies indicated
that bacteria may modulate the health risks caused by dietary carcinogens.

Studies have shown that incorporation of lactic acid bacteria into a diet is associated
with reduced concentrations of harmful enzymes. In a human study (69), healthy volun-
teers received probiotic Lactobacillus acidophilus daily. After 10 days of supplementa-
tion, there was a significant decline in the enzyme activities of β-glucuronidase, azore-
ductase and nitroreductase. Therefore, modulation of colonic bacteria can potentially
reduce xenobiotic enzymes and proteolytic fermentation. This reduces the exposure
of colonocytes to providing protection against development of colorectal cancer. Fur-
ther benefits may also be achieved by increasing the production of SCFAs, particularly
butyrate.

6. FUTURE RESEARCH DIRECTIONS

6.1. Improved Microbiota Characterization
Vargo et al. (70) used anaerobic culture techniques to compare the colonic microflora

of healthy individuals with that of colorectal cancer patients. Results of these studies
showed that in the colon cancer group, there was a larger number of aerobes in the
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microflora and less anaerobic genera, such as Eubacterium and Fusobacterium, which
are butyrate producers (71). Legakis et al. (72) found that in a colon cancer group there
were more Bacteroides spp., particularly B. fragilis, and more Clostridium paraputrifi-
cum. The later are bacteria associated with proteolytic activities. A study with Japanese
polyp patients, cancer patients and healthy controls (73) showed there were elevated
numbers of clostridia, but lower bifidobacteria levels, in subjects with polyps and colon
cancer.

Attempts to characterize the gut microflora of patients with colorectal cancer have
given rise to conflicting results. Such studies have largely relied upon traditional
culturing techniques. Gut microbiology is usually carried out by plating faecal microor-
ganisms onto selective agars designed to recover numerically predominant groups. How-
ever, the agars used are only semi-selective, do not recover non-culturable bacteria
and allow operator subjectivity in terms of microbial characterization – which is usu-
ally based on limited phenotypic procedures. Data obtained using modern, more spe-
cific, molecular biological techniques are lacking. Molecular markers have been used to
more effectively characterize the microflora involved in fermentation. This approach is
accepted to have considerable advantages over conventional or phenotypic methodolo-
gies in that it avoids culturing the microflora and is less prone to error due to operator
subjectivity. Studies are needed to more definitely identify the differences in gut micro-
biota composition between those suffering from, or prone to, colorectal cancer com-
pared to controls. This knowledge would allow a more effective use of probiotics and
prebiotics in prevention.

6.2. Prebiotics for Butyrate Production
Butyrate has received attention for its preventive attributes towards colorectal cancer.

However, most probiotics are lactate- and acetate-producing bifidobacteria and lacto-
bacilli. Therefore, probiotics and prebiotics are not generally used to generate butyrate.
As molecular-based knowledge of the microbiota diversity improves, new probiotics
with the ability to generate butyrate may become available.

Clostridium butyricum is one species that is able to produce butyrate in the colon
(74). Research has also led to knowledge of cross-feeding mechanisms (75, 76) by a few
members of the Clostridia XIVa group (Eubacterium hallii and Anaerostipes caccae),
whereby butyrate can be produced from the breakdown of lactate and acetate. This find-
ing suggests that favouring the growth of organisms that produce lactate and acetate may
be a viable strategy to increase the colonic production of butyrate.

6.3. Distally Targeted Effects
Bacteria that produce xenobiotic enzymes favourably colonize more distal areas of

the large intestine (descending colon, sigmoid rectum), where colorectal cancer is most
prevalent. Therefore, when investigating the effects of prebiotic, probiotic and synbiotic
it is necessary to consider the site of fermentation. It is likely that most of these agents
have their largest influence in proximal regions of the large intestine. The ability of
prebiotics, probiotics and synbiotics to aid the development of a more saccharolytic
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environment in the distal regions of the large intestine would be more favourable for
reducing colorectal cancer risk, perhaps through the use of mixtures of these agents.

7. CONCLUSIONS AND DIETARY RECOMMENDATIONS

Probiotics have been safely used in human nutrition for many generations. Prebiotics
are also extremely safe, although their use is more recent. Research data supporting the
use of probiotics and prebiotics in the prevention of colorectal cancer are limited. There-
fore, there is a need for more human studies to confirm the preventive efficacy of these
dietary strategies. It is conceivable that probiotics and prebiotics may reduce the risk
of colon cancer rather than offering much therapeutic value. The recently completed
EU-funded SYNCAN project documented the potential benefits deriving from the com-
bined use of probiotics and prebiotics (77). Taken together, we propose that a synbiotic
approach should be exploited to develop preventative strategies against colon cancer.
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10 Meats, Protein and Cancer

Gunter G.C. Kuhnle and Sheila A. Bingham

Key Points

1. Several studies showed that dietary red meat, not white meat, was associated with a statistically
significant increased risk for cancer of the esophagus, colon, lung and pancreas with an estimated
risk increase of 29% per 100 g red meat and 21% per 50 g processed meat.

2. In randomised controlled diet intervention studies, it was shown that intake of red and processed
meats, but not white meat, was associated with an increase in endogenously formed nitroso com-
pounds, many of which are known carcinogens. This was concluded because the combined actions
of heme, found in high concentrations in red meat, and free thiol groups can promote the endoge-
nous formation of N-nitroso compounds.

3. Epidemiological studies have shown that changes in anaerobic fermentation related to dietary fiber
can exert protective effects against meat-induced risk for colorectal cancer. A plausible explanation
is that hydroxyl groups in fiber may scavenge nitrosating species and thus prevent the endogenous
formation of nitroso compounds.

4. Polycyclic aromatic hydrocarbons (PAHs) are potentially carcinogenic chemical compounds that
consist of fused aromatic rings and do not contain heteroatoms or carry substituents. They are
products of incomplete combustion of organic matter and are present in most foods as a result of
environmental contamination. PAH is found in relatively high concentrations in meat that is cooked
over an open flame, due to the pyrolysis of the fat. The amount of PAHs produced is dependent
upon the fat content in the meat and the temperature and proximity of the heat used to cook it.
Lower cooking temperatures generally do not produce excessive amounts of PAHs.

5. The WCRF recommended that meat intake should be reduced to an average of 300 g/week with as
little intake of processed meat as possible. Meat should be prepared carefully to avoid the formation
of carcinogens such as HCA and PAH. The formation of these compounds can be avoided by
using lower cooking temperatures and changing the concentration of carcinogenic precursors by
marinating or reducing the amount of available water.

Key Words: Meats; protein; cancer; nitroso compounds; polycyclic aromatic hydrocarbons

1. INTRODUCTION

Globally, meat accounts for approximately 0.8 MJ/person/d with an almost
80-fold variation between different countries (1) and an average annual consumption of
38 kg/person/year. Consumption per caput appears to be closely related to wealth with
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more than 90 kg/person/year in North America, Europe and Oceania whereas intake in
Africa is on average less than 20 kg/person/year (2). The large geographical variation of
meat consumption coincides with high rates of several common cancers. Armstrong and
Doll (3) conducted a detailed investigation into the effect of environmental factors on
cancer incidence and mortality. They compared incidence rates with per caput commod-
ity consumption and found a positive correlation between the intake of meat and protein
and most types of cancer (Table 1), in particular for cancers of the colon and rectum.
A comparison using more recent data also shows a significant (p < 0.0001) correla-
tion between age-standardised cancer incidence rates and per caput meat consumption
(Fig. 1).

Table 1
Correlation Coefficients Between Meat and Protein Consumption and Cancer
Incidence and Mortality

Meat Total protein

Men Women Men Women

Colon 0.85 0.89 0.54 0.62
Rectum 0.83 0.68 0.64 0.44
Breast − 0.78 − 0.49
Corpus uteri − 0.78 − 0.50
Ovary − 0.40 − 0.32
Prostate 0.37 − –0.11 −
Testis 0.50 − 0.34 −
Kidney 0.70 0.73 0.55 0.70
Liver –0.40 –0.47 –0.46 –0.54
Nervous
system

0.50 0.37 0.54 0.45

Adapted from Armstrong and Doll (3).
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Fig. 1. Correlation between annual meat consumption and age-standardised cancer incidence rates (in
males; incidence per 100,000 per year) for all cancers. The correlation is significant (p < 0.0001) with
a Pearson’s ρ of 0.739. Meat consumption data (2002) from FAO as cited by Speedy (2); 2002 cancer
incidence rates from WHO (Globocan).
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In a recent prospective study in the NIH-AARP (American Association for Retired
Persons) Diet and Health Study cohort,1 significant associations between dietary meat
and cancer of the colorectum, the liver, the pancreas (in males) and the lung were found
(Fig. 2) (4). Similarly, the WCRF’s Second Expert Report (5) identified meat consump-
tion as a risk factor for cancer, in particular of the colon and rectum, with an estimated
relative risk of 1.29 (95% CI: 1.05–1.59) per 100 g (Fig. 3). Larson and Wolk (6) found

0.5

1

2

4

Red meat
Processed

Read

Fig. 2. Data from NIH-AARP prospective study. Hazard ratios (and 95% confidence intervals) for
the first vs. fifth quintile of red and processed meat intake and cancer risk (p-trend < 0.05 except for
∗(p = 0.09) and ∗∗(p = 0.13)). Data from Cross et al. (4).
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Fig. 3. Relative risk (95% CI) for colorectal cancer between highest and lowest exposure to dietary
red meat and per 100 g/d consumption of red meat in cohort studies (4, 13, 93–102). Data cited from
the WCRF’s Second Expert Report (5). f/m indicates female/male cohort.

1 Approximately 500,000 participants aged 50–71 years at baseline (1995–1996); 53,396 inci-
dent cancers were ascertained during 8.2 years of follow-up.
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a relative risk of 1.28 (95% CI: 1.15–1.42) between the highest and lowest category of
red meat consumption in a meta-analysis of prospective studies. There are fewer data
available for other cancer sites, although several studies showed that dietary red meat
was associated with a statistically significant increased risk for cancer of the esophagus
(7–9), lung (4, 10) and pancreas (4, 11) and a statistically non-significant increased risk
for endometrial cancer (12).

Several hypotheses have been proposed to explain the positive association between
meat consumption and cancer. Main hypotheses focus on the heme content of meat, the
endogenous formation of nitroso compounds and exposure to carcinogenic heterocylic
amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs). Each hypothesis will be
discussed separately with special emphasis on gastric and bowel cancers, which have
the strongest association with meat intake in epidemiological studies. Effects of dietary
fat and iron are discussed, respectively, in Chapters 13 and 21.

2. HEME

In epidemiological studies investigating the association between meat and cancer,
significant associations were only found for red and processed meats, but not for white
meat. In the EPIC cohort with 478,000 participants, dietary red and processed meats
were significantly associated with an increased risk for colorectal cancer (HR: 1.55; 95%
CI: 1.19; 2.02; p-trend= 0.001; per 100 g/d increase) whereas no association was found
with intake of white meat (13). A major difference between red and white meats is the
heme content, mainly from myoglobin in muscle tissue. The heme content in red meat
such as beef is more than 10 times higher than in white meat such as poultry (Table 2).
Heme has shown to exert both cytotoxic and haemotoxic effects in in vitro cultures
and in animal models. It can either act directly as cytolytic agent (14) or be converted
into biliverdin by heme oxygenase (present in the intestinal epithelium) and further into
bilirubin, which also has lytic properties (15, 16). Furthermore, it can act indirectly by
catalysing the endogenous formation of radicals (17) and nitroso compounds (18) (see
below). In rats fed a heme-rich diet, colonic epithelial proliferation increased signifi-
cantly and the resulting faecal water2 was highly cytotoxic when compared with faecal
water of controls (14). In HT29 and primary tumour cells, haemoglobin and haemin
were found to induce DNA damage and reduce metabolic activity and growth (19).
However, most of these effects were observed with heme concentrations well above
100 μM (500–1000 μM for haemin), which are more than 1.5 times the concentrations
found in stool samples after the ingestion of approximately 400 g of red meat and similar
to the levels found after the ingestion of 10–20 ml of blood (20).

Several epidemiological studies have been conducted to investigate the effect of
heme on the development of cancer, but the results so far are inconclusive. In the Iowa
Women’s Health Study, the risk for proximal colon cancer increased twofold between
the highest and lowest quintile of heme intake (21) whereas in a Dutch cohort the risk

2 The term “faecal water” refers either to the aqueous fraction of stool samples or an aqueous
extract of stool samples.
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Table 2
Heme Content in Foods as Haemoglobin Equiv-
alent

mg/g nmol/g

Bacon 0.8 52.5
Beefsteak 7.5 466.4
Cheddarwurst 1.4 87.5
Chicken (dark) 0.5 28.1
Chicken (white) 0.3 16.9
Corned beef 2.6 162.5
Ham 0.8 46.9
Hamburger 4.6 287.5
Lamb 2.7 168.8
Pastrami 2.3 143.8
Pork chop 2.1 131.3
Pork sausage 1.9 118.8
Salami 2.6 162.5
Shrimp 0.0 1.3
Smoked pork 0.7 43.8
Sunfish 0.0 1.9
Tuna (brine) 0.1 5.0
Tuna (oil) 0.6 36.9
Turkey (dark) 1.2 74.4
Turkey (white) 0.3 21.3
Turnips 0.0 0.6
Venison 2.4 150
Wiener 2.1 131.3
Wild duck 2.1 131.3

Adapted from Schwartz et al. (20).

increased but not to a statistically significant degree (22). A Canadian study found no
association between dietary iron and heme iron intake and colorectal cancer in women
(23). Similarly, no association has been found for dietary heme and breast (24) and
endometrial cancers (25). However, these studies estimated the heme intake as a fixed
proportion of total iron from meat leading to inaccuracies in estimating exposure. To
obtain more reliable information and identify associations between exposure to heme
and cancer risk, more accurate data on the levels of heam in meat are necessary.

3. ENDOGENOUS NITROSATION

Red and processed meats, but not white meat, induce the endogenous formation of
nitroso compounds in the gastrointestinal tract. This process is facilitated by heme (18,
26). Of particular interest are endogenously formed N-nitroso compounds (NOC), many
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of which are known carcinogens (27). Heme becomes easily nitrosylated under the
anaerobic and reducing conditions of the gastrointestinal tract to form nitrosyl heme
which is a NO donor (28) and can act as a nitrosating agent (29). Nitroso-thiols are
formed readily under acidic condition (30), a process that is promoted by heme (18). In
turn, nitroso-thiols can act as NO donors and nitrosating species (31). Thus, the com-
bined actions of heme and free thiol groups can promote the endogenous formation of
N-nitroso compounds. In a diet intervention study, it was shown that supplementation
of heme, but not “inorganinc” iron, resulted in a significant increase in the formation of
endogenously formed nitroso compounds (26).

N-nitroso compounds may be activated by cytochrome P450-dependent oxidorectuc-
tases (32), yielding alkyldiazonium ions which are considered to be the ultimate alky-
lating species. The alkylation of DNA is likely to be a major effect of these compounds
(33, 34) and can induce GC → AT transitions in genes such as ki-ras (35) that are
typically mutated in human cancers. In the absence of enzymatic activation, the nitro-
sation of amino acids such as glycine can yield intermediate bioactive metabolites such
as di-azoacetate (36). These compounds can induce the formation of DNA base adducts
like O6-carboxymethyl-2′-deoxy-guanosine (O6CmeG; Fig. 4 for details). O6CmeG is
not repaired by O6-alkylguanine transferase (37) and was shown to increase in colonic
cells isolated from human volunteers on a high red meat diet (38). The profile of muta-
tions induced by diazoacetate in a plasmid containing human p53 was very similar to
the mutations detected in human gastrointestinal tract tumours (39). In addition to their

Fig. 4. Heme induced formation of DNA adducts. Enzymatic hydrolysis of dietary protein results in
the formation of amino acids which subsequently can become nitrosated. The nitrosation process can
be promoted by heme – which itself can become nitrosylated – and nitroso-thiols; these compounds
can also act as nitrosating agents and NO donors. Nitrosated amino acids such as diazoacetate can
then react with DNA bases and result in the formation of DNA adducts such as O6-carboxymethyl-
deoxy-guanosine (O6CMeG).
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alkylating properties, nitroso compounds, such as nitrosyl heme, can also cause an
increase in nitric oxide (NO) concentrations in the gastrointestinal tract and trigger
inflammatory responses. Under normal conditions, gastrointestinal NO plays an impor-
tant role in mucosa defence by modulating immune response and blood flow, stimulation
of mucus and bicarbonate secretion and reduction of the epithelial barrier (40, 41). How-
ever, studies have shown that NO can lead to tissue injury (41) and its concentration is
increased in inflammatory bowel disease (IBD) (42, 43). In addition, reactive nitrogen
species (RNS) derived from NO such as peroxynitrite, nitroxyl or nitrogen dioxide have
a pathogenic potential by inducing oxidative and nitrative damages (44).

Although NOC are known carcinogens (27, 45), only little information from in vitro
studies and animal experiments is available about the carcinogenic effect of endoge-
nously formed NOC. However, in randomised controlled diet intervention studies with
human volunteers, it was shown that intake of red and processed meats, but not white
meat, was associated with an increase in endogenously formed nitroso compounds
(46–50) . Presumably, heme, but not “inorganic” iron, promoted the formation of these
compounds (26) via formation of nitrosyl heme (18). The diet-dependent genotoxic
effects of faecal waters have been investigated, and an increase in genotoxicity follow-
ing a high meat diet has been shown in one study (51) but not in another (52). However,
in the preparation of faecal water, large quantities of NOC are lost so that genotoxic
effects might be expected not to be detectable (52). DNA adducts specific for endoge-
nous nitroso compounds, such as nitrosated glycine, were found in cells exfoliated from
volunteers who were on a high red meat diet (38).

Because faeces are not routinely collected in epidemiological studies and the lack
of suitable biomarkers of exposure, it is difficult to investigate the effect of endogenous
nitrosation. Presently, it is only possible to estimate the endogenous formation of nitroso
compounds using data from dietary studies with volunteers (26, 47–49). Results from
these studies were used to estimate an index of NOC exposure correlating the formation
of nitroso compounds with dietary iron from meat (r = 0.95). In the European Prospec-
tive Investigation into Cancer and Nutrition (EPIC-EURGAST) study investigating the
association between endogenous nitrosation and cancer, a statistically significant associ-
ation between endogenous nitrosation and non-cardia gastric cancer was detected (HR:
1.42) for an increase of 40 μg/d of endogenously formed nitroso compounds. There was
no association with exogenous NOC (53).

4. HCA AND PAH

The activation of HCA and PAH by cytochrome P450-dependent oxidoreductases
leads to the formation of reactive intermediates, which induce DNA mutations and
tumours in animal models (54–57). Well-studied HCA includes imidazoquinolines
and quinoxalines (IQ compounds) and 2-amino-1-methyl-6-imidazo[4,5-b]bipyridine
(PhIP). These compounds are formed during the preparation of food by Maillard reac-
tions (58) between creatinine, free amino acids and monosaccharides. The biochemical
processes leading to their formation depend on the presence of sufficient precursors,
the cooking method (i.e. time, temperature) and the presence of water. The formation
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of HCA increases both with cooking time and temperature with more PhIP than MeIQ
(2-amino-3,4-methylimidazo[4,5-f]quinoline) formed at high temperatures. Water trans-
fers water-soluble precursors to the surface where HCA formation occurs and bind-
ing water decreases the amount of HCA formed (59). MeIQ and PhIP mainly induce
G:C → T:A transversions and G:C base pair deletions (60). In cultured cells, HCA
induced chromosomal aberrations (61) and sister chromatid exchanges (62). In long-
term animal experiments with the maximum tolerable dose (MTD), tumours were
induced mainly in the liver but also in the intestine, skin, oral cavity, mammary gland,
Zymbal gland and clitoral gland (56). However, the concentrations used in these animal
studies ranged from 100 to 800 ng/g, which are considerably higher than the concen-
trations found in prepared beef or chicken (0.2–40 ng/g) (56). Carcinogenic HCA was
found in urine of healthy volunteers eating normal diet, but not in urine of patients
receiving parenteral diets (63). Furthermore, DNA adducts have been found in human
tissue from colon, rectum and kidney (64, 65).

Lipophilic PAHs are products of incomplete combustion of organic matter and have
therefore been present in the environment for thousands of years. These compounds
were initially identified as the carcinogenic ingredients of tars and oils (66). The com-
pound benzo[a]pyrene (B[a]P) was among the first carcinogenic PAH compounds iden-
tified (67). However, the carcinogenic risk of these compounds was suspected much
earlier (68), in particular in professions which came into close contact with combusted
materials such as coke plant workers or chimney sweeps as described by Pott (69).
PAH is present in most foods as a result of environmental contamination, e.g. prox-
imity to industrial plants or roads, and up to 94 ppb has been found in lettuce in
Finland (70). Depending on geographical location, levels for benzo[a]pyrene ranged
from 3 to 25 ppb (71), which are similar to levels detected in smoked meat (3–30 ppb)
(72). Conversely, meat cooked over an open flame may contain much higher amounts
of PAHs. For example, in barbecued meat, total PAH concentrations of more than
160 ppb were detected (73). PAH is formed by the pyrolysis of fat, either directly
on the meat or through fat dripping into the flame, and then deposited onto the meat.
The formation of PAH depends on the fat content and the proximity to the open heat
source and can be reduced by cooking at a lower temperature (55). Nevertheless, nor-
mal roasting or frying does not produce excessive amounts of PAH (55). The average
dietary intake, which is the main non-occupational source of PAH in non-smokers,
has been estimated to be approximately 3 μg/d, with only small contributions from
meat (55).

The pro-mutagenic and carcinogenic effects of HCA and PAH have been investi-
gated extensively using in vitro studies and animal models. The International Agency
for Research on Cancer (IARC) published monographs on HCA (74) and PAH (75);
Table 3 gives an overview of some results and classifications. Many of these compounds
require metabolic activation by P450-dependent oxidoreductases; therefore, even non-
carcinogenic HCAs and PAHs can enhance carcinogenicity of these compounds by
inducing metabolising enzymes (68).

In vitro mutagenicity tests using Salmonella typhimurium (Ames test) showed that
compounds like MeIQ (661,000 revertants/μg) and IQ (433,000 revertants/μg) exhib-
ited a much higher mutagenicity than aflatoxin B1 (28,000 revertants/μg), B[a]P (660
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revertants/μg) or N,N-dimethylnitrosamine (0.23 revertants/μg), whereas the mutagenic
activity of PhIP (1,800 revertants/μg) in this system was much lower (54). In Big Blue R©
mice (BBM), the exposure to HCA (MeIQ, PhIP and AαC3) induced mainly muta-
tions at G:C base pairs (60) with a significant sequence specificity: 5′-GC-3′ was the
specific mutation site for MeIQ, 5′-CGT-3′ for AαC and G-runs for PhIP. The mouse
model BBM carries approximately 40 copies of the lacI transgene (76), which is widely
used to assess spontaneous and induced mutations in Escherichia coli (77). Following
metabolic activation, HCA induces the formation of C-8 guanine base adducts, which
induce genetic alterations (54).

Activated PAH can readily react with DNA to form adducts, which ultimately induce
mutations (68). Notwithstanding the convincing evidence of the carcinogenic nature of
HAC and PAH, this does not explain the marked difference between red, white and
processed meats. In the EPIC-Heidelberg cohort, the median daily intake of HCA from
fried chicken, turkey breast and turkey goulash (3.6 ng/d) was higher than from red
meats such as beef steak or filet (1.1 ng/d), pork steak (0.8 ng/d), pork roast (0.2 ng/d)
or processed meat such as Wieners (78). Furthermore, rats fed a diet of cooked beef
with high amounts of HCA did not show any mutations in the p53 or APC genes nor any
tumours (79). The mutation profiles in human colorectal tumours were different from
those expected following exposure to HCA or PAH (80).

The exposure to HCA has been investigated using either biomarkers or dietary
records. In a Swedish cohort, increased exposure to HCA was associated with lower
age, overweight, sedentary lifestyle and smoking with a total average daily intake from
all sources of 583 ng for women and 821 ng for men (81). These levels of exposure are
lower, but still comparable to the exposure observed in the United States with approxi-
mately 11–18 ng/kg/d (82). In contrast, HCA intake from meat in the EPIC-Heidelberg
cohort was much lower, with an average intake of 69 ng/d (78).

The effect of HCA and PAH exposures on cancer has also been investigated. For
example, the risk for post-menopausal breast cancer was found to be increased in women
consuming the most grilled or barbecued meat (OR: 1.47; CI= 1.12–1.92 for highest vs.
lowest tertile of intake), suggesting an effect of HCA and PAH (83). Similarly, the intake
of HCA and PAH from prepared meat was shown to be associated with an increased
risk for pancreatic cancer (OR and 95% CI for each compound: PhIP, 1.8 (1.0–3.1);
DiMeIQx, 2.0 (1.2–3.5); MeIQx, 1.5 (0.9–2.7) and B(a)P, 2.2 (1.2–4.0)) (84) and col-
orectal cancer and adenomas (OR and 95% CI for each compound: PhIP, 2.5 (1.1–5.5);
DiMeIQx 2.2 (1.2–4.1) and MeIQx 2.1 (1.0–4.3)) (85). In a sigmoidoscopy-based case–
control study, an increased risk of large adenoma (6% per 10 ng of benzo[a]pyrene)
was found, equivalent to 29% per 10 g of barbecued meat (86). For lung cancer, a risk
increase of 6% and 9% was found for each 10 g consumption of red and fried meats,
respectively (87). Whereas these studies relied on databases to estimate the exposure to
HCA and PAH, detection of PhIP DNA adducts in pancreatic tissue was also associated
with increased cancer risk (OR: 3.4; 95% CI: 1.5–7.5) (88). However, other studies have

3 2-Amino-9H-pyrido[2,3-b]indole.
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not reported significant associations between exposure to HCA and cancer risk (89) or
explained differences in cancer risk between red and processed meats.

5. TOTALITY OF THE EVIDENCE

The evidence available from epidemiological studies, intervention studies and in vitro
models clearly suggests that red and processed meats, but not white meat such as poul-
try, increase the risk for certain types of cancer, in particular colorectal and lung cancer,
with an estimated risk increase of 29% per 100 g red meat and 21% per 50 g pro-
cessed meat (5). However, the mechanisms linking the consumption of meat to the
development of cancer are still unclear; Fig. 5 shows a summary of the mechanisms
that may explain how meat and protein consumptions influence cancer risk. Although
environmental mutagens such as HCA and PAH are known to be potent carcinogens,
the exposure to these agents alone does not explain the observed differences in cancer

Fig. 5. Summary of the proposed mechanisms linking dietary meat and protein to cancer risk, in
particular colorectal cancer.
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risk between red and white meats. N-nitroso compounds are found in the colon and are
formed endogenously because amines and amides are produced by bacterial decarboxy-
lation of amino acids in the large gut (46). The procarcinogenic and cytotoxic effects
of heme have been shown in several in vitro and diet intervention studies, both as cyto-
toxic compound itself and in promoting endogenous nitrosation. Nevertheless, data from
epidemiological studies are not sufficient to evaluate the effects of heme in larger pop-
ulations because of lack of biomarkers of exposure. It is noteworthy that the intake of
60 g/d of red meat did not elevate endogenous NOC production above levels endoge-
nously formed in the absence of any meat in the diet (46).

6. FUTURE RESEARCH DIRECTIONS

Although the association between increased cancer risk and high consumption of
red and processed meats has been documented (3), the mechanisms responsible for
this association remain elusive. Several plausible hypotheses have been proposed, but
results have been inconclusive and in some instances contradicting. For example, it is
unclear whether or not heterocyclic amines or heme can act as direct cytotoxic agents.
To make recommendations that go beyond reducing meat intake, future research should
focus on elucidating the mechanisms linking cancer incidence and meat consumption.
If successful, these investigations may provide new strategies to attenuate the risk of
cancer. Because studies have documented the DNA adduct-inducing effects of red meat
(38), future dietary intervention studies with large cohorts should investigate the meat-
induced formation of DNA adducts. Furthermore, the development of a suitable urinary
or serum biomarker for endogenous nitrosation may help explaining the effects of expo-
sure to endogenously formed nitroso compounds. In general, the development of better
biomarkers to assess exposure to potential carcinogens is crucial to advance the field of
meat-related carcinogenicity (90).

Information on dietary strategies that may attenuate meat-induced carcinogenesis is
lacking. Epidemiological studies have shown that changes in anaerobic fermentation
related to dietary fiber can exert protective effects against meat-induced risk for colorec-
tal cancer (13, 91). A plausible explanation is that hydroxyl groups in fiber may scavenge
nitrosating species and thus prevent the endogenous formation of nitroso compounds.
This protective effect of dietary fiber awaits further investigation. Another potentially
protective class of compounds is flavonoids which may reduce meat-induced cancer
risk by antagonizing endogenous nitrosation (92); however, this effect has only been
described in in vitro studies and should be investigated in clinical trials.

7. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

The data available allow an estimate of a risk increase for colorectal cancer of 29%
per 100 g of red meat and 21% per 50 g of processed meat; however, similar data are not
available for other cancer sites. Using available epidemiological evidence, the WCRF
recommended that meat intake should be reduced to an average of 300 g per week with
as little intake of processed meat as possible (5). Meat should be prepared carefully
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to avoid the formation of carcinogens such as HCA and PAH. The formation of these
compounds can be avoided by using lower cooking temperatures and changing the con-
centration of carcinogenic precursors by marinating or reducing the amount of available
water. An effective way to reduce the production of carcinogens during cooking may be
using starch to absorb water or coating of foods with breadcrumbs (59). Although the
cancer risks associated with high intake levels of red and processed meats are clearly
established, experimental evidence suggests that meat consumption should be reduced
substantially, rather than eliminated from the diet altogether. This change in dietary habit
may have general applicability, but is of particular importance for those populations who
are at higher risk of developing colorectal cancer.
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11 Saturated Fatty Acids and Cancer

Michele R. Forman and Somdat Mahabir

Key Points

1. Saturated fatty acids are a class of lipids that have a unique feature of no double bonds along the
carbon chain due to the full saturation of the carbon atoms. Saturated fatty acids (SFAs) can have a
chain length of 2–20 carbons and are referred to as short, medium, or long-chain SFAs. Short-chain
SFAs contain 2–8 carbons in length, whereas long-chain SFAs contain 16–20 carbons in length.

2. Total SFA intake in the USA accounts for approximately 12% of energy intake. Several expert
nutrition committees and USDA recommend that Americans consume less than 10% of calories
from saturated fats.

3. Saturated fatty acids are found in the diet and can be synthesized de novo by the enzyme, fatty acid
synthase (FAS). FAS is an important phenotype for many cancers and produces the SFA, palmitic
acid, an energy source in tumor cells. However, in contrast with most SFAs, butyrate is a bioactive
dietary component and product of colonic fermentation of dietary fibers that has chemopreventive
potential for colon and other cancers.

4. Increased levels of FAS in tumor tissues relative to normal tissues have been reported in cancers of
the lung, prostate, breast, ovary, endometrium, colon, and bladder. Development of FAS or Spot 14
inhibitors combined with dietary modulation of SFA intake may offer new opportunities in cancer
prevention.

5. An important consideration regarding research on SFAs and cancer is the capacity of SFA to become
desaturated. SFAs from lauric acid (C12:0) to stearic (C18:0) can be converted to its respective
monounsaturated product through the action of �9-destaurase (stearoyl-CoA desaturase) with vary-
ing efficiency, which may have more down-stream effects. Thus, the inter-relationships between
SFAs and other fatty acids are likely fundamental for understanding their role in carcinogenesis.

Key Words: Saturated fatty acids (SFAs); fatty acid synthase (FAS); palmitic acid; butyrate;
epidemiology; cancer

1. SATURATED FATTY ACIDS AND CANCER

Fatty acids are a class of lipids consisting of three elements: carbon (C), hydrogen
(H), and oxygen (O) arranged as a carboxyl group at one end. They are classified based
on length of the carbon chain; whether or not there are any double bonds; the number
of double bonds and their location relative to the carboxylic acid (COOH) end of the
chain; and the geometric structure. In general, fatty acids have a carboxylic acid with
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Fig. 1. Structural formula for butyric acid.

an unbranched carbon chain, classified either as saturated fatty acids (SFAs) or unsat-
urated fatty acids. The unique feature of SFAs is that they do not contain any double
bonds along the single linkage carbon chain. This is because the carbon atoms that com-
prise the fatty acid chain are fully saturated with hydrogen atoms (Fig. 1). SFAs range
from 2 to 20 or more carbons in length, and depending on the number of carbon atoms,
they are referred to as short- or long-chain SFAs. In contrast, the unsaturated fatty acids
are classified further as either monounsaturated (MUFA = one double bond) or polyun-
saturated (PUFA = more than one double bond) (Table 1).

Table 1
Chemical Structure and Abbreviation for Saturated Fatty
Acids

Saturated fatty acids Chemical structure Abbreviation

Butyric CH3(CH2)2COOH C4:0
Caproic CH3(CH2)4COOH C6:0
Caprylic CH3(CH2)6COOH C8:0
Capric CH3(CH2)8COOH C10:0
Lauric CH3(CH2)10COOH C12:0
Myristic CH3(CH2)12COOH C14:0
Palmitic CH3(CH2)14COOH C16:0
Stearic CH3(CH2)16COOH C18:0
Arachidic CH3(CH2)18COOH C20:0

1.1. Sources of Dietary Saturated Fatty Acids
On average, SFAs account for 30–40% of fatty acids in animal tissues, with the main

SFA being palmitic (15–25%), stearic (10–20%), myristic (0.5–1%), and lauric acid
(<0.5%) (1). Palmitic acid is the most common SFA in the human diet and the major
one that is synthesized de novo (2). Sources rich in stearic acid are animal fat and cocoa
butter. Sources of myristic acid are milk fat and coconut. Coconut and palm kernel are
excellent sources of lauric acid. Milk fat is a good source of several other SFAs (2).
Therefore, dietary fat composition affects availability, storage, and metabolism of SFA
and partly influences fatty acid composition in cells, plasma, serum, and tissues.

1.2. De Novo Synthesis of Saturated Fatty Acids
While SFAs are part of the dietary supply in both plant- and animal-based foods,

they are non-essential nutrients because they can be synthesized de novo. However,
both dietary fatty acids and fatty acids synthesized de novo are necessary for normal
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physiological and cellular functions in humans. Fatty acid synthase (FAS) is an impor-
tant enzyme that synthesizes fatty acids de novo (3). In addition, Spot 14, originally
identified as a protein induced by the action of thyroid hormones, is an important reg-
ulator of de novo synthesis of fatty acids (4). Therefore, in addition to dietary sources,
fatty acid composition in cells, body fluids, and tissues is influenced by the activity of
FAS, Spot 14, and possibly other molecular factors.

1.3. Rationale
The total SFA intake in the USA accounts for approximately 12% of energy intake

(5, 6). Several expert nutrition committees and the USDA recommend that Americans
consume less than 10% of calories from saturated fats (7). In 1999–2000, only 41% of
the USA population (≥2 years of age) met the recommendation for saturated fat (5).
In 2006, the American Heart Association amended its guidelines to reduce intake of
saturated fat to less than 7% of energy intake (8).

Epidemiological studies of SFA intake and cancer report inconsistent findings. The
interpretation of these data is complicated by methodological issues. First, measurement
errors related to the use of different questionnaires and incomplete values for total SFAs
and specific fatty acids in food databases are an important problem. Second, discussion
of the relative contribution of endogenous de novo synthesis of specific SFAs to cancer
is lacking. Therefore, for cancer prevention, an important strategy might be modification
of the type and amount of dietary fat consumed as well as approaches aimed at regulating
the de novo synthesis of fatty acids. Development of FAS or Spot 14 inhibitors combined
with dietary modulation of SFA intake may offer new opportunities in cancer prevention.
New strategies should also consider the impact of genetic variants in regulation of fatty
acid pathways (3).

2. REVIEW OF THE EVIDENCE

2.1. SFA in Tumors
The enzyme FAS, which catalyzes the de novo synthesis of fatty acids, is strongly

expressed in many cancers and has emerged as a phenotype common to most human
cancers (3, 9). Increased levels of FAS in tumor tissues relative to normal tissues have
been reported in cancers of the lung (10, 11), prostate (12, 13), breast (14, 15), ovary
(16), endometrium (17), colon (18), and bladder (19). In human breast tumors, expres-
sion of Spot 14 is a marker of aggressive breast cancer (20, 21). Thus, regulators of de
novo fatty acid synthesis such as FAS and Spot 14 represent potential therapeutic targets
in cancer prevention.

2.2. Cell Culture Studies
The major product of FAS in cancer cells is palmitic acid (C16:0), a SFA (9); how-

ever, the fate of palmitic acid in tumor cells is unknown. Because inhibition of FAS kills
cancer cells (9), agents that inhibit FAS may be useful in cancer prevention. Cerulenin,
a natural antifungal antibiotic, inhibits FAS and growth in human breast carcinoma cells
(22). In contrast, supraphysiologic levels of palmitic acid reverse the action of cerulenin,
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confirming that the antiproliferative effects of cerulenin are due to FAS inhibition (22).
Additionally, palmitic, stearic, and myristic acid inhibit adriamycin (a chemotherapeu-
tic drug) – induced upregulation of p21, Bax, and p53 in response to DNA damage,
while inhibition of FAS enhances these cellular events (23). Myristic and palmitic acid
are inducers of mammary cell differentiation (24). In contrast, stearic and myristic acid
induce apoptosis in HL-60 human leukemia cells, but the degree of induction of apop-
tosis is less than that seen for unsaturated fatty acids (25).

Palmitic and lauric acid are potent inducers of COX-2 expression in murine
macrophage-like cells (26). The overexpression of COX-2 is observed in several tumor
tissue and is associated with a proinflammatory response. Palmitic and lauric acids
induce iNOS and IL-1α (both proinflammatory markers) in a dose-dependent manner
(26). Lauric acid activates NFKB in a dose-dependent manner (26).

An enzyme that is important in FA homeostasis is acetyl-CoA carboxylase (ACC),
which catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, a product that serves
as a substrate for fatty acid synthesis. Inhibition of AAC activity reduced proliferation
and survival of prostate cancer cells (LNCaP); however, the addition of palmitic acid to
the culture medium completely abolishes the effect of ACC inhibition and prevents cell
death (27). An in vitro study with human breast (MCF-7, MDA-MB-231) and prostate
(LNCaP) cancer cells reported that silencing of the ACC isoform α (ACCα) or FAS
genes decreased the synthesis of palmitic acid. This was associated with the induction of
apoptosis and ROS production, whereas the addition of palmitic acid or vitamin E to the
culture medium completely prevented cell death (28). These studies provided evidence
that cancer cells are dependent on ACC activity, which is a rate-limiting enzyme for the
synthesis of fatty acids necessary for proliferation and survival.

Besides palmitic acid, butyric acid has been studied extensively in cell culture studies
of colonic carcinogenesis because it is both a bioactive dietary component and a product
of microbial colonic fermentation of dietary fibers (29). Colonic generation of butyrate
is regarded as a mechanism by which dietary fiber protects against colon cancer. It has
also been reported that butyrate treatment of colon cancer cells in vitro induces the
Wnt signaling pathway which is associated with increased level of apoptosis (29). Also,
butyrate induces apoptosis in colorectal cancer cell lines (30). In another study, butyrate
enhanced toxicological defense in primary human colon tissue, premalignant LT97 ade-
noma, and human colon tumor cells by upregulating GSTs (GSTA2 and GSTT2) known
to enhance the defense against oxidative stress (31). These cell culture studies suggest
butyrate may have protective effects against colon cancer, but contrast with the incon-
sistent epidemiologic findings related to the role of dietary fiber in the etiology of colon
cancer. This discrepancy might be partly explained by different subtypes of colon can-
cer in which butyrate may differentially affect the induction of Wnt signaling pathway
(29) or glutathione S-transferase genes (31). Other factors that may modulate the effects
of fiber include variations in the colonic bacteria that generate butyrate and levels of
dietary butyrate.

Research on butyrate in other cancer cell lines and in vitro studies demonstrates that
butyrate is not only a potent inhibitor of cellular proliferation, but is an inducer of dif-
ferentiation and apoptosis. In vitro studies using rat intestinal smooth muscle cells have
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demonstrated that the effects of butyrate may be dose dependent. For example, low
amounts of butyrate may stimulate cell proliferation while high amounts may inhibit it
(32). Also, butyrate had anti-inflammatory activities and downregulated HIF-1 transcrip-
tional activity in cultured intestinal epithelial cells (33). In an in vitro study of human
lung carcinoma cell line (H460), butyrate inhibited proinflammatory cytokines signaling
pathway and down-regulated 3 metastatic suppressors genes and 11 genes whose pro-
tein products promote metastasis (34). In human MCF-7 breast cancer cells, treatment
with sodium butyrate inhibited tumor growth by inducing apoptosis (35). The induction
of apoptosis by butyrate in the breast cancer cells was associated with down-regulation
of expression of Bcl-2 mRNA and proteins. The Bcl-2 factors are involved in the regu-
lation of apoptosis. In contrast, one study reported that butyric acid induced mammary
cell differentiation (24).

Butyrate has also been reported to inhibit proliferation and induce apoptosis of
prostate cancer cells by altering the expression of cell cycle regulators and andro-
gen receptor (36). In bladder cancer cells, butyrate not only inhibited growth, but also
enhanced the action of the anticancer drugs, cisplatin, mitomycin, and adriamycin (37).
Buytrate inhibited the growth of tongue cancer cells (38) and lymphoma cells (39) via
the induction of cell cycle arrest and apoptosis.

One of the proposed mechanisms for the anticancer effects of butyrate is inhibition of
histone deacetylase (HDAC) (40). Histone deacetylation, a process that regulates chro-
matin remodeling, is an important epigenetic modification that controls gene expression.
For example, treatment of prostate cancer cells with butyrate led to significant accumu-
lation of acetylated histone H3 and H4 (36).

3. ANIMAL STUDIES

3.1. Inhibition of FAS
Given that FAS is overexpressed in several tumors, studies have examined the effect

of specific FAS inhibitors. The administration of C93, a pharmacologic inhibitor of
FAS, blocked FAS activity in human lung cancer xenografts in nude mice and inhib-
ited tumor growth without causing toxicity (41). Similarly, administration of orlistat,
an anti-obesity drug and pharmacologic inhibitor of FAS, antagonized the growth of
prostate tumors in nude mice (42). In a study of chemically induced lung cancer tumors
in mice, pharmacologic inhibition of FAS was associated with reductions in both the
number and size of tumors (43).

3.2. Dietary Butyrate
In Sprague-Dawley rats weaned at 21 days of age and then injected with nitro-

somethylurea (a mammary carcinogen) 3 days later, dietary butyrate was very effec-
tive in inhibiting mammary tumorigenesis (44). The addition of 1 and 3% of butyrate
to a high-fat diet containing 20% sunflower seed oil reduced tumor incidence by 20
and 52%, respectively, compared to the same diet without butyrate. In a separate study,
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sodium butyrate inhibited the enhancing effect of a high-margarine diet (20%margarine)
on mammary tumorigenesis in rats (45).

3.3. Dietary Myristic Acid
Feeding studies with Cebus monkeys suggested that myristic acid (14:0) was the SFA

responsible for raising plasma cholesterol levels (46). Similarly, dietary myristic acid
was the principal SFA increasing serum cholesterol levels in humans (47). Furthermore,
myristic acid upregulated HMG-CoA reductase (48), an enzyme important in endoge-
nous cholesterol biosynthesis. Finally, myristic acid exerted antitumor effects against
melanoma in a murine model (49). These cumulative results provided excellent exam-
ples of how a nutrient consumed in trace amounts (myristic acid accounts for 0.5–1% of
SFA intake) may affect phenotypic responses related to metabolism and cancer.

3.4. Coconut Fat
Coconut fat is rich in medium-chain SFA. In a study with female Wistar rats (50),

dams were supplemented daily with either coconut fat or fish oil (rich in n–3 PUFA) at a
dose of 1 g/kg body weight as a single bolus orally prior to mating, and then throughout
pregnancy and gestation. In the F2 generation at 90 days of age, 50% of the male off-
spring were inoculated with Walker 256 tumor cells and cancer cachexia was assessed.
Fish oil, but not coconut fat supplementation, decreased cancer cachexia. A separate
study investigated in rat mammary tumor model the effects of fatty acid supplemen-
tation on N-nitrosomethylurea-induced mammary tumor. Results documented that the
incidence of mammary tumors in rats fed coconut oil, high lard, high-beef tallow, high
corn oil, and low corn oil, after 28 weeks of treatment, was 43, 65, 50, 35, and 33%,
respectively (51). These data demonstrated that high dietary fat intake increased mam-
mary carcinogenesis, but the type of fat modified the susceptibility to chemical carcino-
genesis.

4. EPIDEMIOLOGIC STUDIES

In this section, we summarize the results of epidemiological studies that investigated
how intake of SFA or specific SFA-containing food sources influences the risk of can-
cer. Results are difficult to interpret because of differences in collection of data for body
mass, dietary fat and energy intakes, and energy expenditure across studies. These fac-
tors may confound the estimated risk for many cancers and make it difficult to separate
the effects of SFAs from other dietary and lifestyle factors. We discuss the impact of
“Western” diets, how dietary pattern analysis may assist in the detection of associa-
tions, use of dietary tools, and the impact of time interval for reporting food intake.
Most dietary data discussed in this chapter were collected from either food frequency
questionnaires (FFQ) or dietary history. However, interpretation of these data is difficult
due to culture-specific food composition database, differences in distribution and avail-
ability of macro- and micro-nutrient intakes across geographical areas within and out-
side the USA. Nevertheless, diet–cancer meta-analyses may provide an opportunity to
review the individual and aggregated estimates of risk taking into account heterogeneity,
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sample size, and confounding factors. Response rates may vary by study design, with
different participation rates among control and case participants providing a source of
bias. Taken together, care should be exercised to eliminate or reduce inaccurate dietary
data collection methods which may bias the estimated risk of cancer (52).

4.1. Endometrial Cancer (EC)
In a review (53) of research up to December 2006, case–control data suggested an

increased risk of EC for SFA intake, but cohort data were insufficient to determine
a significant association. Using random-effects models in a meta-analysis, the sum-
mary estimates for the odds ratio (OR) of EC in case–control studies was 1.28 (95%
CI 1.12, 1.47) per 10 g/1,000 kcal of SFAs. A recent US population-based case–control
study of 500 EC patients and 470 controls suggested a null association (54). A Chi-
nese population-based case–control study identified an elevated risk of EC for intakes
of SFA and MUFA from animal protein intake but not for PUFA (55). In an Italian
hospital-based case–control study, diet–EC associations were explored for oleic, SAF,
and PUFA (56). Compared to those subjects in the lowest quintile of intake, partici-
pants in the highest quintile had a 2.1 higher odds of EC for cholesterol intake and a
non-significant 30% higher odds for SFA (56). Thus additional data, particularly from
prospective studies, are needed before conclusions can be drawn regarding associations
between intake of SFA and incidence of EC.

4.2. Ovarian Cancer (OC)
In a pooled analysis of 12 cohort studies that had 523,217 women including 2,132

OC patients, the summary risk estimate for SFA intake was 1.29 (95% CI 1.01, 1.66)
for those women in the highest versus lowest deciles of intake (57). No differences were
found when the analysis was stratified by histological subtype of ovarian cancer. In a
2004 review of dietary foods high in fat and OC risk, the evidence for red meat was
suggestive of increased risk based on 11 case–control studies and 3 of 4 cohort studies
(58). Yet it is noteworthy that the risk estimates in the cohort studies were not significant
but above unity in all 11 case–control studies and moderate to strongly significant in
5 of these 11 studies. Of 7 studies that examined milk intake by fat content, 2 of 7
studies had significantly increased risk of OC for full-fat milk and 3 of these had an
inverse association for low-fat or skim milk. Two of 3 studies of butter consumption
were directly and significantly associated with risk and 1 Chinese study identified an
increased risk for OC with animal fat intake (lard) (58). Thus, future research on dietary
intakes of SFA, meat, and dairy by fat content, and OC risk may help to shed light in
this field.

4.3. Breast Cancer (BC)
In a meta-analysis of research through July, 2003 on SFA intake and BC risk, the

summary estimator adjusted for total energy intake revealed a direct association with
values of 1.19 (95% CI 1.06, 1.35) for all studies, 1.23 (95% CI 1.03, 1.46) for 23 case–
control studies, and 1.15 (95% CI 1.02, 1.30) for 12 cohort studies (59). Among the 37
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studies (25 case–control, 12 cohort studies) that examined food sources rich in SFA and
BC risk, the summary estimator was 1.21 (95% CI 0.98, 1.49).

In July 2003, Bingham et al. reported on the same women participants in the EPIC-
Norfolk study, the hazard ratios (HR) for SFA and BC were 1.22 (95% CI 1.06, 1.40)
based on 7-day food diaries and 1.10 (95% CI 0.94. 1.29) based on the FFQ (60). Both
analyses were adjusted for non-fat energy, and the HR was significant across the third,
fourth, and fifth quintiles of intake using food diary data. In other cohort studies, SFA
was directly associated with HR of BC in the AARP Diet and Health Study cohort (61),
but not associated with BC risk in the Swedish Women’s Lifestyle and Health cohort
study (62) and the Japan Collaborative Cohort (JACC) study (63). In an analysis of food
sources and BC risk in the Malmo Diet and Cancer cohort, women consuming a high
fiber–low fat diet had the lowest risk compared to those on a high fat–low fiber diet (64).
Finally in a recent population-based case–control study, a positive association between
oleic acid intake and BC risk was observed (65).

Higher levels of serum palmitic and stearic acids were associated with increased
BC risk in nested case–control studies (66, 67). In a meta-analysis of biomarkers of
dietary fatty acid intake and BC risk, levels of oleic and palmitic acid were signifi-
cantly associated with risk, while total SFA was associated with risk in cohort studies
of postmenopausal women only (68). In an analysis of data from the E3N-EPIC study,
BC risk was associated with increasing levels of trans-monounsaturated fatty acids but
not palmitoleic acid or other SFAs (69). Compared to estimated dietary intake, the use
of biomarkers offers objective and qualitative measures in assessing the relationships
between SFA and BC risk.

4.4. Prostate Cancer
The intake of SFAs is not associated with prostate cancer risk across multiple cohort

studies (70–73). In Japanese men, prostate cancer rates are typically lower than the USA
or Europe. Interestingly, in a Japanese cohort including 329 cancer patients, the intake of
myristic and palmitic acid were associated with 1.62 (1.15, 2.29) and 1.53 (1.07, 2.20)
higher risk of developing prostate cancer (74). Also in one cohort study (75) and one
case–case comparison (76), SFA intake was associated with increased risk of advanced
(stages C and D) cancer. In contrast, some case–control studies documented a direct
association between intake of SFAs and prostate cancer risk (77, 78) while others did not
(76, 79). Food sources of SFAs like meat and dairy products have not been consistently
associated with prostate cancer risk (80–83). Among prostate cancer patients, the ratio
of oleic to stearic acid in the prostate (84, 85) and SFA intake (86) predict biochemical
failure (PSA ≥ 0.1 ng/ml) after prostatectomy or cancer recurrence, respectively. Two
studies identified a 3.0-fold higher risk of dying from prostate cancer among men in the
highest tertile of SFA intake compared to those men in the lowest (87, 88).

4.5. Pancreatic Cancer
The role of SFAs or food sources rich in SFAs in the etiology of pancreatic cancer

and related mortality has been studied for more than 20 years. In an article on the epi-
demiology of pancreatic cancer (89), Ghadirian et al. reported positive associations for



Chapter 11 / Saturated Fatty Acids and Cancer 221

pancreatic cancer with dietary intake of oil and fat (90–92), intake of meat and diary
products (93), and intake of fried foods (94, 95). Several case–control studies identi-
fied energy balance as an important factor influencing risk of pancreatic cancer because
both obesity and total energy intake, but not SFA intake, are directly related to the risk
(96). In studies conducted in Athens, Greece, the intake of PUFA was directly associ-
ated with risk of pancreatic cancer (97). Interestingly, the use of proxy respondents due
to the short survival of patients after diagnosis (98, 99) may be a source of bias when
estimating associations between dietary history and risk of pancreatic cancer.

The Nurses’ Health Study I, among whom 178 pancreatic cancer patients were diag-
nosed, reported no association between intake of meat or SFA and risk of pancreatic
cancer, but the influence of cooking practices was highlighted as a potential area for
further research (100). In the Alpha-Tocopherol, Beta-Carotene (ATBC) Trial, among
whom 163 of the male smokers developed pancreatic cancer, energy-adjusted SFA
intakes were positively associated with pancreatic cancer (HR = 1.60, 95% CI 0.96,
2.64 (P for trend= 0.02)) (101). A Japanese cohort study did not identify an association
between meat intake and risk (102), but the Swedish mammography cohort identified
that red meat intake was directly related to risk (RR = 1.73, 95% CI 0.99, 2.98) (103).
Recent population-based case–control research identified an association with an OR of
1.9 (95% CI 1.4, 2.6) for SFA in the USA (104). In a case–case comparison of diet
and K-ras mutations, patients with the mutation who were daily consumers of milk and
dairy products, but not meat, were at 5.0-fold higher risk than non-mutation carriers
(105). Finally, recent papers that examined dietary mutagen exposure from meat cook-
ery and pancreatic cancer risk supported the hypothesis that meat intake, particularly
meat cooked at high temperatures where heterocyclic amines (HCA) are produced, may
play a role in pancreatic cancer development (106, 107). Therefore, it may be difficult
to separate the effects of SFA intake from those of HCA on risk of pancreatic cancer.

4.6. Colorectal Cancers (CRC)
Since the publication of the 1969 case–control study of Wynder and colleagues (108)

suggesting that dietary fat was associated with CRC, numerous epidemiologic studies
have examined the role of total fat intake in development of CRC. Nevertheless, only
a few studies have examined the role of specific fatty acids. Japanese hospital-based
(109, 110) and Scottish population-based (111) case–control studies reported a posi-
tive association between CRC and total SFAs intake; however, these findings were not
observed in other case–control (112) or cohort studies (113). Erythrocyte fatty acids,
notably palmitic, total SFAs, and the ratio of SFA/PUFA were directly associated with
CRC in the Japanese case–control study (109) but further research is required to test
the association. A number of studies have examined the role of SFAs and gene variants
of APC, K-ras, and PPAR gamma, with the magnitude of the interaction dependent on
the frequency of gene variants and dietary SFA intake (111, 114–116). Future research
related to colon cancer should focus on interactions between molecular variants of the
APC gene and diet (115, 116); how the proportion of conjugated linoleic acid (CLA)
versus SFAs in fatty and lean meats affect the risk (117); and the role of heme proteins
and nitrite from meat intake (118).
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4.7. Gastric and Esophageal Cancers
Population-based case–control studies on SFAs and risk of gastric and esophageal

cancers reported dietary cholesterol, total fat, or SFAs may influence cancer risk. Dietary
fat was associated with an OR of 2.18 (95% CI 1.27, 3.76) for esophageal cancer in one
study (119). SFA intake was associated with OR of 1.0, 4.1, and 4.6 by tertile of intake
for esophageal cancer and OR of 1.0, 1.2, 3.6 by tertile of intake for distal stomach can-
cer (120). When SFA was categorized in quartiles of intake, SFA intake in the highest
quartile was associated with an OR of 4.37 (95% CI 1.89, 10.12) for distal gastric can-
cer in Mexico (121). In a Chinese-based case–control study, men, but not women, in the
highest quartile of SFA intake had an OR of 3.24 (95% CI 1.11, 9.49) (122). Dietary
fat intake was not associated with gastric cancer risk in a population-based case–control
study in Spain (123) and in China (124). In hospital-based case–control studies, dietary
fat intake was directly associated with increased risk of esophageal and gastric car-
dia cancers in the USA (125). Dietary SFA intake was directly associated with risk of
gastric cancer in France (126), but null findings were obtained in Italy, Belgium, and
Korea (127–129). In a 2006 meta-analysis of the association of processed meat con-
sumption and stomach cancer risk, intake of processed meat (30 g/d (i.e., approximately
1/2 portion)) was associated with a RR of 1.15 (95% CI 1.04, 1.27) based on six cohort
studies and with a RR of 1.38 (95% CI 1.19, 1.60) based on nine case–control studies
(130). Too few studies have stratified analysis by anatomic site or histological subtype
to examine the meat–gastric cancer associations by sub-group. Analysis of data from the
EPIC cohort revealed an association between total meat and red meat (both calibrated
as gram/day) with gastric noncardia cancer. In a nested case–control study, only partici-
pants with H. pylori infections experienced an increased risk frommeat intake (131). In a
Swedish population based case–control study, a high score on a “Western” diet was asso-
ciated with increased risk of gastric cardia, not noncardia, cancer (OR = 1.8, 95% CI
1.1, 2.9) (132). A recent Canadian study reported that those who consumed a “Western”
diet (soft drinks, processed meats, refined grains, and sugars) were at increased risk of
gastric adenocarcinoma (OR = 1.86 ,95% CI 1.20, 2.89 in women; OR = 1. 44 (95%
CI 1.03, 2.02 in men) (133). Further, evidence exists that socioeconomic status may be
inversely associated with risk of gastric cardia cancer (134). Therefore, estimates of risk
that are not adjusted for social position may not have detected a possible association.

4.8. Lung Cancer (LC)
In a 2002 pooled analysis of eight prospective cohort studies (N = 280,419 women

and 149,862 men and 3,188 LC), no association was observed for LC and SFA (RR
= 1.03, 95% CI 0.96, 1.11) before and after stratification by smoking status (135). In
an earlier cohort study in New York State, SFA intake was directly associated with LC
risk in a monotonic dose–response (P for trend = 0.01) for men, but not for women
(136). In contrast, case–control data from a study in Uruguay revealed associations
between SFA intake and adenocarcinoma of the lung (OR= 2.3, 95% CI 1.2, 4.4) (137).
A monotonic dose–response between quintiles of SFA intake and LC risk was observed
in lifetime nonsmokers and former female smokers in Missouri (OR= 5.3, 2.8, 1.9, 1.5;
P, 0.001) (138).
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Foods rich in SFAs have been examined in association with LC risk. Intake of red
meat including pork was associated with elevated risk of squamous cell carcinoma (139,
140), all LC incidence (140–144) and mortality (145); whereas null associations appear
in two studies (146, 147). Red meat intake is neither significantly associated with histo-
logical type of LC nor by smoking status except in current smokers (144). The associa-
tions between smoked and cured meat intake and LC incidence (148, 149) and mortality
(145) were null in some studies, but elevated in others (146). Total meat intake was
associated with no (146, 150, 151) or elevated risk (146). Dairy products were asso-
ciated with reduced risk of adenocarcinoma (140), all LC in women (152, 153), and
LC mortality (145), but were not significant for all LC (139) and for squamous cell
carcinoma (140). In other studies, cheese intake was protective of LC incidence and
mortality (145, 146, 149, 150, 152); while whole milk was associated with elevated risk
(141, 152), protective of LC (149, 154), or the association was null (145, 146, 148). Low
fat and skim milks were protective of LC mortality, but the estimates were not signif-
icant (145). Yogurt was protective of LC risk (149) or elevated risk that did not reach
significance (155). Fatty foods were associated with LC risk in a case–control study in
Uruguay (156) but not in Czechoslovakia (140).

4.9. Head and Neck Cancers
The majority of studies that investigated the effects of dietary SFAs or food sources

of SFAs on the incidence of head and neck cancers are designed as case–control studies
with hospital-based controls. Foods rich in animal fat and SFAs such as pork meat and
fried foods are associated with risk of oral cancer in Brazil (157), Italy (158, 159),
Switzerland (160), Spain (161), and Uruguay (162). Using the population data obtained
from the Italian study (159), dietary SFA intakes were directly associated with risk of
oral and pharyngeal cancers in smokers (163) and in never smokers (164). In another
analysis of the same Italian study, SFA was positively associated with risk in contrast
to monounsaturated fatty acids which were negatively associated with risk of oral and
pharyngeal cancers (165).

In one population-based case–control study, low intake of butter and preserved meats
were associated with reduced risk of laryngeal cancers (166). Diets associated with
reduced risk included a high PUFA/SFA ratio (166). Furthermore, a socioeconomic dif-
ference was revealed by cancer site where endolaryngeal cancers tended to occur more
frequently among the higher SES, while the reverse was true for hypopharyngeal and
epilaryngeal cancers (167). Thus the absence of many population-based case–control
and cohort studies of diet and head and neck cancers as well as the inability to disag-
gregate the effects of other components such as nitrosamines in the same food sources
hamper progress in assessing the role of SFA in the etiology of head and neck cancers.

5. SUMMARY OF EVIDENCE

SFAs play a crucial role in the etiology and pathogenesis of several cancers. A
major product of FAS is the SFA, palmitic acid. In cell culture studies, pharmaco-
logical inhibition of FAS activity induced death of cancer cells. Palmitic and lau-
ric acid are potent inducers of pro-inflammatory responses associated with cancer
development. In contrast, butyric acid may exert preventive effects against cancer.
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Extensive cell culture data on butyrate and colon cancer consistently show that butyric
acid may inhibit cell proliferation, increase apoptosis, and protect against oxidative
stress. Similar results have been reported for breast, lung, bladder, and prostate cells.
Nevertheless, epidemiological studies have not clearly demonstrated whether cancer
dietary SFAs influence cancer risk. Also, it remains unclear whether the potential
association between intake of processed, red, or total meat and incidence of gastric,
esophageal, and colon cancers relates to fat intake or other components found in meats
including salt used in the curative processing or presence of nitrosamines originated
during the cooking process.

6. CONCLUSIONS AND RECOMMENDATIONS AND FUTURE
RESEARCH DIRECTIONS

Sorting the effects of SFAs on cancer risk are complicated because the pool of SFAs
available to cells comprises dietary fatty acids and those synthesized de novo. In addi-
tion, studies should take into account the role of genetic polymorphisms related to
metabolism of SFAs. Epidemiological studies should assess the levels of SFAs in serum,
plasma, and cell membranes in an effort to estimate the relative contribution of dietary
and de novo SFAs. Epidemiological studies should integrate investigations with preclin-
ical models. For example, there is a need for a comprehensive evaluation of different
forms of SFAs to chemical-induced tumors in animals representing a spectrum of ages
and both sexes.

There is emerging evidence that SFAs in the diet or synthesized de novo may
alter/modulate molecular mechanisms relevant to carcinogenesis such as signaling path-
ways and gene expression. Elucidating the mechanisms by which SFAs regulate and/or
are regulated by signaling pathways, gene expression, and inflammatory response will
further our understanding of the etiology of SFAs in cancer, other chronic diseases,
and inflammatory conditions. Another important consideration regarding research on
SFAs and cancer is the capacity of SFAs to become desaturated. SFAs from lauric acid
(C12:0) to stearic (C18:0) can be converted to its respective monounsaturated product
through the action of �9-destaurase (stearoyl-CoA desaturase) with varying efficiency
(1), which may have more down-stream effects. Thus, the inter-relationships between
SFAs and other fatty acids are likely fundamental for understanding their role in car-
cinogenesis.

In terms of cancer therapy, current evidence suggests that the fatty acid and lipogenic
pathways may be targets for antineoplastic therapy due to the cross-talk of different
types of FA and triglycerides. Future research should also address specific dietary
recommendations for fatty acid intake among patients undergoing chemotherapeutic
regimens.
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12 Conjugated Linoleic Acid and Cancer
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Key Points

1. Conjugated linoleic acid (CLA) contains conjugated double bonds and is known as a family of
isomers of linoleic acid that can be found in the meat and dairy products.

2. In vitro studies have shown that CLA can inhibit the growth of mammary, colon, colorectal, gastric,
prostate, and malignant liver cell lines and has also been shown to induce the expression of apoptotic
genes.

3. The incidence of mammary tumors induced by methylnitrosourea and forestomach tumors induced
by benzo[a]pyrene was decreased by CLA in rodent models. CLA isomers may regulate tumorigen-
esis through different mechanisms by altering lipid metabolism, regulation of oncogene expression,
regulation of cyclooxygenase-2 expression, and lipooxygenase metabolic pathways.

4. The specific effects of CLA appear to be dependent on which isomer is assessed. The effects of
various isomers in vitro and in vivo have recently been reviewed. With respect to breast cancer, the
t10, c12-CLA isomer was shown to enhance tumorigenesis in a transgenic mouse mammary tumor
model when compared to the c9, t11-CLA isomer. In a parallel study, increased polyp diameter was
associated with supplementation of the t10, c12-CLA diet compared to the c9, t11-CLA diet, which
decreased colonic polyp number in the mouse MIN model of colon cancer.

5. Future studies should investigate the effects of CLA on developing cancer tissues, their progenitor
cells, and stem cells. Moreover, animal studies should use models that better recapitulate human
cancers in an effort to shorten the time for the development of clinical studies. Therefore, no rec-
ommendations for CLA consumption in the context of prevention or therapy can be made until such
studies are undertaken.

Key Words: CLA; breast cancer; metastasis; mechanisms

1. INTRODUCTION

Conjugated linoleic acid (CLA) refers to a family of positional and geometric isomers
of linoleic acid in which the double bonds are conjugated (1). Most published studies
focusing on CLA and health have used a mixture of isomers including the two major
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forms of cis9, trans11-CLA (c9, t11-CLA) and trans10, cis12-CLA, (t10, c12-CLA).
Some minor isomers include t7, t9-CLA, c9, c11-CLA, t9, t11-CLA, c10, c12-CLA,
t10, t12-CLA, t11, t13-CLA, and c11, c13-CLA. Although CLA contains a trans double
bond, some researchers claim that it is not as harmful as other trans fatty acids, but rather
can be beneficial. Biological conversion of linoleic acid to CLA can occur in the rumen
portion of the digestive system of ruminant animals. Thus, ruminant meat and dairy
products are major dietary sources of c9, t11-CLA. Non-ruminants, such as humans,
as well as ruminants are able to produce some isomers of CLA from vaccenic acid by
�-9-desaturase (2, 3). In addition, partially hydrogenated oils such as shortenings and
margarines are major sources of t10, c12-CLA as well as other isomers. Using food
duplicate methodologies, investigators have suggested that the average intake of CLA
in the US population is <500 mg/day (4). This level is probably significantly lower
compared to that of centuries or even decades ago.

Since CLA was originally reported to be antimutagenic (5), interest in the health ben-
efits or side effects of CLA in humans has prompted continued research, especially with
regard to cancer. Studies with several animal models have assessed effects of CLA on
tumorigenesis at various sites. Several reviews have indicated that feeding CLA hin-
dered the growth of numerous tumor types (6–11). For example, CLA has been shown
to have anti-carcinogenic effects in colon, prostate, and breast cancers as well as reduce
the development, growth, and spread of breast tumors in several animal models (12–14).
Carcinogen-induced and transplantable models have been used extensively. Recently,
transgenic mice have been used to assess the effects of dietary CLA (15, 16). A num-
ber of in vitro studies with several cancer cell lines have incorporated additional dietary
CLA isomers. Studies have shown that CLA can alter tumor cell growth by reducing
cell proliferation and inducing apoptosis in human breast, colon, and gastric cancer cells
(17–19). Thus, the potential for altering dietary intake of CLA as a means for decreasing
risk of mammary primary tumor growth and metastasis is a distinct possibility. Accord-
ingly, the purpose of this chapter is to review selected mechanisms through which CLA
could modulate tumorigenesis. Initially, we will review the effects on proliferation and
metastasis. Although there are a number of potential mechanisms through which this
could occur, we will focus on alteration of eicosanoid metabolism and extracellular
matrix. In addition, we will explore the possibility that CLA could target the population
of cells in the tumor now believed to give rise to the malignancy, the cancer stem cell
population.

2. IN VITRO STUDIES

A number of studies have shown that CLA added directly to tumor cells in vitro can
decrease proliferation and/or induce cell death. Most published reports on the effects of
CLA in vitro were with tumor cell lines derived from mammary gland, prostate, and the
digestive tract or their metastases. Many of these studies used c9, t11-CLA and t10, c12-
CLA isomers; overall the t10, c12-CLA isomer was more potent at inhibiting tumor cell
growth in vitro. In our studies, treatment with t10, c12-CLA but not c9, t11-CLA caused
a significant change in cell morphology compared to controls of ethanol or linoleic
acid (Fig. 1). A significant number of cells treated with t10, c12-CLA appeared to be
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Ethanol (Vehicle) t10, c12-CLA

c9, t11-CLA Linoleic acid (LA)

Fig. 1. Phase-contrast microscopy of mouse mammary tumor cell line 4526 grown in culture with
the specific treatments indicated. Cells were photographed after 24 h of incubation. Magnification is
×100.

undergoing apoptosis while the control cells and cells treated with c9, t11-CLA main-
tained their typical morphology. When cell viability of these mouse mammary tumor
cells was assessed after treatment with fatty acids, t10, c12-CLA showed the most toxic
effect (Fig. 2; reproduced from (20)). Compared to vehicle control, 50 μM t10, c12-
CLA reduced cell viability by 80% while the c9, t11-CLA isomer reduced viability by
less than 20%. The t10, c12-CLA isomer also inhibited cell growth when tested with
colon, colorectal, and gastric cancer cell lines. The t10, c12-CLA isomer was actually
more growth inhibitory than c9, t11-CLA in most studies, but a few reported that c9,
t11-CLA was more potent than t10, c12-CLA in inhibiting the growth of several colon
cell lines (MIP-101, Caco-2, HT-29, DLD-1) (21, 22). Culture conditions including the
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Fig. 2. Effect of fatty acids on cell viability. Cell viability was measured with MTT after fatty acid or
ethanol treatment. ∗Significantly (P <0.05) less than control or other fatty acid treatment; the mean ±
SEM of six separate experiments. Reprinted from (20) with permission from Elsevier.
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concentration of CLA, duration of treatment, and tumor type as well as the cell lines
used seem to determine whether CLA isomers could inhibit cell growth. In most stud-
ies with prostate cell lines, both t10, c12-CLA and c9, t11-CLA inhibited cell growth
(22–25).

3. IN VIVO ANIMAL EXPERIMENTS

A number of dietary effects of mixed isomers of CLA have been shown in rodent
models of tumorigenesis. As little as 0.1% dietary CLA reduced the appearance of mam-
mary tumors induced by a chemical carcinogen (26). The response to CLA was maxi-
mal at the relatively low dietary concentration of 1%, which may have important impli-
cations since this amount could theoretically be incorporated in human diet. Dietary
CLA had a protective effect against mammary tumor initiation when fed to mice from
time of weaning until carcinogen exposure (26). This CLA treatment corresponds to the
time of mammary gland maturation (27). In contrast, feeding diets containing CLA to
post-pubertal rats required a continuous intake of CLA in order to prevent carcinogen-
induced mammary tumorigenesis (28). For example, CLA-containing diets failed to pre-
vent the development of mammary tumors when fed to 50-day-old rats after the injection
of the carcinogen. Thus, a mixture of CLA isomers had a direct chemo-protective effect
on the mammary gland during development as well as a suppressive influence on tumor
progression.

Animals fed diets containing butter enriched in c9, t11-CLA, purified c9, t11-CLA,
or a mixture of CLA isomers (0.8%) for 1 month had reduced mammary epithelial
mass, size of the terminal end buds, and mammary tumor development (29). These data
demonstrated that purified c9, t11-CLA fed either as butter fat or as an isomer was as
effective as a mixture of CLA isomers in reducing the number of MNU-induced mam-
mary tumors. Feeding of 1% c9, t11-CLA or 2% vaccenic acid, which can be metabo-
lized to c9, t11-CLA in animal tissues, reduced MNU-induced pre-malignant lesions by
50% when compared to the number of lesions found in the control group fed a diet con-
taining regular butter (2). Also, CLA concentrations in the tissues and the concentration
of c9, t11-CLA in the mammary gland was fivefold greater in the vaccenic acid group
than in the control group. These results showed that rats could metabolize vaccenic acid
to c9, t11-CLA, which was effective in decreasing MNU-induced mammary tumorige-
nesis. The same investigators compared the efficacy of purified c9, t11-CLA and t10,
c12-CLA in the prevention of mammary tumors in rats injected with MNU (30). Both
CLA isomers decreased the number of pre-malignant lesions by 35% at 6 weeks and
decreased the number of mammary tumors by 40% at 24 weeks after MNU injections.
The authors concluded that c9, t11- and t10, c12-CLA isomers were equally effective
in reducing MNU-induced tumorigenesis. Rats fed diets with sunflower oil containing
c9, t11-CLA or a mixture of isomers decreased tumor incidence by 45% (31). Neither
of the CLA-containing diets altered latency, the time between induction and detection
of palpable tumors. Results from these studies showed that c9, t11- and t10, c12-CLA
were as effective as the CLA mixture in reducing mammary tumors induced by MNU.

The incidence of chemically induced forestomach tumors in Kun Ming mice was
significantly decreased with isomers of CLA (32). Also, dietary mixed isomers of CLA
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(1%) fed to rats for 30 weeks significantly decreased the incidence of colon cancer
induced by 1,2-dimethylhydrazine (33). However, CLA significantly increased hepatic
metastasis from a chemically induced pancreatic tumor in male Syrian hamsters (34). In
this study, animals received the carcinogen weekly for 12 weeks and a diet with 3.3%
CLA for 24 weeks.

In two studies, the t10, c12-CLA isomer was shown to contribute to an enhancement
of tumorigenesis. In one study, the size of adenomas was significantly greater in the dis-
tal part of small intestine of Min mice fed t10, c12-CLA compared to those in the control
group (35). Min mice have a mutation of the APC gene leading to neoplasia at multiple
sites of both the small and large intestine. The Min mouse, however, may not be a good
model for human tumorigenesis where almost all tumors occur in the large intestine. In
another study, FVB/J female mice with an alteration in erbB2 gene expression in mam-
mary epithelium had accelerated mammary tumor development and decreased median
tumor latency compared to FVB/J mice fed diets containing t10, c12-CLA (15). While
the c9, t11-CLA isomer seems to decrease tumorigenesis, studies with the t10, c12-CLA
isomer demonstrate both enhancement and suppression of tumorigenesis depending on
the site of the tumor, the type of tumor, and the means for induction.
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Fig. 3. Schematic representation of steps in tumor metastasis.

Since most deaths from breast cancer are due to metastasis, studies to determine the
efficacy of CLA on any component of metastasis is crucial (Fig. 3). We demonstrated
previously that CLA had a significant effect on the latency, metastasis, and pulmonary
tumor burden of transplantable mammary tumors grown in mice fed 20% fat diets (13).
The latency of tumors for mice fed 0.5% or more CLA was increased to more than 19
days from 13 when compared with the control or mice fed a diet that contained 0.1%
CLA (Fig. 4; reprinted from (13)). The volume of pulmonary tumor burden, as a result of
spontaneous metastasis from the transplanted primary tumor, decreased proportionately
with increasing concentrations of dietary CLA (Fig. 5; reprinted from (13)). With 0.5
and 1% CLA, pulmonary tumor burden was significantly decreased compared to mice
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Fig. 4. Effect of dietary CLA on the latency of line 4526 mammary tumors. All diets contained 20%
(w/w) total fat with the indicated concentration of CLA. IM represents a group of mice fed no CLA
and treated with 20 μg/ml indomethacin in the drinking water. ∗Significantly (P <0.05) greater when
compared with 0 and 0.1% CLA groups. ∗∗Significantly greater when compared with 0, 0.1, and 1%
CLA groups. Reprinted from (13) with permission from Elsevier.
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Fig. 5. Effect of increasing amounts of dietary CLA on the metastatic pulmonary tumor burden of
mice with line 4,526 primary tumors. Decreased tumor burden was highly correlated with increasing
dietary concentrations of CLA. Values are mean ± SEM. Reprinted from (13) with permission from
Elsevier.

treated with the prostaglandin inhibitor, indomethacin (IM), and fed diets containing no
CLA. We had previously shown that IM was a very potent reducer of mammary tumori-
genesis in this prostaglandin producing transplantable tumor model (36). Tumors of
mice fed as little as 0.1% CLA and as much as 1% had significantly decreased numbers
of pulmonary tumors when compared with mice fed diets containing no CLA. These
data suggest that the protective effects of CLA on mammary tumorigenesis may extend
to advanced stages, especially metastasis. Other studies with dietary CLA have shown
that specific isomers may have differential effects on several biological processes. Thus,



Chapter 12 / Conjugated Linoleic Acid and Cancer 241

we sought to assess the effects of specific CLA isomers on mouse mammary tumor
metastasis. For this purpose, we fed 20% (w/w) total fat diets which contained either no
CLA, low or high levels of c9, t11-CLA, t10, c12-CLA, or a mixture of the two isomers
(37). Neither the separate isomers nor the mixture had an effect on the latency or growth
of primary tumors when compared to the group fed diets without CLA. However, all
CLA diets significantly decreased the total tumor burden in lungs of mice from both
spontaneous metastasis and implantation and survival of the metastatic cells when com-
pared with diets containing no CLA. Diets containing a greater concentration of either
c9, t11 or t10, c12-CLA had a significantly greater effect compared to the lower con-
centrations of the same isomer when metastatic tumor size and total tumor load were
assessed (37). The diet containing a mixture of both isomers decreased metastasis simi-
larly to the diets containing the lower concentration of single isomers. Thus, the c9, t11
and t10, c12-CLA exerted no additive effects and may decrease metastatic tumor burden
through independent mechanisms (Fig. 3).

The concentration of CLA required to effectively alter mammary tumor metastasis
may be dependent on other fats in the diet; alteration of the major types of fat can
enhance or suppress tumor metastasis. When a fat blend that reflected the typical West-
ern diet was used (38), not only did 0.1% CLA added to the diet reduce the metastatic
lung tumor burden, but when beef tallow was substituted for half of the vegetable fat
blend (VFB) and 0.1% CLA added, the level of metastasis (BT) was even lower (Fig. 6;

Fig. 6. Mice were fed diets for 3 weeks then injected i.v. in the tail vein with tumor cells. Metastasis
was significantly decreased after treatment with 0.1% CLA in both the VFB and the VFB/BT groups.
Reprinted from (38) with permission from the American Society for Nutrition.
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reprinted from (38)). These results indicated that other fats in the diet such as beef tallow
may increase the efficacy of dietary CLA in reducing mammary tumorigenesis.

4. STUDIES IN HUMANS

Only a few epidemiological human studies have investigated the relationship between
CLA intake or tissue CLA concentrations and tumor incidence. One study showed a
weak positive relationship between breast cancer incidence and the intake of CLA (39).
In this study, female subjects ranging from 55 to 69 years of age were followed for 6
years and answered self-administered questionnaires regarding dietary intake, smoking
habits, family incidence of cancer, and other factors. During the course of the study, 941
of the 62,573 women reported breast cancer diagnoses. In two other studies, CLA levels
in the serum and breast adipose tissue were used to analyze the relationship between
breast cancer and exposure to CLA (40, 41). In one study, the levels of serum and dietary
CLA were significantly lower in postmenopausal breast cancer patients than in control
subjects (40). In another study, CLA levels in breast adipose tissue showed no direct
correlation with breast cancer (41).

5. MECHANISMS THROUGH WHICH CLA MAY ALTER BREAST
TUMORIGENESIS

A number of studies have hypothesized several possible mechanisms through which
CLA may alter breast tumorigenesis (11). Mixtures of CLA isomers have been shown
to alter most stages of mammary tumorigenesis through various molecular mechanisms
including alteration of lipid peroxidation, tissue fatty acid composition, eicosanoid
metabolism, gene expression, cell cycle regulation, cell proliferation, and apoptosis (11).
While CLA may exert many potent biological effects (Table 1), only a few will be dis-
cussed here.

Table 1
Potential Mechanisms Through Which CLA May Alter
Breast Tumorigenesis

Tumor cell proliferation/apoptosis
Cell cycle regulation
Immune function
Extracellular matrix degradation
Angiogenesis
Cell adhesion
Gene expression
Energy metabolism
Eicosanoid metabolism
Lipid peroxidation
Terminal end bud formation
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6. ALTERATION OF LIPOXYGENASE PATHWAY

Because several studies have shown that alteration of cyclooxygenase or lipoxyge-
nase metabolites by different fatty acids can change tumor cell growth by altering cell
proliferation and apoptosis, we hypothesized that the effect of CLA on tumorigenesis
may be due to alteration of these enzymes. Inhibition of the lipoxygenase, but not the
cyclooxygenase pathway, decreased the viability of mouse mammary tumor cells 4526
(20). Since t10, c12-CLA altered the growth of the mouse mammary tumor cell growth
(Fig. 2), we assessed whether this effect was due to alteration of the lipoxygenase path-
way. First, we determined whether t10, c12-CLA could alter the production of lipoxyge-
nase metabolites, such as hydroxyeicosatetraenoic acids (HETE) or leukotrienes (LT).
Even after stimulation with calcium ionophore, the tumor cells were unable to produce
detectable HETE or LT other than 5-HETE (20). Treatment of cells with t10, c12-CLA
significantly decreased 5-HETE production while c9, t11-CLA or linoleic acid had no
effect as compared to the control (Fig. 7; reprinted from (20)). Adding 5-HETE back to
the media after t10, c12-CLA treatment reduced the t10, c12-CLA-stimulated decrease
in tumor cell viability while 5-HETE alone had no effect. Adding 5-HETE to the media
also significantly reduced t10, c12-CLA and c9, t11-CLA-induced effects on apoptosis
and proliferation (20). In a subsequent study designed to assess CLA alteration of the
lipoxygenase pathway, the human mammary tumor cell line MDA-MB-231 was used
(42). As previously seen with mouse mammary cell lines, the treatment with t10, c12-
CLA significantly decreased in a dose-dependent manner the viability of MDA-MB-231
cells. Also, the lipoxygenase inhibitor nordihydroguaiaretic acid reduced the viability of
MDA-MB-231 cells in a dose-dependent manner and produced 5-, 12-, and 15-HETE
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Fig. 7. Calcium ionophore-stimulated 5-HETE production after pre-incubation with 10 μM fatty acid.
HETE production was measured with HPLC. 5-HETE was not detected without A23187 stimulation.
Values represent the mean ± SEM for three separate experiments. ∗Significantly less (P <0.05) than
other treatments. Reprinted from (20) with permission from Elsevier.
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only after stimulation with calcium ionophore. Treatment with the t10, c12-CLA iso-
mer reduced 5- and 15-HETE production by 70 and 50% (42). Tumor cell viability
was increased when 5-HETE was added with t10, c12-CLA compared to only t10, c12-
CLA (Fig. 8; reprinted from (42)). It is possible that CLA isomers could reduce lipoxy-
genase metabolite production by competing with the substrate arachidonic acid (AA)
(42). Co-incubation of both c9, t11-CLA or t10, c12-CLA with AA significantly (P
<0.05) reduced 5-HETE production in human breast tumor cells (Fig. 9; reprinted from
(42)). Thus, one possible mechanism of CLA action on lipoxygenase could be com-
petition with the substrate AA. CLA could also modulate the production of eicosanoid
metabolites by altering the lipoxygenase enzyme system. To produce 5-HETE, fatty acid

Fig. 8. Effect of 5-HETE on t10, c12-CLA altered tumor cell viability. MDA-MB-231 cells were
pre-incubated with 100 μM c9, t11-CLA, t10, c12-CLA or LA for 30 min then 5-HETE added for
an additional 48 h. Viability reported as percentage of control; means ± SEM for three separate
experiments. Values not sharing the same superscript were significantly (P <0.05) different. Reprinted
from (42) with permission from Elsevier.
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Fig. 9. Effect of select CLA isomers on conversion of arachidonic acid to 15-, 12-, and 5-HETE.
10 μM c9, t11-CLA, t10, c12-CLA, or LA and 2 μM arachidonic acid were co-incubated with 100 μg
protein for 45 min, then HETE isolated and measured by RP-HPLC. ∗Significantly (P <0.05) less
than control or other fatty acid treatment. Values are means ± SEM of three separate experiments.
Reprinted from (42) with permission from Elsevier.
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substrate has to first bind to 5-lipoxygenase activating protein (FLAP) making it
available to 5-lipoxygenase to form 5-HETE (43). Neither CLA isomer altered 5-
lipoxygenase mRNA, but t10, c12-CLA did significantly reduce FLAP mRNA expres-
sion. In addition, FLAP over-expression in MDA-MB-231 cells reduced the ability of
t10, c12-CLA to decrease cell viability (Fig. 10; reprinted from (42)). Based on this
information, it may be concluded that at least the t10, c12 isomer alters mammary
tumorigenesis through the lipoxygenase pathway by substrate competition and alter-
ation of FLAP expression.

Fig. 10. Effect of FLAP over-expression on CLA reduction of MDA-MB-231 cell viability. Cells
were transfected with FLAP or empty vector (twofold increase in FLAP expression) then treated with
100 μM of fatty acids for 48 h. Cell viability was measured by MTT. Values represent mean ± SEM
for three separate experiments. ∗Significantly (P <0.05) less than EtOH or ∗∗significantly (P <0.05)
greater than EtOH. Reprinted from (42) with permission from Elsevier.

7. EFFECTS OF CLA ON EXTRACELLULAR MATRIX

Most tumor cells have to degrade components of the extracellular matrix (ECM) to
survive, migrate, and proliferate. A clue that CLA may alter tumor cell modification of
ECM was the observation that the intake of mixed CLA isomers affected the latency,
metastasis, and secondary tumor burden of a highly metastatic mammary tumor cell
in mice (13). The expression of one or several proteinases is necessary to aid in the
destruction and remodeling of surrounding tissues and for migration to a secondary site
(Fig. 3). In a recent study, we examined how dietary CLA could alter tumor cell metas-
tasis by modulation of 2 ECM-modifying enzymes, MMP-2 and MMP-9 (44). CLA
decreased tumor cell invasion and migration when compared with tumor cells treated
with linoleic acid. Most of the MMP-2 present in tumor cell lysates was in an inac-
tive form. TIMP-2, the natural inhibitor of MMP-2, was enhanced by the addition of
CLA to the diet (44). Moreover, the amount of active MMP-9 decreased and mRNA
levels of the MMP-9 inhibitor, TIMP-1, increased as dietary CLA levels rose. Protein
levels of TIMP-1 were also increased by CLA. These results implied that CLA could
affect the activation of the MMP-2 proenzyme, perhaps by altering the production of
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MMP-2 activators or inhibitors, or both. Moreover, MMP-9 activity could be inhib-
ited by TIMP-1. Therefore, the reduction of metastasis by CLA could be mediated by
an alteration in metalloproteinases and their activities resulting in suppression of both
invasion and migration of tumor cells (13).

8. EFFECTS OF CLA ON BREAST CANCER STEM CELLS (CSC)

Current chemoprevention strategies focus on delivery of bioactive components in
an attempt to slow down, stop, or block the tumorigenic process. Currently, available
chemotherapeutic agents target growing and dividing tumor cells, but leave stem cells
intact (Fig. 11). Stem cells are normally found in most tissues and generally divide
very slowly. Stem cells in several organs, including the breast, can be likely candidates
for accumulating the multiple mutations involved in the process of tumor progression
because of their long life. Mutations accumulated in the cancer stem cell disrupt the
tight control of stem cell functions, ultimately leading to deregulation of self-renewal,
which drives the process of tumorigenesis and aberrant differentiation. The stem cell
origin of breast tumors may also account for the reoccurrence of cancer after treatment
as well as the heterogeneity of the cells present in the tumors. The role of stem cells in
breast cancer has been recently reviewed elsewhere (46).

CSC
CSC

Current therapies do 
not target CSC

CSC

CSC

Recurrence

New therapies 
that kill CSC Cure

Fig. 11. Schematic diagram of possible therapy effects on tumors and tumor “stem cells.”

A subset of cells with high-proliferative potential and the ability to differentiate is
present in the mammary gland to sustain numerous possible pregnancies, a description
that fits the definition of stem cells. Indirect evidence to support the hypothesis that CLA
can alter breast stem cells was provided some years ago when it was shown that CLA
targeted the terminal end buds (TEB) by reducing their number and proliferation (27,
29). Because TEB are one major source of stem cells, we hypothesize that CLA may
target this population of cells and reduce their number or proliferation. However, there
has been no direct evidence that CLA can target either normal or cancer stem cells.

Until recently, it had not been feasible to study breast stem cells because their iden-
tification was difficult. However, considerable progress has been made in the field of
stem cell biology in the past few years, and some of the approaches used in other sys-
tems such as hematopoietic have been applied recently to the mouse mammary gland.
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We have used a combination of mammary transplantation with a derivative of geneti-
cally engineered mouse mammary gland to create a mouse model of ductal carcinoma in
situ (DCIS) that precisely recapitulates human breast cancer. The model is referred to as
mouse mammary intraepithelial neoplasia outgrowths (MINO). The MINO mouse can
be a mammary pre-cancer “stem” model, harboring potential pre-cancer “stem” cells.
Serial transplantation confirms that these mammary tissues meet the biologic definitions
for “stemness,” asynchronous division including self-renewal, as well as “pre-cancer,”
consistent progression to invasive carcinoma. The MINO tissue can be dissociated to
single cells, grown in three-dimensional (non-adherent) culture, and can reconstitute the
MINO pre-cancer phenotype when transplanted into the gland-free mammary fat pad
(45). The dissociated MINO cells can be sorted by flow cytometry for stem markers.
A resulting single cell suspension can be used to yield spheroid cell formations (mam-
mospheres) plated in Matrigel. The ability to perform transplantation experiments using
mammary epithelial cells transplanted into the cleared fat pad provides a powerful assay
to identify and isolate functional stem cells (47–49).

We have begun to assess the effects of CLA on breast stem tissues. Some of these
studies involved isolating stem tissues and whereas others utilized tissue transplantation
and the MINO model described above. Transplantation of pre-neoplastic or putative
neoplastic lesions (or selected cells) allowed evaluation of the effects of CLA on prolif-
erative rates, malignant potential, metastatic potential, and response to therapy. In our
pilot studies, tumor andMINO tissues were used to isolate single cells for in vitro culture
and growth of spheroids called either tumorspheres or MINOspheres. A large proportion
of spheroids have been shown to be a combination of stem cells and multipotent progen-
itor cells (50). To study the effects of CLA on tumorspheres, single cells were isolated
from spontaneous polyoma virus middle T tumors and treated immediately with CLA to
assess the effects on spheroid formation. Alternatively, spheroids were allowed to form
first and then treated with CLA to assess cytotoxicity. CLA significantly reduced tumor-
sphere formation (Table 2). Linoleic acid actually enhanced tumorsphere formation, but
not to a significant extent. When fatty acids were added only after tumorspheres had
formed, the effects of both CLA and LA were not as pronounced (Table 2). Since the
tumorspheres form from stem cells and progenitor cells, we can conclude that CLA may
be toxic to tumor initiating cells present in the spheroids. Additional studies are needed
to confirm these findings.

Table 2
Effect of Fatty Acids on Tumorsphere Formation and Cytotoxicity

Fatty acid Tumorsphere formation Cytotoxicitya

Control 100b 100
5 μM c9, t11-CLA 58 ± 8 80 ± 12
5 μM LA 108 ± 13 109 ± 10
aCytotoxicity was assessed by adding fatty acids to cultures after tumorspheres had already formed
in control media.
bValues represent relative percent of control.
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To assess the effects of CLA on precancerous tissues, single cells were isolated and
those cells positive for CD31 (endothelial cells), CD45 (hematopoietic in origin), and
TER119 (erythroid) removed to enrich for an epithelial population. MINO cells were
then suspended in Matrigel and spheroids grown in the presence of various fatty acids.
Both c9, t11-CLA and t10, c12-CLA isomers inhibited the growth of MINOspheres in
the Matrigel compared to control, LA, and AA treatments (Table 3). Therefore, CLA
may be effective at not only reducing tumors but inducing toxicity in precancerous
tissue.

Table 3
Effect of Fatty Acids on MINOsphere Formation in Matrigel

Fatty acid MINOspheres formed

Control 100a

20 μM c9, t11-CLA 10 ± 4
20 μM t10, c12-CLA 11 ± 2
20 μM LA 102 ± 15
20 μM AA 104 ± 11

aValues represent relative percent of control.

9. CLA SPECIFICITY

CLA has been shown to have several health benefits altering the severity or slow-
ing the progression of some diseases. In general, research data suggest that the effects
of CLA may not be restricted to specific tissues and in the case of tumorigenesis, spe-
cific cancer sites. The best evidence that CLA does not appear to be specific in the
carcinogenic process is the observation of reduced tumorigenesis at several sites in ani-
mal models. Notably, CLA can reduce tumorigenesis in the skin, breast, colon, stomach,
and prostate. Although there are a couple of examples in which selected CLA isomers
have increased tumorigenesis, most commonly CLA reduced tumorigenesis in all mod-
els tested to date. While there may be several mechanisms involved, CLA has specifi-
cally been shown to alter angiogenesis and apoptosis, two important processes involved
in tumor progression (28). CLA was shown to alter angiogenesis in mammary tissue and
more recently, it was shown to alter angiogenesis in normal brain tissue (51). Therefore,
the effects of CLA on angiogenesis may not be specific to tumors. However, the effects
of CLA may be more tissue specific during developmental stages. For example, CLA
had a much greater effect at preventing mammary tumorigenesis when it was given to
animals before mammary gland development rather at later stages (29).

The specific effects of CLA, however, do appear to be dependent on which isomer is
assessed. We have recently reviewed the effects of various isomers in vitro and in vivo
(11). With respect to breast cancer, the t10, c12-CLA isomer was shown to enhance
tumorigenesis in a transgenic mouse mammary tumor model when compared to the
c9, t11-CLA isomer (15). In a parallel study, increased polyp diameter was associated
with supplementation of the t10, c12-CLA diet compared to the c9, t11-CLA diet, which
decreased colonic polyp number in the mouse MIN model of colon cancer (52). There
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are numerous studies showing differences in isomer activities in vitro (11). More studies
are needed to clarify the effects of supplementation with specific CLA isomers and
possible positive and negative interactions among isomers present in mixtures.

10. CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

CLA isomers can be potent regulators of biological processes that affect human health
including tumorigenesis. This conclusion is based on results of a number of animal
studies. Nevertheless, future studies should investigate the effects of CLA on developing
cancer tissues, their progenitor cells, and stem cells. Moreover, animal studies should
use animal models that better recapitulate human cancers in an effort to shorten the
time for the development of clinical studies. Therefore, no recommendations for CLA
consumption in the context of prevention or therapy can be made until such studies are
undertaken.
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Key Points
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century underscored the possibility that high dietary intake of n–3 polyunsaturated fatty acids (n–3
PUFA) could have a protective effect against cancer.
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display sequential non-conjugated double bonds separated by single methylene units. The double
bonds are solely in the cis configuration, with the two hydrogens and the two methylenes on oppo-
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n–6) and linolenic (18:3 n–3).

3. Since n–3 PUFA incorporate into and are an integral part of membrane phospholipids they can exert
profound effects on its physical properties, including permeability, lateral diffusion, lipid packing,
and domain formation, and thereby affect function of membrane proteins intimately involved in
intracellular signaling. Consistently, n–3 PUFA have been shown to influence G protein-coupled
receptors and receptor tyrosine kinase signaling pathways, and ion channels, a diversity of cellular
effects believed to contribute to their anti-cancer properties.

4. The long chain PUFA are highly susceptible to lipid peroxidation. Peroxidation products of the
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1. INTRODUCTION

1.1. Fatty Acid Biosynthesis
Metabolism of both dietary and de novo synthesized fatty acids generates the fatty

acids required for normal physiology. Many physiologically relevant polyunsaturated
fatty acids have long, linear, and even carbon-numbered chains of at least 18 carbons that
display sequential non-conjugated double bonds separated by single methylene units.
These double bonds are exclusively in the cis configuration, namely the two substituting
hydrogens and the two substituting methylenes are on the opposite sides of the double
bond.

The two fatty acids linoleic (18:2 n–6) and linolenic acid (18:3 n–3) are extremely
important constituents of the membrane lipids and indispensable precursors in the
biosynthesis of eicosanoid signaling molecules including prostaglandins, thromboxanes,
leukotriens, and 5-hydroxyeicosatetraenoic acid (1–4). Because they lack the enzymes
required to introduce double bonds within the last seven carbons proximatel to the
methyl end of the molecule, mammals can neither synthesize nor interconvert one to
the other and must obtain them from the diet. As such they are termed essential fatty
acids.

2. METABOLISM OF ESSENTIAL FATTY ACIDS

The 20-carbon or longer polyunsaturated n–6 or n–3 fatty acids are, respectively,
derived from linoleic (18:2 n–6) or linolenic (18:3 n–3) acids. Linoleic acid is modified
by a �6-desaturase that adds a double bond between carbons 6 and 7 from the carboxyl
group generating γ-linolenic acid (18:3 n–6). This serves as a substrate for elongase gen-
erating the dihomo-γ-linolenic acid (20:3 n–6), which is longer by two carbons added
next to the carboxyl group. A subsequent modification by �5-desaturase adds another
double bond between carbons 5 and 6 from the carboxyl group yielding arachidonic acid
(20:4 n–6). Arachidonic acid is a substrate for prostaglandin synthases, which produces
the two double bonds containing prostanoids: prostaglandins, prostacyclins, and throm-
boxanes, and for lipoxygenases, which produces hydroxyeicosatetraenoic acids and the
four double bonds containing leukotrienes. α-Linolenic acid (18:3 n–3) is similarly
metabolized to eicosapentaenoic acid (20:5 n–3; EPA), the precursor of the three double
bonds containing prostanoids (5, 6) and the five double bonds containing leukotrienes
such as LTA5, LTB5, and LTC5 (7–9).

Although the metabolism of both n–6 and n–3 PUFA series utilizes the same elon-
gase and desaturase enzymes, some observations suggest that the desaturase has higher
affinity for n–3 than for n–6 PUFAs (10). As a result, dietary n–3 PUFAs reduce the syn-
thesis of arachidonic acid and the eicosanoids derived from it (11–15). Animals cannot
interconvert n–3 and n–6 PUFA, and lack the �12- and �15-desaturases necessary to
convert oleic acid (18:1 n–9) to linoleic (18:2 n–6) and α-linolenic (18:3 n–3) acids, the
two essential fatty acids. In contrast, algae have the full repertoire of enzymes to syn-
thesize stearic (18:0 n–9) and oleic (18:1 n–9) acids, and to convert the latter to linoleic
acid (18:2 n–6) by �12-desaturase and subsequently to α-linolenic acid (18:3 n–3) by
�15-desaturase (16). Fish obtain both n–6 and n–3 fatty acids from the algae they feed
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on, and the n–6/n–3 fatty acid distribution of fish oils is influenced by the availability of
n–3 fatty acids producing plankton found in their habitat. Humans obtain their n–3 fatty
acids by dietary intake of fish or fish oils. n–3 PUFAs are more abundant in cold water
fatty fish than in warm water lean fish. It is also important to highlight that because the
n–3 content of the fish fat is influenced by their food source, aquaculture fish fed with
processed food may have a lower content of n–3 PUFAs.

3. EPIDEMIOLOGICAL, PROSPECTIVE, AND EXPERIMENTAL
STUDIES

The incidence of some cancers in different populations around the world shows
dramatic variation. For example, the incidence of prostate and breast cancer is much
higher in the United States and Northern Europe than in Asia. This difference cannot
be explained by ethnic or racial differences because 1–2 generations after Asian men or
women migrate to the United States their age-adjusted risk of prostate and breast cancer
rises to reach the risk of the white American population (17, 18). Since diet and dietary
habits represent some of the most conspicuous differences in the lifestyles of Western
and Asian societies, the regional distribution of breast and prostate cancers together
with other comparable observations fueled the speculation that dietary factors, espe-
cially the amount of fat consumed and its dietary origin, critically influence the genesis
and/or progression of some cancers. A classical example frequently quoted in support
of the fat–cancer risk association is that populations like Alaskan Eskimos and Green-
land inhabitants, whose diets are based almost exclusively on cold water fish rich in n–3
PUFAs, reportedly have a low incidence of prostate and breast cancer (19–22). Another
example is that in countries historically considered to have low incidence of cancer, the
increase in cancer rate coincides with the wider adoption of more Westernized diets
including higher fat intake (23–26). In Japan, for example, an increase in fat consump-
tion between 1955 and 1987 from 9 to 25% of the total energy intake was paralleled by
a progressive increase in the incidence of breast cancer (27–29).

In recent years, increasing attention has been paid to an association between can-
cer risk and the intake of specific fatty acids rather than total fat intake, and notable
among these have been fatty acids of marine origin. This is because most of the above-
mentioned populations with apparent low rates of cancer derive a very significant part
of their diet from fish and marine animals, whose fat is rich in n–3 PUFA. In these pop-
ulations, a progressive increase in cancer risk parallels a change in diet that results in
a decline in n–3 PUFA concomitant with an increase in n–6 PUFA intake (19, 20, 23,
30–33).

Although ecological studies of special populations seem to support a negative asso-
ciation between dietary n–3 PUFA intake and cancer risk, it is worth noting that the
epidemiological evidence is purely inferential and correlative, which makes its inter-
pretation difficult because of other confounding factors. For example, factors such as
early age at menarche and at first pregnancy and prolonged lactation, known to reduce
the risk of breast cancer, are also prevalent in the populations known to have low inci-
dence of breast cancer and high consumption of n–3 PUFAs. These behavioral/cultural
patterns may also be changing in response to Western influence. In summary, although
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nutritional epidemiology studies have intrinsic problems related to both methodology
and the role of multifactorial confounding factors that are difficult to control, they were
useful in bringing to the forefront the notion that dietary fat in general and the relative
intake of n–3 PUFA of marine origin in particular could exert a protective effect against
some cancers.

Case–control and cohort studies provide another approach to analyze possible cor-
relations between diet and the risk of cancer. In case–control studies the diet and life
style of the cancer patients are compared to those of control subjects whereas in cohort
studies a group of healthy individuals is monitored for extended periods of time and the
correlation between the incidence of cancer and the dietary habits is analyzed at the end
of the study period.

In contrast with frequently quoted ecologic studies mentioned above, some case–
control studies were unable to support a potential cancer protective effect of predom-
inantly fish diets (34, 35). In an extensive review of epidemiological, case–control,
and cohort studies examining the association between consumption of fish and risk of
breast, prostate, and other hormone-dependent cancers published by Terry et al. (36)
the authors concluded that “. . . the development and progression of breast and prostate
cancer appear to be affected by processes in which eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) play important roles; yet whether the consumption of fish
containing marine fatty acids can alter the risk of these or of other cancers is unclear”.
Importantly, these authors pointed out some critical factors that could have clouded the
results of those studies. For example, the concentration of EPA and DHA contained in
fish varies between species. Relative high concentrations are found in wild cold water
fatty fish such as salmon, mackerel, sardines, and herring, whereas warm water lean
fish usually have lower concentrations of n–3 PUFA and sometimes higher content of
arachidonic acid (n–6 PUFA). Thus, case–control or cohort studies that only analyzed
total fish consumption in relation to cancer risk regardless of the type of fish may gen-
erate conflicting results. Terry et al. (36) also pointed out that an analysis of published
studies indicates that the duration of the follow-up period may also affect the results
of a study since stronger inverse associations between cancer risk and consumption of
n–3 PUFA of marine origin were found in studies with the longest follow-up periods. It
seems, therefore, that a clearer picture of the potential association between fatty acids
intake and cancer risk would emerge from studies with long follow-up periods that pro-
vide repeated diet assessment as well as detailed information on the stages of cancer
growth and progression.

This was the case in a recent report from the Health Professionals Follow-up Study
(37) that examined prospectively the consumption of fish and marine oils in relation to
risk of prostate cancer in a cohort of 50,000 men followed up for 12 years. The par-
ticipants responded to a semi-quantitative food frequency questionnaire mailed in four
times during the 12-year period. The food questionnaire was validated measuring actual
food intake for 1 week among a sample of 127 cohort members, and dietary intake of
n–3 PUFA verified by analysis of the relative composition of fatty acids in a subcuta-
neous fat aspirate taken from a sample of men from this cohort. The results adjusted
for other dietary and non-dietary risk factors showed that men consuming more than
three servings of fish per week had almost half the risk of metastatic prostate cancer
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as compared with rare or non-consumers. Even more remarkable in that study was the
finding that each additional daily intake of 0.5 g of marine oil further reduced the risk
of metastatic prostate cancer by 24%. Interestingly, no association was found between
fish intake and the overall risk (incidence) of prostate cancer among the cohort, an indi-
cation suggesting that the intake of fish or marine oils affects tumor progression and
metastatic potential rather than the development of cancer. Comparable results suggest-
ing that consumption of fatty fish may reduce the occurrence of renal cell carcinoma
(RCC) in women were obtained in the population-based prospective Swedish Mam-
mography Cohort Study in which 61,433 women aged 40–76 years were followed for
an average of 15.3 years (38). After adjustment for potential confounders, an inverse
association of fatty but not lean fish consumption with the risk of RCC was found.
Compared with no consumption, the multivariate rate ratio (RR) was 0.56 for women
eating fatty fish once a week or more, and 0.26 for those women reporting consistent
consumption of fatty fish in two food questionnaires at the beginning and end of the
study.

Experimental studies have provided more consistent data showing that both EPA and
DHA, the main n–3 PUFAs in fish oils, exert anti-cancer properties in cancer cell lines
in vitro and in animal xenograft models of human cancer (39–43). In our hands, daily
oral administration of EPA doubled the life expectancy of p53–/– mice, which develop
multiple cancers with 100% penetrance and die at ≈ 40 weeks of age (unpublished
observation).

Taken together, human and experimental studies indicate that n–3 PUFAs may exert
a protective anti-cancer effect that deserves further investigation. A critical unmet need
for such future studies is to define the cellular and molecular mechanism(s) underly-
ing the anti-cancer effect of n–3 PUFAs and to derive from this research much needed
mechanism-specific biomarkers to conduct human studies.

4. PROPOSED MECHANISMS OF ANTI-CANCER ACTIVITY OF N–3
PUFAS

4.1. Effects on Membrane Structure and Function
Since n–3 PUFA incorporate into and are an integral part of membrane phospho-

lipids they can exert profound effects on its physical properties, including permeabil-
ity, lateral diffusion, lipid packing, and domain formation, and thereby affect function
of membrane proteins intimately involved in intracellular signaling. Consistently, n–3
PUFAs have been shown to influence G protein-coupled receptors and receptor tyrosine
kinase signaling pathways (44, 45), and ion channels (46), a diversity of cellular effects
believed to contribute to their anti-cancer properties.

4.2. Effects on Angiogenesis
Neovascularization is essential for growth and metastasis of solid tumors and depends

critically on the expression of angiogenic factors such as VEGF and their receptors.
Some eicosanoids appear to promote angiogenesis and reduction in their levels may
account for the anti-angiogenic activity of n–3 PUFAs (47–49).
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4.3. Inhibition of Eicosanoid Production from Arachidonic Acid
Eicosanoids including prostaglandins, leukotriens, and thromboxanes, which are

derived from 20-carbon PUFAs, affect a wide variety of cellular processes including cell
proliferation, differentiation, and apoptosis. Arachidonic acid, a 20-carbon fatty acid
abundant in cell membrane phospholipids, is the major precursor of two double bond
containing prostanoids. Cyclooxygenase (COX) catalyzes the first step in the conversion
of arachidonic acid to prostaglandins and thromboxanes, and lipooxygenase catalyzes
its conversion to four double bond containing leukotrienes.

Increased expression of COX and overproduction of some eicosanoids have been
implicated in both the development of cancers and the promotion of angiogene-
sis. Prostaglandins derived from arachidonic acid by the COX-2 enzyme, notably
prostaglandin E2 (PGE2), have been linked to carcinogenesis in studies on the pro-
liferation of breast and prostate cancer cell lines in vitro, in experimental animal models
leading to the development of mammary tumors, and in human studies on the effect of
fish oil intake on the rate of epithelial cell proliferation (50, 51).

Increasing the dietary intake of n–3 PUFA reduces the production of arachidonic acid
(52) and thereby the generation of arachidonic acid-derived eicosanoids. In addition,
both EPA and DHA can displace arachidonic acid in cell membrane phospholipids (53)
and in diacylglycerols (54) and have been shown to inhibit COX-2 (50) and lipoxyge-
nase. Thus, replacement and reduced formation of arachidonic acid, as well as inhibition
of key enzymes in the eicosanoid synthesis pathways, are proposed mechanism under-
lying the anti-cancer effects of n–3 PUFA, a view supported in part by the apparent
inhibitory effect on cancer cells growth of some non-steroidal anti-inflammatory drugs
that inhibit COX activity.

4.4. Effect on Mevalonate Metabolism
3-Hydroxy-3-methylglutaryl coenzyme-A reductase catalyzes the synthesis of meval-

onate and is the rate-limiting enzyme in the cholesterol biosynthesis. Products of this
biosynthetic pathway play a critical role in the organization of signaling pathways that
impinge on cell proliferation (55). Expression of 3-hydroxy-3-methylglutaryl coenzyme
A reductase and mevalonate production are suppressed (56) in the mammary glands of
menhaden oil-fed female rats but the importance of this finding for the anti-breast cancer
effects of n–3 PUFAs is not known.

4.5. Effect on Estrogen and Testosterone Metabolism
17β-Estradiol, the main mammalian endogenous estrogen, stimulates normal mam-

mary development and promotes the neoplastic transformation of breast cells. Estra-
diol is metabolized along two major pathways, generating two different metabolites,
16-hydroxyestrone and 2-hydroxyestrone with the former considered to be more bioac-
tive than the latter. 16-Hydroxyestrone produces aberrant hyper-proliferation in mam-
mary explants and is considered a mediator of estrogen-induced transformation of breast
epithelial cells (57); also, clinical studies suggest that elevated C16-hydroxylation of
estradiol may provide a biomarker for breast cancer risk (58, 59). Osborne et al. (60)
reported that feeding an n–3 PUFA-rich fish oil supplement to women reduced the extent
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of C16-hydroxylation, suggesting that a reduced production of 16-hydroxyestrone and
perhaps increased generation of 2-hydroxyestrone may contribute to an anti-cancer
effect of n–3 PUFAs in breast cancer.

Testosterone promotes proliferation and neoplastic transformation of prostate cells.
Both n–3 and n–6 PUFAs interfere with testosterone metabolism by inhibiting the
enzyme 5α-reductase and thereby the conversion of testosterone to dihydrotestosterone
(61). However, the anti-cancer properties of PUFAs in prostate cancer seem to be limited
to the n–3 series.

4.6. Effect of Lipid Peroxidation
The long chain PUFAs are highly susceptible to lipid peroxidation. Peroxidation

products of the marine fatty acids have been proposed as mediators of their anti-cancer
effects (62, 63). For example, in breast cancer cell lines, treatment with DHA increased
lipid peroxides and enhanced the toxicity of anthracyclins (agents that generate oxida-
tive stress); both effects were inhibited by the antioxidant vitamin E (64). Similar results
have been reported in animal models of experimental breast cancer (65, 66). However,
the mechanism(s) by which these oxidation products of n–3 PUFAs inhibit cancer cell
growth is still debated (67).

In summary, although effects on cell membrane, eicosanoid formation, estrogen and
testosterone metabolism, and lipid peroxidation have been proposed as potential medi-
ators of the anti-cancer effects of marine fish oils, these mechanisms are not embraced
because of the lack of stringent and direct evidence for their causative role.

4.7. The Translation Initiation Connection
Recent work has identified translation initiation as a putative molecular target medi-

ating the anti-cancer effects of n–3 PUFAs. Translation, the cellular process by which
mRNAs are translated into proteins, is operationally divided in three phases: initiation,
elongation, and termination. Translation initiation, a highly regulated process requiring
the concerted participation of more than 20 proteins/cellular factors known as eukaryotic
translation initiation factors (eIFs), plays a critical role in the control of growth, differ-
entiation, and division in eukaryotic cells (68–70). This is because structural features in
the mRNAs coding for most proto-oncogenic, growth, and transcription factors and cell
cycle regulatory proteins make their translation rather inefficient and critically depen-
dent on the activity of translation initiation factors such as eIF2, eIF4E, eIF4A, and
eIF4G. Long and complex 5′-untranslated regions (5′UTR) are associated with ineffi-
cient translation probably because the presence of stable secondary structures prevents
ribosomes from scanning efficiently the entire 5′UTR to reach the AUG translation ini-
tiation codon (71, 72). In contrast, mRNAs with short, simple, and less structured 5′-
UTRs are translated more efficiently. Interestingly, the sequences of 5′UTRs of approx-
imately 90% of vertebrate mRNAs are between 10 and 200 bases long, mostly without a
complex secondary structure are therefore efficiently translated (“strong” mRNAs). On
the other hand, most mRNAs encoding for cell growth regulatory proteins and proto-
oncogenes contain atypical 5′UTRs which are more than 200 bases long, rich in Gs and
Cs, and contain stable secondary structures that restrict their translational efficiency and
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render their translation highly dependent on the activity of translation initiation factors
(“weak” mRNAs) (73). Indeed, experimental evidence indicates that the rate of trans-
lation controls the expression of most cell growth regulatory proteins. For example,
early mitogenic signals that turn on the transcription of cell growth regulatory genes
simultaneously activate translation initiation factors such as eIF2 and eIF4E that are
rate limiting for translation initiation. In this manner, extracellular signals that stimulate
cell proliferation couple transcription with translation resulting in a dramatic increase
in the expression of growth regulatory proteins at the G0–G1 transition and during the
G1 phase of the cell cycle. Consistently, we and others have shown experimentally that
reducing the rate of translation initiation preferentially inhibits the synthesis and expres-
sion of oncogenic proteins and cell growth regulatory proteins such as the G1-cyclins
(cyclin D1, cyclin E, and cyclin A) while other “house keeping” proteins are minimally
affected (74).

5. TRANSLATION INITIATION AND CANCER

Cancer cells proliferate disregarding the checkpoints that restrain growth in normal
cells. This ability is acquired through mutations that lead to inactivation of growth
inhibitory genes such as Rb (retinoblastoma) or of tumor suppressor genes such as p53,
and/or to activation of proto-oncogenes such as cyclin D1, c-myc, and Ras. Products
of these genes regulate specific events in cell growth and division. Interestingly, over-
expression of proteins that regulate translation initiation causes neoplastic transforma-
tion because the consequent increase in the rate of protein synthesis leads to a dispropor-
tionately higher translation of oncogenic proteins such as cyclin D1 and c-myc, which
are over-expressed in a large number of human cancers (75–77).

In human cancers, over-expression of the translation initiation factor eIF2α correlates
with neoplastic transformation of mammary epithelial cells, and with the aggressive-
ness of non-Hodgkin’s lymphomas (78, 79). Over-expression of eIF4E reportedly is a
prognostic tumor marker for breast cancers (80), a predictor of recurrence in head and
neck tumors (81, 82), and is abundant in breast (83), head and neck (84), primary blad-
der (85), colon carcinomas (86), and in non-Hodgkin’s lymphomas (78). Also, in many
human cancers, the translational efficiency of oncogenic proteins and growth factors
such as c-myc, VEGF, and TGF-β is significantly enhanced through variations that sim-
plify the structure of their mRNA thus enabling them to escape tight control of trans-
lation initiation (87). For example, the mRNA for TGF-β has two alternative splicing
forms, one with an 1100-nucleotide long and highly structured 5′-UTR and the other
with a 230-nucleotide long and simpler 5′-UTR that has sevenfold higher translational
efficiency. The shorter, translationally stronger TGF-β mRNA is almost exclusively
seen in cancers, and is believed to contribute to the metastatic potential of some breast
cancers (88).

In contrast, inhibition of translation initiation interferes with both cell growth and
malignant transformation (89–91). For instance, over-expression of eIF4E-BP, a cel-
lular inhibitor of translation initiation that blocks formation of the eIF4F complex,
suppresses cancer cell proliferation and tumor growth (89, 92–94). Similarly,



Chapter 13 / Cancer and n–3PUFAs: The Translation Initiation Connection 261

pharmacological inhibitors of translation initiation such as clotrimazole, troglitazone,
rapamycin, 4EGI-1 as well as anti-sense oligonucleotides targeting eIF4E reportedly
inhibit cancer cell proliferation and/or tumor growth in animal models of human cancer
(95, 74, 96–100).

The previous paragraphs highlight the critical role played by translation initiation
in the physiological control of cell growth as well as in both malignant transforma-
tion and maintenance of transformed phenotypes. The translation initiation machin-
ery, therefore, represents an attractive target for cancer therapy (101), and trans-
lation initiation inhibitors are now recognized as an emerging class of anti-cancer
agents (102).

5.1. Inhibition of Translation Initiation Mediates the Anti-cancer Effect
of EPA

In the following sections, we will briefly describe the translation initiation process,
and summarize the experimental evidence generated in our laboratories demonstrating
that the anti-cancer effects of EPA are mediated by inhibition of translation initiation
(95, 103).

In the initiation phase of mRNA translation, the translation initiation factor eIF2
forms a ternary complex with GTP and the initiating methionyl-tRNA (Met-tRNAi). The
eIF2·GTP·Met-tRNAi recruits the 40S ribosomal subunit forming the 43S pre-initiation
complex, which then binds to the mRNA cap through interaction with other translation
initiation factors. The pre-initiation complex scans the 5′-UTR of mRNA for the initia-
tor AUG codon, a process that requires the participation of several translation initiation
factors including eIF4E, eIF4G, and the RNA helicase eIF4A. At the AUG codon, the
60S ribosomal subunit is recruited to join the 48S pre-initiation complex to form the
catalytically competent 80S ribosome. Concomitantly, GTP that is associated with eIF2
is hydrolyzed to GDP. To initiate a new cycle of translation GDP needs to be exchanged
for GTP. This GDP–GTP exchange, which is carried out while bound to eIF2, is cat-
alyzed by the multi-subunit guanine nucleotide exchange factor eIF2B. Because phos-
phorylation of the alpha subunit of eIF2 (eIF2α) by eIF2α kinases increases its affinity
for the GDP–GTP exchange factor eIF2B, phosphorylation of eIF2α inhibits translation
initiation (104). Since the stoichiometric ratio of eIF2B to eIF2 in the cytosol is quite
low, even partial phosphorylation of eIF2α is sufficient to sequester the free eIF2B that
is necessary for GDP–GTP exchange (105, 106). Figure 1 summarizes the translation
initiation process.

The eIF2α kinases phosphorylate eIF2α on its serine 51. At least two eIF2α kinases,
interferon-inducible, double-stranded RNA-dependent protein kinase (PKR) and PKR-
like ER-resident kinase (PERK), are activated by signals from a “stressed” endoplasmic
reticulum (ER) triggering a cascade of events generally termed the ER-stress response
(107, 108). It is well established that partial depletion of ER Ca2+ stores rapidly activates
eIF2α kinases that phosphorylate eIF2α thus limiting the availability of the ternary com-
plex resulting in reduced rate of translation initiation and protein synthesis (74, 105).
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Fig. 1. Schematic representation of translation initiation highlighting the putative sites of action of the
n–3 PUFAs.

5.2. EPA Depletes Intracellular Ca2+ Stores
Binding of many physiological agonists such as hormones, growth factors, and

cytokines to their cognate cell membrane receptors induces a transient rise in cytosolic
Ca2+ following its release from intracellular stores. When Ca2+ is released from intracel-
lular stores, Ca2+ channels in the plasma membrane known as “store-operated calcium
channels” (SOC) open to refill the intracellular stores by capacitative Ca2+ entry from
the extracellular medium thus re-establishing intracellular Ca2+ homeostasis (109, 110).

The n–3 PUFA EPA has a dual effect on intracellular Ca2+ homeostasis. It induces
Ca2+ release from the intracellular Ca2+ stores while inhibiting Ca2+ influx through SOC
in the plasma membrane. These cellular effects require peroxidation of EPA because
they are blocked by vitamin E (95). By simultaneously releasing Ca2+ from the ER stores
and closing SOC, EPA partially depletes intracellular Ca2+ stores (Fig. 2a). Depletion
of the intracellular Ca2+ stores by EPA was confirmed in our laboratory by transfecting
cells with ER-targeted “chameleon” proteins that monitor the ER calcium content in
real time. Figure 2b shows the ER-calcium depleting effect of EPA, as determined with
ER-targeted “chameleon” proteins.

As mentioned above, partial depletion of intracellular Ca2+ stores activates eIF2α
kinases and inhibits translation initiation. Inhibition of translation initiation by EPA
was demonstrated by polysome-profiling cell lysates through sucrose density gradient
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Fig. 2. EPA releases Ca2+ from ER stores and closes SOC. Fura-2 loaded cells were treated with EPA
in the presence or absence of vitamin E (a) in Ca2+-free media or with TG in Ca2+-containing media
to open SOC and then treated with or without EPA (b). ER-targeted chameleon expressing cells were
treated with EPA excited at 440 nM and FRET was measured by determining the emission ratio at
530 nM (YFP) vs. 480 nM (CFP) (c). a and b from (95).

eIF2α

Fig. 3. EPA shifts the cell polysome profile from heavy to lighter polysomes. Lysates of exponentially
growing cell were processed by sucrose density gradient centrifugation and then read from the bottom
at 214 nm. The inset shows phosphorylation of eIF2α by EPA.

centrifugation. Treatment of cells with EPA shifts the polysome profile from heavy
polyribosomal fractions toward light polysomes and free ribosomal subunits (95)
(Fig. 3). This shift of the cellular polysome profile toward lighter fractions indicates
reduction in the loading of the mRNAs with ribosomes and is recognized as the hall-
mark of inhibition of translation initiation.

5.3. EPA-Mediated Phosphorylation of eIF2α Results in Inhibition
of Translation Initiation

Inhibition of translation initiation by EPA is mediated by eIF2α kinase-dependent
phosphorylation of eIF2α. This conclusion is based on the experimental findings in can-
cer cell lines treated with EPA, which (a) causes phosphorylation of eIF2α (inset to
Fig. 3), (b) inhibits translation initiation in wild-type cells but not in cells expressing a
dominant negative mutant of the eIF2α kinase PKR, and (c) does not affect translation
initiation, protein synthesis or cell growth in cells transfected with a constitutively active
but phosphorylation resistant mutant of eIF2α (eIF2α-S51A) (95).
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Inhibitory phosphorylation of eIF2α on its serine 51 residue is catalyzed by four
eIF2α kinases: PKR, PERK, HRI, and GCN2. Each of these enzymes is activated in
response to different perturbations in the cellular environment with the common end
result of shutting off mRNA translation via phosphorylation of eIF2α. It has been pro-
posed that phosphorylation of eIF2α in response to a decrease in the calcium content
of the ER is mediated by PERK. This conclusion was based on experiments with thap-
sigargin (TG), a specific inhibitor of the SERCA-ATPase. By inhibiting active calcium
influx into the ER, TG breaks the steady-state cellular calcium homeostasis and induces
a net Ca2+ leakage from the ER into the cytosol leading to a reduction of the ER-calcium
content. This effect is associated with restorative calcium influx from the extracellular
medium that occurs through SOC that open up to refill the calcium content of the ER.
The operation of these channels is revealed by a sustained increase in cytosolic calcium
that follows the addition of TG to cell incubated in a calcium containing but not in a
calcium-free medium. In contrast, EPA-mediated release of Ca2+ from the ER is not
mediated by inhibition of the SERCA-ATPase (Halperin et al. unpublished observation)
and is associated with closing rather than opening of the SOC. Indeed, sequential addi-
tion of TG followed by EPA revealed that EPA inhibits calcium influx via the SOC,
as we have shown in previous studies (95) (Fig. 2). These differences are functionally
important because by releasing Ca2+ from the ER while closing SOC, EPA induces
a sustained partial depletion of ER-calcium while the effect of TG is only transient
(74). Given the peculiar nature of the EPA effect on intracellular Ca2+ homeostasis, we
investigated whether PERK was necessary for EPA-induced phosphorylation of eIF2α.
To this end, we compared the effects of EPA and TG on phosphorylation of eIF2α in
PERK+/+ and PERK–/– cells (kindly provided by David Ron). The results showed that in
sharp contrast with TG, EPA-induced phosphorylation of eIF2α was PERK independent
(Fig. 4). This difference between EPA and TG seems to be directly related to the dif-
ferential effect of EPA and TG on intracellular Ca2+ homeostasis because simultaneous
treatment of cells with TG and sulindac sulfide, a specific inhibitor of SOC channels,
caused phosphorylation of eIF2α in a PERK independent manner, identical to the effect
of EPA (Fig. 5, bottom left panel). These data confirm that EPA inhibits translation ini-
tiation because it releases Ca2+ from ER and inhibits Ca2+ influx through SOC channels
thus causing partial and sustained depletion of ER-Ca2+ stores (Fig. 5).
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0 20 50 0 20   50
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B

Fig. 4. EPA-induced eIF2a phosphorylation is PERK independent. PERK+/+ and PERK –/– cells were
treated with EPA (a) or TG (b) lysed and blotted with antibodies to pS51-eIF2α, CHOP, and β-actin.
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Fig. 5. Simultaneous release of Ca2+ from ER and closing of SOC channels renders eIF2α phospho-
rylation independent of PERK. PERK+/+ and PERK–/– mouse embryonic fibroblasts were treated with
vehicle, EPA (50 mM), TG (0.2 mM), sulindac sulfide (SS, 7.5 and 15 mM) or combination of SS and
TG for 1 h to determine phosphorylation of eIF2α or 8 h to determine induction of CHOP expression.
Cell lysates were blotted with the indicated antibodies.

5.4. EPA Downregulates Expression of Oncogenic Proteins and Upregulates
Expression of Pro-apoptotic and Tumor Suppressor Proteins

Phosphorylation of eIF2α is a rate-limiting step controlling the overall rate of trans-
lation. However, unique structural features in the 5′UTR of mRNAs provide an addi-
tional mechanism for regulation of gene-specific expression. In previous sections, we
described how mRNAs with complex 5′UTRs that predominantly encode for oncogenic
proteins are translationally weak and therefore preferentially downregulated when eIF2α
is phosphorylated.

Interestingly, a limited subset of mRNAs with well-defined structural features in their
mRNA are paradoxically upregulated when eIF2α is phosphorylated. A characteristic
example of this paradoxical translational upregulation is represented by the activating
transcription factor-4 (ATF-4). The 5′UTR of ATF-4 mRNA contains multiple upstream
open reading (uORF) frames that behave as ribosomal traps rendering its translation
inefficient when the eIF2·GTP·Met-tRNAi ternary complex is abundant. In contrast, the
translation efficiency of ATF-4 is increased when the availability of the ternary complex
is limited, as it occurs when eIF2α is phosphorylated. This in turn results in the tran-
scriptional upregulation of pro-apoptotic CHOP and the ER-chaperon BiP, which are
under the transcriptional control of ATF-4.

More recently, we have identified a comparable mechanism responsible for trans-
lational upregulation of the tumor suppressor gene, BRCA1. Specifically, breast can-
cer cells express a BRCA1 mRNA isoform (mRNAb) in which the BRCA1 uORF
is preceded by a 5′-UTR remarkably similar to the 5′UTR of ATF-4. Conversely,
non-transformed breast epithelial cells express a BRCA1 transcript with a simple 5′UTR
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Fig. 6. EPA upregulates expression of BRCA1 in MCF-7 human breast cancer cells. (a) EPA increases
BRCA1 expression and de novo synthesis. (b) Real-time PCR for BRCA1 mRNAa and mRNAb in
the EPA-treated cells from a. (c) The 5′-UTR of BRCA1 mRNAb but not of BRCA1 mRNAa confers
to reporter gene translational upregulation by EPA. (d) Orthotopic breast tumors were formed in nude
mice by inoculating MCF-7 breast cancer cells. Tumor-bearing mice were fed with menhaden (fish)
or corn oil diet and expression of BRCA1 in the tumor was determined by Western blot.

(mRNAa) (111). Importantly, in the transition from in situ to progressive breast cancer,
expression switches from mRNAa to mRNAb that reduces the translational efficiency
and thereby the expression of BRCA1, a tumor suppressor protein. We have shown
experimentally that (1) EPA induces upregulation of BRCA1 expression in MCF-7
breast cancer cells (Fig. 6a), (2) the EPA-induced expression of BRCA1 is translational
because synthesis of BRCA1 protein is increased without a concomitant increase in the
levels of its mRNA (Fig. 6), and (3) fusion to a reporter gene of the 5′UTR of BRCA1
mRNAb, which contains multiple uORF, renders the reporter sensitive to translational
upregulation by EPA (Fig. 6). This translational upregulation was not observed when the
reporter gene was fused to the 5′UTR of BRCA1 mRNAa, which does not contain mul-
tiple uORF. Suppression of BRCA1 expression in aggressive breast cancers (112, 113)
is unique in that somatic mutations, loss of heterozygosity (LOH) (114), or promoter
methylation cannot explain its lack of expression in vast majority of spontaneous breast
cancers (112, 115–123). Importantly, restoration of BRCA1 expression reverts malig-
nant phenotype in breast cancer cells (124). These findings have led us to propose that
the anti-breast cancer effect of n–3 PUFAs is mediated, at least in part, by upregulation
of BRCA1 expression secondary to phosphorylation of eIF2α.

In summary, we have identified the molecular mechanism of the anti-cancer activity
of n–3 PUFAs such as EPA in vitro and most likely in vivo. By partially depleting ER
Ca2+ stores, these natural nutrients inhibit translation initiation, preferentially downreg-
ulate the synthesis and expression of oncogenic proteins and thereby block progression
of the cell cycle into the G1 phase. These activities are associated with increased apop-
tosis mediated, at least in part, by upregulation of pro-apoptotic and tumor suppressor
genes via specific transcription factors and tumor suppressing genes encoded by mRNAs
with multiple uORF in the 5′UTR. Figure 7 summarizes the proposed mechanism of the
anti-cancer effect of n–3 PUFAs such as EPA.

6. CONCLUSIONS

n–3 PUFAs were readily available nutrients in the primitive food chain. The recently
identified effect of n–3 PUFAs on the translational regulation of genes that control cell
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Fig. 7. Proposed mechanisms of the anti-cancer effect of n–3 PUFAs such as EPA. Through partial
depletion of ER Ca2+ stores, EPA inhibits translation initiation, preferentially downregulates the syn-
thesis and expression of oncogenic proteins and thereby blocks progression of the cell cycle into the
G1 phase. These activities are associated with increased apoptosis mediated, at least in part, by upreg-
ulation of pro-apoptotic (CHOP) and tumor suppressor genes via specific transcription factors and
tumor-suppressing genes encoded by mRNAs with multiple uORF in the 5′-UTR.

proliferation and survival can be conceived as an environmental clue to maintain a cor-
rect restrain on physiological cell growth at periods of excessive food abundance. Evo-
lutionary and cultural changes have shifted the human diet over time toward a lower n–3
to n–6 PUFA ratio to the point that the modern Western diet is overwhelmingly rich in
n–6 PUFAs. The observed increase in cancer rates in populations that until recently still
relied on n–3 PUFA-rich diets may be a reflection of the potential impact of the dietary
transition from n–3 to n–6 PUFA-rich diets.

Efforts to restore an adequate balance of n–3 to n–6 PUFAs in the modern diet
might be hampered by the precipitous decline of wild marine fish stocks. Indeed, it
seems that current wild marine sources would not be capable to sustain a progressive
increase in dietary n–3 PUFAs in the growing world population. Fish produced in aqua-
culture farms may not represent a viable alternative to increase the n–3 PUFA con-
tent of the modern diet because their feeding with industrial food rich in n–6 PUFAs
may reduce very long chain n–3 PUFA content of aquaculture fish. There may be
hope, however, since genes that can convert n–6 to n–3 fatty acids such as fat-1 can
be transgenically introduced into both plants and animals, as recently reported in mice
(125).

Thus, given the magnitude of the potential public health benefits that could derive
from increasing the n–3 PUFAs of the human diet, and the multi-factorial economic,
cultural, and practical difficulties implicated in achieving that goal, extensive interven-
tion studies are needed to determine conclusively whether n–3 PUFA-rich diets reduce
cancer risk in a manner that justifies the effort. The conduction and success of such
human trials critically depends on the availability of biomarkers that will provide clear-
cut and efficient end points thus limiting their duration and facilitating the interpreta-
tion of their results. The generation of such biomarkers is an important contribution of
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the research summarized in this chapter. Indeed, preliminary results in human cancer
patients indicate that administration of EPA-rich fish oils induces phosphorylation of
eIF2α in vivo. Thus, the theoretical and practical tools are now available for the con-
duction of prospective trials to validate the molecular target of the putative anti-cancer
effects of n–3 PUFAs in human cancers and, if confirmed, conduct adequate trials to
assess the preventive and perhaps therapeutic effects of these nutrients.
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Key Points

1. It is important to consume a balanced diet containing about 25–35% energy from fat. In order
to reduce the risk of disease related to high fat intake, a restricted total calorie intake would be
beneficial, while consuming approximately 30% total calories from fat.

2. A high fat intake is generally associated with cardiovascular diseases, cancer, and other chronic
diseases. However, a diet low in fat and high in carbohydrates may also be associated with the
diseases because it may reduce HDL cholesterol and increase serum triacylglycerol concentrations.

3. The recommended ratio of n-6 polyunsaturated (PUFA) fats to n-3 polyunsaturated fat is 1–2:1.
Populations that consume low levels of n-6 PUFA and high levels of n-3 PUFA appear to have
reduced incidence of heart disease, diabetes, arthritis, and cancer.

4. High n-6 PUFA intake is associated with cancer because it promotes preexisting tumor growth and
accelerates cancer metastasis. The eicosanoids in n-6 PUFA have also been found to increase cell
proliferation and be inflammatory.

5. A high intake of n-6 PUFA has been directly related to breast cancer; however, this is seen in animal
studies, whereas no effect has been found in human studies. It is certain that dietary fat intake may
directly affect breast cancer risk, but the effect may depend on the type of fat and age when the fats
were consumed.

Key Words: Dietary n-3 PUFA; n-6 PUFA; inflammation; cancer; cardiovascular diseases

1. INTRODUCTION

People living in the Western world consume on average 30–35% energy from various
types of fats including saturated fatty acids (SFAs), monosaturated fatty acids (MUFAs),
and polyunsaturated fatty acids (PUFAs). The main biochemical difference that distin-
guishes these fats is the length of the fatty acid chain and absence (SFA) or presence
of one (MUFA) or more (PUFA) double bonds. Cells of the human body can synthe-
size SFA and MUFA, but lack the enzymes necessary to synthesize n-6 and n-3 PUFA.
Consequently, these essential fatty acids (EFA) have to be obtained from the diet.
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Although fat is one of the three required macronutrients in the human diet, the other
two being protein and carbohydrate, current recommendations for typical western diets
suggest intake of fat should be restricted. For example, high fat intake is generally asso-
ciated with increased risk of cardiovascular diseases, cancer, and other chronic diseases
(1). Nevertheless, replacing fat with high carbohydrate diet is not advisable since high
intake of carbohydrates may reduce high density lipoprotein (HDL)-associated choles-
terol and increase serum triacylglycerol concentrations leading to higher levels of glu-
cose and insulin. These changes increase the risk of coronary heart disease, diabetes (2),
and cancer (3, 4). Therefore, maintaining a balanced diet that contains∼25–35% energy
from fat (fat requirement changes during the life span, being highest at a younger age
and during pregnancy) is probably ideal for overall health. The best way to reduce fat
consumption and avoid development of diseases linked to high fat intake is to restrict
total daily energy intake, while keeping dietary fat content at ∼30% of the total energy
intake. Moderate calorie restriction is suggested to be linked to multiple health benefits,
including longer life span (5).

2. POLYUNSATURATED FATTY ACIDS

The mean dietary intake of PUFA is 10–15% of total fat intake, most of it in the form
of n-6 PUFA. The focus of this chapter is on n-6 PUFA, which can be found in plant seed
oils, such as safflower, sunflower, corn, and soybean oil. Nuts and grains also are high in
n-6 PUFA. Fish and other seafood contain high levels of n-3 PUFA. Linseed/flaxseed,
rapeseed/canola, and soybean oils contain notable levels of n-3 PUFA in addition to
containing sufficient amounts of n-6 PUFA. To maintain optimal health, it has been
proposed that the intake of n-6 and n-3 PUFA should be at the ratio of 1–2 n-6 PUFA
to 1 n-3 PUFA; however, in Western diets the ratio is currently 15–20:1 (6). n-6/n-3
PUFA ratio in the hunter gatherers living 40,000 years ago was 1:1 and it is still 4:1 in
Japan (7). There are several reasons for proposing to increase n-3 PUFA and reduce n-6
PUFA intake in the West. First, populations consuming very high levels of n-3 PUFA
appear healthier; they have reduced incidence of heart disease, diabetes, arthritis, cancer,
and other diseases than those populations whose diet is composed of high levels of n-6
PUFA and low levels of n-3 PUFA (7). Second, as described in more detail below, n-6
PUFA-derived eicosanoids are known to increase cell proliferation and be inflammatory,
while n-3 PUFA eicosanoids are anti-inflammatory and induce apoptosis (8). Because
Western diets are clearly higher in n-6 PUFA than n-3 PUFA, more arachidonic acid
(AA)-derived eicosanoids are formed than those derived from n-3 PUFA. Consequently,
individual on western diets may have higher levels of inflammatory eicosanoids exerting
harmful effects on various target tissues.

The primary metabolite of linoleic acid (LA, 18:2) is AA, which is generated from LA
by the action of �6 and �5 desaturase and elongase enzymes (Fig. 1). The metabolism
of PUFA takes place mainly in the liver. AA is a key component of cell membrane struc-
tural lipids. However, upon activity of phospholipase A2, AA is mobilized from the cell
membrane and metabolized to eicosanoids, such as thromboxane A2, prostacyclin, and
leukotriene B4 (Fig. 1). Levels of n-6 PUFA intake alone do not determine how much
AA-derived eicosanoids are produced since the 18- and 20-carbon long fatty acids of n-3
PUFA and MUFA compete for a common �6 and �5 desaturase enzymes, which have



Chapter 14 / n-6 Polyunsaturated Fatty Acids and Cancer 277

Fig. 1. Metabolism of n-6 PUFA linoleic acid.

different affinity for various fatty acids in the order of n-3 PUFA>n-6 PUFA>MUFA
(9, 10). High intakes of LA can inhibit eicosanoid production by competing for avail-
able desaturases (11).

Although n-6 PUFA-derived eicosanoids are generally related to adverse health
effects, low intake or impaired absorption of these fatty acids results in growth retar-
dation (12). Clinical signs of n-6 PUFA deficiency include scale skin rash and increased
transepidermal water loss (13) and defects in the normal function of the kidneys, muscle,
and other organs (14, 15). These observations emphasize the fact that these fatty acids
play critical roles in normal epithelial cell functions. n-6 PUFA deficiency also has been
associated with impaired immune responses (16). Defects related to low intake of n-3
PUFA are described in Chapter 11.

3. n-6 PUFA AND CANCER

High fat intake is thought to increase cancer risk, promote the growth of existing
tumors, and accelerate cancer metastasis. However, data that do not to support a role of
high fat intake in cancer causation also exist. There is also evidence that high intakes of
n-6 PUFA and high n-6/n-3 PUFA ratios increase the risk of prostate (17), colon (18),
and breast cancer (19). Other cancers might also be influenced by n-6 PUFA intake,
such as skin cancer, which is linked to high levels of AA (20), or pancreatic cancer (21).
The growth of four different human pancreatic cancer cell lines in a xenograft mouse
model was increased by a diet high in n-6 PUFA (21). Although these findings seem to
indicate a strong positive correlation between intake of n-6 PUFA and pancreatic cancer
risk, human studies have not confirmed this association (22).

It is not clear whether endometrial and ovarian cancers are linked to high intakes of
PUFA (23–25), although some evidence suggests that high levels of cyclooxygenase-
2 (COX-2) – which is up-regulated by n-6 PUFA and converts AA to prostaglandins
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(PG) – are associated with increased risk of both cancers (26, 27). Both n-6 PUFA and
n-3 PUFA decrease human lung tumor cell growth in vitro in a concentration-dependent
manner while inducing cell death at concentrations of 100 μM or higher (28). These
contrasting findings highlight the lack of consensus concerning the effects of n-6 PUFA
intake on cancer risk.

We shall review the experimental data generated using in vitro and in animal models
of colon, prostate, and breast cancers, which according to epidemiological studies may
be influenced by high intakes of n-6 PUFA intake. This will be followed by discussion
of epidemiological studies that have investigated whether intake of PUFA is associated
with breast cancer risk.

Animal studies have shown that diets containing high levels of n-6 PUFA increase
colon carcinogenesis (29, 30). However, findings obtained in vitro with human colon
cancer cells have failed to detect an increase in cell proliferation following treatment
with LA or AA (18). Since the in vitro data strongly implicate AA-derived eicosanoids,
particularly prostaglandin E2 (PGE2) in the growth of colon cancer cells (31, 32), the
association between high n-6 PUFA intake and increased colon cancer risk in human
populations is biologically feasible.

Findings generated with cell lines do not clearly link n-6 PUFA to increased prostate
cancer risk. In one study, LA stimulated the growth of PC-3 human prostate cancer
cells, but had no effect on proliferation of DU 145 cells (33). Another study reported
that growth of PC-3, LNCaP, and TSU prostate cell lines and rat metastatic Mat-Ly-
Lu and rat non-metastatic epithelial cell lines EPYP1, EPYP2, and EPYP3 was stimu-
lated following exposure to physiological doses (1–100 ng/ml) of LA (34). Nude mice
injected with LAPC-4 prostate cancer cells exhibited increased tumor growth when fed
a diet high in n-6 PUFA, compared to mice fed n-3 PUFA (35). However, according to a
review by Astorg (36), the evidence linking high intake of LA or AA to prostate cancer
is scarce.

Exposure to LA or AA induces proliferation of rat and mouse breast cancer cells, but
among human breast cancer cells, only those negative for the estrogen receptor (ER),
such as MDA-MB-231 and MDA-MB-465 cells, are stimulated (37, 38). In contrast, the
growth of ER-positive MCF-7 or ZR-75-1 human breast cancer cells is either inhibited
or not affected at all (37, 39). Although this could be interpreted to indicate that n-6
PUFAs stimulate only the growth of ER-negative breast cancer cells, findings in humans
indicate that n-6 PUFA intake does not correlate with ER status of breast tumors (40).
Furthermore, diets high in n-6 PUFA promoted the growth of carcinogen-induced, ER-
positive mammary tumors in rat models (41, 42). The intake of n-6 PUFA has been
linked to changes in estrogen levels, which are expected to promote activation of ER in
the mammary gland and tumors inducing cell proliferation. High intake of n-6 PUFA
also increases the risk of developing metastasis (43–45).

4. DIETARY n-6 PUFA INTAKE AND BREAST CANCER RISK
IN WOMEN

Since the early 1980s, numerous epidemiological studies have investigated the pos-
sible association between total dietary fat intakes during adulthood, mostly shortly
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before breast cancer diagnosis, and breast cancer risk. Epidemiological and some
case–control studies suggest that a high consumption of total dietary fat increases
breast cancer risk (19), but the results from prospective cohort studies are inconsistent
(19, 46).

In 2001 and 2003, a pooled analysis from eight studies and a meta-analysis from 45
cohort studies examined the relationships between dietary n-6 PUFA and breast cancer
risk. Results of the pooled analysis did not show any association between total fat and
breast cancer, whereas the meta-analysis showed a summary relative risk of 1.13 (95%
CI: 1.04–1.23) for total fat. Results of the eight prospective cohorts are summarized in
Table 1. Only one study showed a positive association between breast cancer and total
fat (47), while most of them found a null association (40, 48–52).

The role of the subtypes of fat for development of breast cancer has also attracted a
lot of interest over the years, and these associations were evaluated in the recent pooled
analysis and meta-analysis (19, 46). Prospective cohort studies on total fat and intake
of PUFAs within this area published thereafter are presented in Table 1. To summa-
rize, several case–control studies have reported a statistically significant reduced risk for
breast cancer with higher PUFA intakes (19), but only two of a total of eight prospec-
tive cohorts have confirmed this. We found that among postmenopausal women, high
PUFA intake was protective (40). However, these studies did not necessarily separate
n-6 PUFA intake from that of n-3 PUFA intake – the two EFAs often have opposite
effects on breast cancer risk.

A few studies have investigated the effect of n-3 PUFA and n-6 PUFA separately on
breast cancer risk, and the most recent epidemiological studies in this area are summa-
rized in Table 2. Although not consistent, there is some evidence indicating that n-3
PUFA may protect against breast cancer, while n-6 PUFA appears to have an oppo-
site effect. Three of the studies reported a protective effect of n-3 PUFA and especially
marine n-3 PUFA (50, 51, 53). One Swedish nested case–control study reported a three-
fold increased breast cancer risk on the consumption of n-6 PUFAs (54). Two analy-
ses within American cohorts found no association between long-chain n-3 PUFA and
breast cancer risk (49, 55). There are also two studies which investigated whether the
ratio between n-6 and n-3 PUFAs impacts the risk of developing breast cancer. Data
generated in the Singaporean study suggested that high consumption of n-6 PUFA was
associated with an increased risk of breast cancer among women consuming low levels
of marine n-3 PUFA (56). A study done in Sweden reported a non-significantly reduced
risk of developing postmenopausal breast cancer among women who consumed high
levels of PUFA and lower levels of n-6 PUFA (54).

There are several possible reasons for the inconsistent results for the numerous epi-
demiological studies regarding total dietary fat, subtypes of dietary fat, and breast
cancer risk. For instance, they could be due to methodological difficulties in classi-
fication of total fat intake. Epidemiological studies often use food frequency ques-
tionnaires to assess dietary fat intake, although food diaries are superior to food fre-
quency questionnaires in detecting positive associations between dietary fat intake and
breast cancer (57, 58). Another possible explanation may be the differences in the
age of women when their dietary intakes were assessed. Most studies so far have
investigated the association between dietary fat intakes during postmenopausal years,
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but those that have investigated intakes during premenopausal years have generated
opposing data.

4.1. Premenopausal vs. Postmenopausal Fat Intake/Obesity and Breast
Cancer Risk

The relationship between obesity and breast cancer risk is strongly dependent on
the menopausal status at the time of diagnosis. Among premenopausal women, obe-
sity is inversely associated with breast cancer risk, while overweight postmenopausal
women are at increased risk of developing this disease (59). Since high fat intake is
linked to obesity, it is reasonable to assume that there could be a differential effect of
dietary fat intake on pre- and postmenopausal breast cancer risk, perhaps similar to the
one established for obesity. However, the majority of the studies have investigated fat
intake among postmenopausal women only, limiting the knowledge regarding the role
for dietary fat intake for development of premenopausal breast cancers.

Cho et al. have conducted the largest study investigating the effects of fat intake
on breast cancer risk among 90,655 premenopausal women (55). No association was
found for total fat intake, but women consuming the highest quintile of animal fat had
an increased risk for breast cancer (RR: 1.33; 95% CI 1.02–1.73). We have investi-
gated, in a cohort study, whether intakes of total dietary fat and fat subtypes during
premenopausal years affect subsequent breast cancer risk in a cohort of 44,569 Swedish
women (40). Of these women, 432 developed breast cancer before age 50 and 542 after
that age. We found no association between total fat, MUFA, PUFA, or SFA and breast
cancer risk for the entire cohort. However, among women diagnosed with breast can-
cer at 50 years of age or above, higher MUFA and PUFA intakes were associated with
a statistically significant 50% reduction in risk (40) (Table 2). We also found a sta-
tistically significant interaction between age at diagnosis (<50 vs. ≥50) and intakes
of PUFA (P = 0.049) as well as of unsaturated fat (combining MUFA and PUFA)
(P = 0.040). Our results indicate that intake of dietary fat (MUFA and PUFA) in pre-
menopausal years may have differential effects on breast cancer risk diagnosed before
or after menopause.

4.2. PUFA and Breast Cancer Recurrence
Attempts to link dietary fat intake to prognosis have generally provided null findings.

For example, adoption of a diet that was very high in vegetables, fruits, and fibers and
low in fats, among survivors of early stage breast cancer, did not reduce breast can-
cer recurrence or mortality during a 7.3-year follow-up period (60). We were unable to
identify any studies which would have investigated the effect of PUFA intake on sur-
vival from breast cancer. Indirect evidence indicates that there might be a link, because
among women treated for breast cancer, those who had the highest levels of AA in their
circulation exhibited highest levels of 8-OhdG, which is a biomarker of oxidative dam-
age (61). Obesity is the only dietary factor which has been consistently shown to impair
breast cancer prognosis (62, 63).
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5. TIMING OF DIETARY PUFA EXPOSURES AND BREAST CANCER
RISK

In general, when the effects of dietary exposures on cancer are investigated in
humans, the studies have explored whether the diet consumed at the time of diagnosis
is associated with the risk of having developed cancer. In animal studies, diets are pro-
vided after cancer is initiated by a carcinogen exposure or due to a genetic modification
in transgenic mice. Recent studies indicate that dietary exposures during periods limited
to in utero development, prepuberty, or pregnancy, to a variety of bioactive food compo-
nents, differentially affect later breast cancer risk (64). These dietary exposures include
n-6 PUFAs, n-3 PUFAs, monounsaturated fatty acids, and obesity-inducing high-fat diet
(OID) containing high levels of saturated fats.

5.1. In Utero Exposure
Maternal exposure to a high n-6 PUFA fat diet during pregnancy increases female

offspring’s mammary tumorigenesis in many different model systems, which include
carcinogen exposure in rats (65, 66), spontaneous tumor development in mice (67), and
mammary tumors in genetically modified mice caused by an activation of an oncogene
(68). In contrast, an exposure to n-3 PUFA during fetal development (69) or olive oil
(66), which is high in monounsaturated fatty acids, reduces later mammary tumorigene-
sis. Human studies indicate that high birth weight, which might result from high mater-
nal fat intake during pregnancy, is associated with increased breast cancer risk (70–79).

5.2. Prepubertal Dietary Fat Exposure
There is some limited evidence that a prepubertal dietary exposure to n-3 PUFAs

reduces mammary cancer in rats (80). However, the protective effect is seen only if
n-3 PUFAs are fed in the low fat context, and increased risk is seen if rats are fed n-3
PUFAs in the high fat background (80). The n-6 to n-3 PUFA ratio in both diets was
of 2:1, indicating that it is the total amount of n-3 PUFAs rather than the ratio which
is critical in determining the effect on breast cancer risk following exposures before
puberty. Since prepubertal exposure to a high-fat corn oil diet, containing mostly n-6
PUFAs, has no effect on later risk (80), the adverse impact of high-fat n-3 PUFA diet
reflects the intake of the particular type of fat. In humans, high body mass index during
childhood is inversely linked to breast cancer risk (81, 82).

5.3. Pregnancy n-6 PUFA Exposures
In animal studies, dietary fat intake during pregnancy has been shown to affect dams’

mammary tumorigenesis. Rats fed a diet high in n-6 PUFAs during pregnancy had
a fourfold higher tumor incidence compared to the control group (83). The increase
in mammary tumorigenesis in high-fat PUFA-fed dams is accompanied by a twofold
increase in E2 levels (83). Another study showed that rat dams who gain an excessive
amount of weight during pregnancy exhibit a significantly increased DMBA-induced
mammary tumorigenesis (84). The exposure that results in an excessive pregnancy
weight gain – an obesity-inducing diet – increased circulating leptin levels (84). These
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findings are consistent with studies done in pregnant women showing that those who
gained more weight than recommended by the obstetricians are at over 60% increased
risk of developing breast cancer (85).

6. MECHANISMS MEDIATING THE EFFECTS OF n-6 PUFAS
ON CANCER RISK

At present time, it is not known why high intake of n-6 PUFAs increases the risk
of some cancers. We will review the potential role of n-6 PUFA-derived eicosanoids,
cyclooxygenase 2 (COX-2, i.e., the enzyme responsible of converting AAs to
eicosanoids), genes activated or down-regulated by n-6 PUFAs, alterations in hormone
levels, and obesity as possible mechanisms of action in increasing cancer risk. Other
pathways might also be involved, such as n-6 PUFA-induced increase in inflammatory
events, as indicated by elevated levels of interleukins IL-1β and IL-6 and tumor necrosis
factor α (TNF-α) by n-6 PUFA (86). Further, high n-6 PUFA intake elevates lipid
peroxidation (87), which causes DNA adduct formation and oxidative damage.

6.1. n-6 PUFA-Derived Eicosanoids
Free AA is metabolized to eicosanoids by COX or lipoxygenase (LOX) enzymes

(Fig. 1). Metabolism by COX enzymes results AA to be converted to the 2-series of
prostaglandins (PGE2) and thromboxane (TX), while 5-, 12-, and 15-LOX enzymes
generate four series of leukotrienes (LT), 12-HETE, and lipoxin A4, respectively. These
eicosanoids can cause a thrombotic and atherogenic state by affecting platelet aggrega-
tion, hemodynamics, and coronary vascular tone (88). They also may affect cancer risk
and promote the growth of tumor and induce metastasis (89).

Prostaglandins are a diverse group of hormones and have received most attention as
potential mediators of increased cancer risk by n-6 PUFA intake, but also as regulators of
normal physiological functions. For example, in the gastrointestinal tract prostaglandins
not only protect the gastric mucosa and regulate motility but they may also play a role
in inflammatory bowel disease (IBD) (90) and colorectal cancers (91). After their syn-
thesis, prostaglandins are released outside the cell where they either bind to cell surface
prostanoid receptors or are transported across the cell membrane into the cytoplasmic
compartment by PG transporters and “eliminated” by different types of enzymes. PGE2
receptors belong to the family of Rhodopsin-type receptors which are coupled to G-
proteins (92). There are four main prostanoid receptors, designated EP1, EP2, EP3, and
EP4, which differ from each other by their pharmacological properties and secondary
messenger pathways (Fig. 2). However, the mechanisms by which PGs and their recep-
tors exert their biological functions remain poorly understood.

The actions of PGE2 through different receptors are described by Dey et al. (93) and
some of them might explain how n-6 PUFA affects the processes involved in neoplasia.
Overall, activation of EP1 or EP2/4 receptors by PGE2 induces intracellular Ca2+ or
cAMP, while EP3 receptors reduce intracellular cAMP.

EP 1: EP1 activates protein kinase Cα (PKCα), PKB/Akt, and c-Src pathways and
can also transactivate HER-2/Neu tyrosine kinase receptor and epidermal growth factor
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Fig. 2. Prostaglandin E2 binds to prostanoid receptors EP1, EP2, and EP4 which activate PI3K/Akt
pathway, leading to increased cell survival and proliferation and induction of COX-2.

receptor (EGFR) via c-Src (94, 95). These target genes are involved in cancer. For
example, PKC family members phosphorylate various protein targets in diverse cel-
lular signaling pathways, leading to cell transformation and de-regulation of cell cycle
checkpoint. C-Src is a proto-oncogene which is linked to several cancers. Perhaps most
important of the EP1 targets is the PI3K/AKT pathway which regulates the signaling of
multiple biological processes such as apoptosis, metabolism, cell proliferation, and cell
growth. Reflecting activation of these genes, EP1 has been linked to colon carcinogen-
esis (96), breast cancer (97), cholangiocarcinoma (98), and ovarian cancer (99). It has
been reported that EP1 is up-regulated during early tumorigenesis and it might partici-
pate in promoting cellular proliferation and the antiapoptotic effects observed in cancer
cells, suggesting that these receptors play a role in cancer (100).

EP 2: PGE2 has been shown to promote the growth of esophageal squamous cell
carcinoma via EP2 (101). Further, PGE2-induced VEGF secretion in prostate cancer
cells is mediated through EP2-, and possibly EP4-, dependent cAMP signaling pathways
(102). A recent study has linked EP2 receptor activation to cellular proliferation: upon
activation the Gαs subunit of EP2 receptors can directly associate with the regulator
of G-protein signaling domain of Axin, which inactivates and releases GSK-3β from
the Axin complex causing β-catenin activation and nuclear translocation (103). Further,
similar to EP1, PGE2 signaling through EP2 receptors can activate both PI3K and Akt
by using the free βγsubunit of G-protein (103). An observation that signaling through
EP2 receptors decreases the inhibitory tyrosine phosphorylation of PTEN might explain
increased activation of PI3K via EP2. PTEN acts as an antagonist to PI3K signaling
by dephosphorylating lipid messenger PIP3 (phosphatidylinositol 3,4,5-trisphosphate)
(104).

EP4: Antagonists of the PGE receptor subtype 4, EP4, inhibit experimental metasta-
sis in a murine model of hormone-resistant, metastatic breast cancer (105). PGE2-EP4
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receptor coupling induces TNFα, cyclin D, and angiogenesis mediated by MAP kinases
(93). In addition, EP4 activates PI3K/Akt pathway (106).

EP3: Selective activation of each of the three variants of the EP3 receptor suppresses
tumor cell function by activating a G (12)-RhoA pathway (107). Early onset of the
growth of malignant melanoma was significantly promoted in EP3 knockouts (108). In
contrast to the view that activation of EP3 reduces tumorigenesis, EP3 receptors have
also been shown to activate the Ras signaling pathway which is closely linked to cancer
(109).

Findings in gastrointestinal cancers relating to expression of EP receptors summarize
well their expression in cancers in general. A differential expression of EP receptors has
been observed in gastrointestinal cancers which are caused, for example, by a carcinogen
exposure in rats or due to genetic modifications in Apc�716 mouse (110, 111). EP1
and EP2 are generally increased, EP4 is not altered, and EP3 is reduced in the colon
during early stages of tumorigenesis in rodents and humans (93, 112). These studies
implicate EP1, EP2, and EP4 receptors in tumorigenesis, although they do not provide
any evidence for a causative association. Further, it is not known what role dietary intake
of n-6 PUFAs plays in affecting gastrointestinal carcinogenesis via the EP receptors.

6.2. Cyclooxygenases (COXs)
COX enzymes, which convert AA to prostaglandins, have been suggested to be

involved in increasing cancer risk. COX exists in three isoforms: COX-1, COX-2, and
COX-3. COX-1 is a constitutively expressed enzyme which performs various house-
keeping functions to regulate vascular homeostasis, water re-absorption, gastric acid
secretion, platelet aggregation, and renal blood flow. COX-3 is a splice variant of COX-
1 and is mostly expressed in the brain and the heart (113). COX-2 in turn is an inducible
enzyme by, for example, mitogens, cytokines, and growth factors. PGE2 can also induce
COX-2, i.e., a positive feedback loop operates to generate prostaglandins when free AA
is available. These enzymes exist as integral membrane glycoprotein homodimers and
are present on the luminal surfaces of the endoplasmic reticulum and nuclear envelop
within cells (114).

Of the three COX enzymes, COX-2 is the one suggested to be linked to cancer (115),
by increasing PGE2 synthesis in response to various factors which themselves are asso-
ciated with increased cancer risk, i.e., mitogens, etc. Findings showing that non-steroidal
anti-inflammatory drugs (NSAIDs) which inhibit COX-2 activity also inhibit tumorige-
nesis (116) are supportive of this view. Conversely, COX-2 over-expression in mice is
sufficient to induce, for example, mammary tumors (117). In addition, elevated expres-
sion of COX-2 has been linked to development of colon cancer (29, 118), prostate cancer
(119), UV-related non-melanoma skin cancers (120), ovarian cancer (99), and several
other cancers.

Some data cast doubt as to whether n-6 PUFA-induced up-regulation of COX-2 is a
causative factor in cancer. Rats fed n-3 PUFAs exhibit increased incorporation of n-3
PUFAs into the membrane phospholipids and a subsequent inhibition of COX-2 expres-
sion (29, 121). In agreement, we have found that prepubertal exposure to either the low
or high-fat n-3 PUFA diet decreases the expression of COX-2 (80). Since the high-fat n-3
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PUFA diet increased, while the low-fat n-3 PUFA diet decreased mammary tumorige-
nesis (80), COX-2 expression is unlikely to be correlated with increased tumorigenesis
in the high-fat n-3 PUFA-fed rats. The fact that COX-2 is up-regulated in multiple can-
cers, in the absence of solid evidence to link these cancers to increased dietary intake
of n-6 PUFAs, can also be interpreted to be against the role of COX-2 in mediating the
effects of n-6 PUFA on cancer. We conclude that high levels of COX-2 expression in
tumors occur independently from dietary intake of n-6 PUFAs, and changes in COX-2
expression by n-6 PUFA intake may not be sufficient to further modify cancer growth.

6.3. Gene Expression
Besides the genes directly linked to eicosanoids, such as COX-2 or the prostanoid

receptors and their target genes (Fig. 2), several other genes influenced by PUFA
intake have been identified. One of them is peroxisome proliferator-activated receptor γ

(PPARγ). 15d-PGJ (2), a metabolite of n-6 PUFA pathway, is a natural ligand for PPARγ

(122). This nuclear receptor which heterodimerizes with retinoid receptors to induce
downstream signaling cascade, leading to increased cellular differentiation, is linked to
reduced cancer risk (123). PPARγ induces differentiation of pre-adipocytes (124, 125)
and inhibits proliferation of epithelial cells, including mammary cells (126). Due to its
action in adipocytes (124, 125, 127) PPARγ reduces insulin resistance (128–130). It
has been reported that 15d-PGJ (2), by acting through PPARγ, significantly inhibited
estrogen-mediated proliferation of MCF-7 cells and caused accumulation of p21 and
p27 proteins (131). This single observation is in concert with other reports showing
that PPARγ agonists reduce mammary tumor risk (132); however, once breast tumors
arise, PPARγ activation promotes tumor growth (133). PPARγ coactivators, PGC-1α
and 1β, play an important role in regulating glucose and lipid homeostasis and mito-
chondrial oxidation of fatty acids (134). It also has been proposed that PPARγ is mainly
expressed in well-differentiated and ER-positive breast carcinomas and modulates estro-
genic actions (131, 135).

Microarray studies have compared differences in gene expression in normal or
carcinogen-exposed rat colon (136), normal mammary glands (137), and in mammary
cancer cells exposed to either n-6 or n-3 PUFA (138). In the colon, dietary exposure to
n-3 PUFA fish oil up-regulated genes involved in apoptosis and differentiation (136),
when compared to colon of rats fed n-6 PUFA corn oil diet. The effects of n-6 PUFAs
LA and AA and n-3 PUFAs EPA and DHA have been studied in human breast cancer
cell lines MDA-MB-231, MDA-MB-435s, MCF-7, and HCC2218; the analysis iden-
tified differences in genes covering a broad spectrum of biological functions, such as
cellular nutrition, cell division, cell proliferation, metastasis, and transcription factors
(138). We have determined differences in gene expression in mammary glands of adult
rats fed low or high n-3 PUFA diets or low or high n-6 PUFA diets during prepubertal
period (80). Findings from these studies are discussed below (see Section 7.2). In sum-
mary, the differences induced in colon or mammary cells exposed to n-6 or n-3 PUFAs
indicate that these fatty acids alter multiple different signaling pathways, any of which
could be causally linked to differences in tumorigenesis between animals fed n-6 or n-3
PUFAs.
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6.4. Estrogen Levels and PUFA
High fat intake and obesity have been associated with elevated circulating estrogen

levels (139). More than one biological pathway exists to link consumption of a diet
high in n-6 PUFAs to increases in estrogen levels. High dietary intake of n-6 PUFAs
promotes COX-2 activity, while n-3 PUFAs have an opposite effect (140, 141). High
levels of COX-2 expression result in higher levels of PGE2, which in turn increases
CYP19 aromatase expression through increases in intracellular cyclic AMP levels and
activation of promoter II (142, 143). This may occur via EP2 and EP4 which acti-
vate the cAMP→PKA→CREB pathway leading to enhanced CYP19 transcription and
increased aromatase activity (142). Thus, PGE2 produced via COX may act locally in
paracrine and autocrine fashion to increase the biosynthesis of estrogen by aromatase
to promote hormone-dependent breast cancer development. Another potential pathway
PUFA intake can affect circulating hormone levels is through modifying the expression
of tumor suppressor gene BRCA1. n-3 PUFAs induce up-regulation of BRCA1 in cell
culture model (144), and BRCA1 in turn can selectively inhibit aromatase expression
(142, 145), leading to reduced estrogen levels.

High total fat intake and the resulting increase in fat depots may increase estrogenic
signaling due to high aromatase activity in the adipocytes, leading to conversion of
testosterone to estrogens. Estrogens, in turn, promote the growth of ER-positive malig-
nant mammary cells, increasing breast cancer risk (146). However, the data are con-
troversial regarding total fat intake and high circulating estrogen levels, particularly in
premenopausal women (139).

6.5. Fat Intake and Obesity
One possible mechanism of action of dietary fats on breast cancer risk is through obe-

sity. Obesity increases the risk of developing postmenopausal breast cancer in women
(147) and animal models (148). Obesity is a complex state which may have many dif-
ferent causes, but it always reflects a positive energy balance resulting from an energy
intake being higher than energy consumption. Dietary fat is the most energy-rich nutri-
ent – fat contains 9 kcal/g, while protein and carbohydrates each contain 4 kcal/g –
making it easier to “overeat” than other macronutrients.

Different fats have different effects on the location where in the body fat depots are
stored. Fat accumulates in the abdominal area as subcutaneous and visceral fat, also
called central fat, or in the buttocks, legs, and arms as peripheral fat. Abdominal fat
storage is typical for men and postmenopausal women (149, 150), and it is linked to
increased risk of developing metabolic syndrome, insulin resistance, and type 2 dia-
betes (151, 152). These changes, in turn, are associated with increased breast cancer
risk, even more so than obesity itself (151, 153). Saturated fatty acids are stored as
visceral fat, while monounsaturated fatty acids are stored as peripheral subcutaneous
fat (154). Dietary intake of n-6 PUFA also is associated with abdominal obesity (155),
while the peripheral fat depots contain higher levels of n-3 PUFA (156). Further, dietary
intake of PUFAs is linked to the size of adipocytes, while saturated fat intake increases
both the size and the number of fat cells (156). These findings suggest that SFA and
n-6 PUFA may increase breast cancer risk through inducing central obesity. However,
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impaired insulin sensitivity is linked to reduced levels of PUFA in the skeletal muscle
phospholipids, and increased AA levels in turn are related to increased insulin sensi-
tivity (157, 158). Thus, it is not apparent whether n-6 PUFA intake might affect breast
cancer risk through changes in insulin signaling, since the results generated in different
studies do not present a cohesive picture. It also is important to note that prostanoid
receptors EP1, EP2, and EP4 all affect PI3K/Akt signaling cascade, which is linked to
the development of insulin resistance.

7. MECHANISMS MEDIATING THE EFFECTS OF TIMING
OF DIETARY PUFA EXPOSURES ON BREAST CANCER RISK

7.1. In Utero Exposures
It is not known how modifications in maternal diet during pregnancy can alter off-

spring’s later susceptibility to develop breast cancer, but they may involve epigenetic
changes (159) and changes in stem cell behavior (160). However, the causality between
the epigenetic changes in different tissues in adult animals induced by in utero hormonal
manipulations and increased cancer risk, or between changes in stem cell behavior and
breast cancer risk, remains to be established.

Many of the dietary compounds fed to pregnant dams which alter mammary cancer
risk among their offspring modify pregnancy hormone levels. These hormonal changes
may be central in explaining how in utero environment can alter later breast cancer
risk, because this environment participates in programming the normal mammary gland
development (160). In humans, high birth weight correlates with increased pregnancy
levels of estrogens (161), leptin (162, 163), and insulin-like growth factors (IGFs) (164,
165), and other changes are likely. In our animal model, high-saturated fat diet which
led to high birth weight significantly increased pregnancy leptin levels, but did not
modify estrogen levels and non-significantly increased IGF-1 levels (166). An expo-
sure to n-6 PUFA high-fat diet during pregnancy elevated dam’s E2 levels (65, 83),
but so did a high-fat n-3 PUFA diet (167) which reduced female offspring’s risk to
develop carcinogen-induced mammary tumors. The effects of maternal consumption of
a diet high in monounsaturated fatty acids on pregnancy hormonal environment have
not been studied. In summary, an increase in fetal estrogenic environment is unlikely
to be the common link among different maternal dietary exposures and their effects on
offspring’s mammary cancer risk. It is possible that an alteration in some other hormone
or growth factor is common to all the dietary exposures which modify susceptibility to
cancer development. Alternatively, many hormonal factors in the fetal environment can
influence later breast cancer risk.

Maternal diet during pregnancy, through affecting fetal environment in yet unspeci-
fied way, might cause alterations in the morphology of the mammary gland. We have
shown that in utero exposures to excess estradiol (65) or obesity-inducing high-fat diet
which increases birth weight (166) as well as high-fat n-6 PUFA diet (65) increases the
number of targets in the mammary epithelial tree for malignant transformation, while
high-fat n-3 PUFA diet reduces them (69). These targets are terminal end buds (TEBs)
which contain high numbers of proliferating cells and lead the invasion of mammary
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epithelial tree through the mammary fat pad (168). Changes in TEBs may result from
changes in mammary stem cell behavior, which in turn is regulated by few key signal-
ing pathways, including Notch, Wnt, and Hedgehog (169–171). In addition, Musashi-1
might be important in regulating these pathways and stem cell behavior (172). A recent
study indicates that the number of stem cells is causally linked to increased breast cancer
risk (173), but it is not known whether in utero dietary exposures alter mammary stem
cell number and/or behavior.

7.2. Prepubertal Dietary Fat Exposures
Similar to the in utero dietary fat exposures, prepubertal exposures may affect later

mammary cancer risk by altering circulating hormone levels. However, in contrast to
in utero period when elevated E2 levels increase later susceptibility to develop breast
cancer, elevated estrogen levels around puberty reduce breast cancer risk (174, 175).
This is suggested to be due to elimination of targets for malignant transformation, i.e.,
TEBs, and increased lobulo-alveolar differentiation, which prepubertal exposure to E2
induces (175). However, prepubertal dietary exposures to low- and high-fat n-3 PUFA
diets both reduce the number of TEBs and increase lobular differentiation, although
they have opposite effect on mammary tumorigenesis (80). These observations suggest
that TEBs alone do not determine later susceptibility to mammary cancer. Alterations in
stem cell behavior within the TEBs may also be involved.

To determine which signaling pathways are differentially expressed in the mammary
glands of rats fed prepubertally diets containing n-6 or n-3 PUFAs, we have performed
gene microarray analysis (137). This comparison identified seven genes which were dif-
ferent between low-fat n-3 PUFA and both low- and high-fat n-6 PUFA groups, and also
between high-fat n-3 PUFA and both n-6 PUFA groups (see Table 3). Among the genes
was serine/threonine glycogen synthase kinase 3b (Gsk3b) which is the key component
of the canonical WNT and PI3K-AKT signaling pathways. The role of Gsk3b in breast
cancer is not well characterized, but it is the gene which has been involved in the sig-
naling through prostanoid receptors EP1, EP2, and EP4 (see Fig. 2). Many changes also
have been observed between pubertally low-fat and high-fat n-3 PUFA-fed rats (137).
Specifically, mammary glands of low-fat n-3 PUFA rats exhibited increased expression
of antioxidant genes and genes linked to increased cellular differentiation, and reduced
expression of genes which induce survival or promote cell proliferation, when compared
to high-fat n-3 PUFA-fed rats. These changes may be causally linked to low mammary
cancer risk in the low-fat n-3 PUFA-fed rats.

7.3. Pregnancy
Age at first pregnancy affects later breast cancer risk: completed pregnancy before

age 20 protects a woman from developing breast cancer, while women giving birth first
time after age 35 exhibit a lifelong increase in risk (176). The levels of estrogens dur-
ing pregnancy further modify breast cancer risk: a higher risk has been reported among
women whose pregnancy estrogen levels were elevated. Higher pregnancy estrogenicity
and increased breast cancer incidence are seen in women who suffered from severe nau-
sea or vomiting during pregnancy (177), gave birth to heavy infants (178), were exposed
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Table 3
Differences in gene expression in the mammary glands of 50-day-old rats fed n-3 or n-6
PUFA-containing diets prepubertally

Gene

High-fat
n-3/n-6
PUFA

Low-fat
n-3/n-6 PUFA Gene function

Nucleoporin 62 Nup62 3.63a 2.22 Nuclear pore transport
Vacuolar protein
sorting 13A

Vps13a 4.77 5.01 Regulation of protein
cycling through the
trans-Golgi network

Nuclear protein
E3-3

RGD708545 2.15 4.41 Unknown

Developmentally
regulated protein
TPO1

Tpo1 3.42 3.03 Myelin biogenesis

Glycogen synthase
kinase 3 beta

Gsk3b 6.28 4.51 Wnt signaling and
energy metabolism

Heme oxygenase
(decyling) 2

Hmox2 3.08 3.75 Oxidative stress

Mitochondrial
ribosomal protein
L53

Mrpl53 2.19 4.32 Mitochondrial protein
synthesis

aFold difference, p < 0.05.

to the synthetic estrogen DES during pregnancy (179) or exhibited excessive pregnancy
weight gain (85). In addition, results obtained in a nested case–control study indicate
that women with higher estrone levels during the third trimester of pregnancy had two
times higher incidence of breast cancer than those with more modest levels (180). Con-
versely, lower levels of estrogens during pregnancy seem to decrease breast cancer risk.
Maternal levels of circulating alpha-fetoprotein, a glycoprotein that binds to estrogens
and suppresses its activity (181, 182) during pregnancy, are inversely associated with
breast cancer risk (183, 184).

Pregnancy induces a marked differentiation of the mammary epithelial tree, and this
is thought to partly explain its protective effects (185). Alternatively, changes in the
gene signaling patterns in the mammary gland induced by pregnancy provide protection
against breast cancer. For example, the expression of nuclear receptors ER-α, proges-
terone receptor (PR), and epidermal growth factor receptor (EGFR) is lower in the mam-
mary glands of parous than nulliparous animals (186, 187). Microarray analysis which
compared gene expression in the mammary glands of multiple strains of pregnant and
nulliparous mice and rats identified a panel of genes that were differentially expressed
by pregnancy. These genes fell into three categories: those regulating cell proliferation,
differentiation, or immune responses (188).

Animals which undergo mimicked pregnancy through having been exposed to similar
levels of estradiol and progesterone as detected during a normal pregnancy, develop
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fewer mammary tumors than vehicle-exposed controls (189), and exhibit higher protein
levels of p53, p21, and mdm2 than the vehicle-exposed controls (190).

If the changes in gene/protein expression noted in parous rats and mice are causally
related to their reduced mammary cancer risk, when compared to nulliparous animals,
an exposure to excessive hormone levels during pregnancy, which increase mammary
carcinogenesis, might be expected to reverse the protective gene/protein expression
changes. We found this to be the case in a study in which rat dams were treated with
estradiol or leptin during pregnancy, both of which increased their mammary tumori-
genesis (de Assis et al., unpublished data). In addition, some genes which have earlier
been reported to be down-regulated following pregnancy, for example, pleiotrophin, by
twofold (188) were up-regulated by twofold in the mammary glands of estradiol and
leptin-treated parous rats, while α-lactalbumin which was up-regulated by 13-fold in
the mammary glands of parous rats and mice (188) was down-regulated twofold in
our study involving estradiol and leptin-treated parous rats. As discussed above, lep-
tin is closely linked to body weight and weight gain during pregnancy, and it is an
estrogen-regulated gene. Specifically, leptin induces transcriptional activation of the aro-
matase gene in MCF-7 cells (191), activates the ERα signaling pathway through the
MAPK pathway (192), and can interfere with the action of antiestrogens by decreasing
ERα ubiquitination and increasing ERα half-life (193). Thus, elevated pregnancy hor-
mone levels linked to maternal obesity and excessive pregnancy weight gain (83, 84,
161–163) may counteract molecular changes linked to pregnancy’s ability to reduce
breast cancer risk.

Even if pregnancy-induced differentiation of the mammary epithelial tree – i.e.,
increased presence of lobulo-alveolar structures – does not explain the changes in breast
cancer risk, it is possible that differentiation of mammary stem cells does. It has been
proposed that pregnancy hormones induce a molecular switch in mammary stem cells
which inhibits cell proliferation in response to subsequent exposure to hormones or car-
cinogens (194). Some of these pregnancy-induced mammary epithelial stem cells fail to
undergo apoptosis during post-lactational remodeling, and if transformed to malignancy
prior to pregnancy, might give rise to breast cancers (195).

In conclusion, intake of a high-fat n-6 PUFA or saturated fatty acid diet during preg-
nancy increases dams later mammary cancer risk (83, 84). It remains to be determined
whether these findings are caused by elevated pregnancy E2 and/or leptin levels. Fur-
ther, the signaling pathways mediating the effects of pregnancy dietary fat exposures on
later breast cancer risk also need to be identified.

8. CONCLUSIONS

Findings obtained in animal studies provide strong evidence to suggest that high
dietary intake of n-6 PUFAs during pregnancy increases mammary tumorigenesis
among dams (83) and their female offspring (65). Thus, a short-term exposure during
critical developmental periods to this fatty acid can have a lifelong negative impact on
breast cancer risk. In addition, an exposure during pregnancy to an obesity-inducing diet
in which the fat source is a mix of SFA, MUFA, and PUFA, and which causes excessive
pregnancy weight gain and high birth weight, increases mammary cancer risk both in
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dams (84) and in offspring (85). These findings are consistent with human studies show-
ing that excessive pregnancy weight gain increases mothers’ breast cancer risk (85), and
that high birth weight is associated with increased breast cancer risk (70–79). It is not
known whether n-6 PUFA intake during pregnancy affects breast cancer in humans. The
mechanisms mediating the effects of pregnancy n-6 PUFA exposures on mammary can-
cer risk in animal models remain mostly unknown, but probably are linked to increased
mammary epithelial cell proliferation and inhibition of functional differentiation.

The picture is very different regarding pubertal fat exposures and breast cancer. High-
fat n-6 PUFA diet before puberty onset has no effect on mammary tumorigenesis in rats,
when compared to low-fat n-6 PUFA diet (196). In humans, childhood obesity provides
a lifelong protection against breast cancer (81, 82). These findings suggest that for a
reason that needs to be identified, fat exposures around puberty reduce susceptibility
to breast cancer risk. To complicate things further, this does not apply to prepubertal
dietary exposure to high-fat n-3 PUFA which increases later mammary tumorigenesis
in rats (80). A low-fat n-3 PUFA diet during prepuberty has an opposite effect (80), i.e.,
it reduces the risk, similarly than exposures to this fatty acid during adult life in animal
models (44, 197) and humans have been reported to do (see Table 3). We propose that
the protective effects of childhood obesity reflect changes in circulating hormone levels
which regulate mammary epithelial cell proliferation and differentiation, although what
these changes are, remain to be discovered. The effects of n-3 PUFAs, in turn, might be
caused by changes in antioxidant genes and genes regulating cell survival and apoptosis
(137).

There is a discrepancy regarding n-6 PUFA intake during adult life and effects on
mammary cancer in animal studies and human populations. In animals, n-6 PUFA con-
sistently promotes the growth of existing mammary tumor cells (43–45). However, in
women PUFA intake is mostly without effect. One possibility is that humans obtain n-6
PUFAs from dietary sources which contain several other compounds that could reverse
the harmful effects of this fatty acid. For example, milk fat is composed of 65% of
saturated fats, 4% polyunsaturated fats, and 28% monounsaturated fats. Although lard
is high in saturated fats (39%), it also contains a high proportion of monounsaturated
(50%) and polyunsaturated fats (11%). Other explanation is that in humans n-6 PUFA
intake is often assessed using food frequency questionnaires which are poor instruments
to obtain accurate information on specific dietary intakes (198, 199). There are multiple
mechanisms potentially mediating the breast cancer promoting effects of n-6 PUFAs
and at present time is not clear if one particular pathway is more significant that another.

To summarize, dietary fat intake may affect breast cancer risk, but the direction of the
effect depends on the type of fat and the age when different fats are consumed.
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15 Carotenoids

Brian L. Lindshield and John W. Erdman

Key Points

1. Carotenoids are 40 carbon pigmented compounds, of which approximately 600 have been iden-
tified throughout nature. The six main carotenoids found in diet, blood, and tissue are lycopene,
β-carotene, α-carotene, β-cryptoxanthin, lutein, and zeaxanthin.

2. The production of retinoids, which promote cell differentiation and inhibit cell proliferation, could
be one mechanism for the anticancer activity of carotenoids. However, carotenoids’ multiple con-
jugated double bonds also make them excellent scavengers of free radicals and thus antioxidants.

3. Epidemiological studies consistently support an inverse relationship between fruit and vegetable
consumption and cancer risk. Blood β-carotene concentration has been used as a biomarker of fruit
and vegetable intake because β-carotene is plentiful in most fruits and vegetables.

4. Epidemiological studies examine the relationship between tomato/lycopene consumption, serum
lycopene levels, and prostate cancer. The prostate is an androgen-responsive tissue, thus the
androgens, testosterone, and dihydrotestosterone stimulate proliferation and development of most
prostate tumors. Androgens appear to alter lycopene metabolism and, in turn, lycopene may alter
androgen metabolism by decreasing the expression of androgen-producing enzymes.

5. To reduce the risk of prostate cancer, it is recommended that men consume at least two servings
of tomatoes a week. For β-carotene, it is important to eat the recommended daily servings of fruits
and vegetables, especially those high in β-carotene.

Key Words: Carotenoids; cancer prevention; antioxidants; prostate cancer; fruits and vegetables

1. INTRODUCTION

1.1. Rationale for the Use of Carotenoids in Cancer Prevention
and/or Treatment

Carotenoids are 40 carbon pigmented compounds, of which approximately 600 have
been identified throughout nature. The six main carotenoids found in diet, blood, and
tissue are lycopene, β-carotene, α-carotene, β-cryptoxanthin, lutein, and zeaxanthin
(see Table 1 and Fig. 1) (1). β-carotene, α-carotene, and β-cryptoxanthin are provitamin
A carotenoids, meaning that they can be cleaved to form vitamin A. The production of
retinoids, which promote cell differentiation and inhibit cell proliferation, could be one
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Lycopene

�-Carotene

�-Carotene

HO

�-Cryptoxanthin
OH

HO

Lutein
OH

HO

Zeaxanthin

Fig. 1. Structures of the six main cartenoids.

Table 1
The Six Primary Carotenoids, Their Color, and Good Dietary Sources

Carotenoid Color Good food sources

Lycopene Red Tomatoes, watermelon, guava, pink grapefruit
β-Carotene Yellow-orange Carrots, sweet potatoes, pumpkin, spinach, apricots
α-Carotene Light yellow Carrots, pumpkin
β-Cryptoxanthin Orange Sweet red peppers, tangerines, papaya, persimmons
Lutein Yellow

Kale, spinach, corn, collard greens, broccoli, eggs
Zeaxanthin Yellow

mechanism for the anticancer activity of carotenoids. However, carotenoids’ multiple
conjugated double bonds also make them excellent scavengers of free radicals and thus
antioxidants. Most research on carotenoids and cancer has been focused on lycopene
and prostate cancer and β-carotene and lung cancer. Because of space limitation and
wealth of data available on carotenoids, in this chapter we will focus on the review of
data documenting the potential benefits of lycopene and β-carotene against these forms
of cancer.

An epidemiological review by Peto et al. first raised the possibility that β-carotene
supplementation could markedly decrease cancer incidence (2). In 1995, a landmark
epidemiological study was published related to lycopene and tomatoes. In the Health
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Professional Follow-up Study, a prospective cohort study in the USA, lycopene intake
as well as the consumption of raw tomatoes, tomato sauce, and pizza were all signif-
icantly associated with a decreased risk of prostate cancer (3). Thus, epidemiological
evidence spurred further research on lycopene and β-carotene and these sites of cancer.
There was an enthusiastic and rapid transition from epidemiological studies investigat-
ing β-carotene and lung cancer to intervention studies. However, the research approach
investigating the potential of lycopene/tomatoes to decrease prostate cancer has pro-
gressed at a more cautious and safer pace based on lessons learned from prior research
on β-carotene and lung cancer.

2. IN VITRO STUDIES AND ANIMAL EXPERIMENTS

2.1. β-Carotene
To the best of our knowledge, results of the first lung cancer animal model (4–6) and

in vitro (7) studies were published in 1991–1992. These investigations suggest that as
the intake of β-carotene shifts from dietary to high pharmacological levels, the effect on
lung cancer development also shifts from beneficial to detrimental in combination with
smoke or carcinogen exposure (8–15).

2.2. Lycopene/Tomato Extracts
A number of investigators examined the effects of lycopene or tomato extract treat-

ment on prostate cancer cells in vitro (Table 2). In general, the results suggest that
lycopene is taken up by prostate cells in culture and decreases their proliferation. It
is important to note that many studies use supraphysiological lycopene concentrations.
It is difficult to exceed 2 μM lycopene concentrations in human serum even when
supplementing the diet with tomato products (16). Therefore, in vitro results obtained
using lycopene treatment concentrations exceeding ∼2 μM need to be interpreted with
caution. In addition, another factor that should be considered is that lycopene rapidly
degrades in vitro. For example, 4 h after lycopene treatment in tetrahydrofuran (THF)
vehicle, only approximately 20% of the original lycopene concentration remained in
media with very little cell absorption (17, 18). The rapid degradation of lycopene
observed in cell culture is a problem because most cell culture studies are 2–3 days in
duration. Some evidence suggests that lycopene’s metabolites/oxidation products may
be bioactive (19); thus, it is difficult to discern using cell culture models whether the
decrease in proliferation is due to lycopene itself or its metabolic products.

In addition to in vitro studies, there have been a number of investigations that exam-
ined the potential for lycopene to prevent the development of chemically induced
prostate cancer (20, 21) or decrease the growth of prostate tumors in animal models
(22–25) (Table 3). Overall, lycopene alone has produced modest beneficial effects in
animal prostate cancer models. One critical issue to note is that rats and mice are poor
carotenoid absorbers and metabolize carotenoids quite differently than humans. There-
fore, pharmacological carotenoid levels are provided to achieve similar tissue concen-
trations to those found in humans (26).
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3. EPIDEMIOLOGICAL STUDIES

3.1. β-Carotene
Epidemiological studies consistently support an inverse relationship between fruit

and vegetable consumption (many are rich sources of β-carotene) and cancer risk (27).
Blood β-carotene concentration has been used as a biomarker of fruit and vegetable
intake, because β-carotene is plentiful in most fruits and vegetables. Zeigler et al. argued
that blood β-carotene concentration was the best available biomarker of fruit and veg-
etable intake. However, β-carotene itself may not be responsible for decreased lung can-
cer risk with increased fruit and vegetable intake (28). A meta-analysis found that high
vs. low dietary β-carotene intake (relative risk (RR) = 0.92 (0.83–1.02)) and serum β-
carotene concentrations (RR = 0.84 (0.66–1.07)) were not associated with significant
decreases in lung cancer risk (29).

3.2. Tomatoes/Lycopene
Epidemiological studies examining the relationship between tomato/lycopene con-

sumption, serum lycopene levels, and prostate cancer were identified using PubMed
and references in prior reviews (30, 31), publications (32, 33), and a meta-analysis
(34). We identified 19 case–control studies that examined the relationship between
lycopene/tomato intake and prostate cancer risk (Table 4). One study found a nonsignifi-
cant decrease (35), seven studies (36–42) were neutral, five studies (43–47) found a non-
significant increase, and seven studies (48–56) reported a significant decrease in prostate
cancer risk with increased lycopene/tomato intake. We also identified six cohort stud-
ies that examined the relationship between lycopene/tomato intake and prostate cancer
(3, 57–61), with one study also producing a follow-up publication (62) (Table 5). Out
of the six studies, two were neutral (57, 60), four studies (3, 58, 59, 61) and the
follow-up publication (62) reported a significant decrease in prostate cancer risk with
increased lycopene/tomato intake. We identified 14 studies that examined the relation-
ship between serum lycopene concentrations and prostate cancer risk (Table 6). One
study found a nonsignificant increase (32), three studies were neutral (33, 63, 64), seven
studies reported a nonsignificant decrease (65–71), and three studies found a significant
decrease (72–74). When viewed as a whole, the majority of the studies suggest a moder-
ate decrease in prostate cancer risk with increased dietary tomato/lycopene consumption
and/or serum levels.

4. INTERVENTION STUDIES

4.1. β-Carotene
In the mid-1980s two large, randomized, placebo-controlled trials began recruiting

subjects to determine whether β-carotene supplementation would decrease lung cancer
incidence in high-risk populations. In the Alpha-Tocopherol Beta-Carotene Cancer Pre-
vention Trial (ATBC), Finnish male smokers received daily supplements of placebo,
50 mg of dl-α-tocopheryl acetate, 20 mg of β-carotene, or both antioxidants (75). In the
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Beta-Carotene and Retinol Efficacy Trial (CARET), American male and female smokers
or asbestos-exposed workers received 30 mg of β-carotene and 25,000 IU of retinyl
palmitate or placebo daily (76). The research community was shocked when ATBC and
CARET were terminated early in the mid-1990s because of significant increases in lung
cancer incidence among those receiving β-carotene supplements (75, 76).

It is important to note that 6 years after ATBC and CARET were termi-
nated, follow-up found that β-carotene supplementation was no longer associated
with a significant increase in lung cancer risk (77, 78). In addition, no other β-
carotene supplementation clinical trials (Physician’s Health Study (79), Women’s
Health Study (80), Australian asbestos workers (81), and Linxian China Study (82))
found a significant increase in lung cancer risk with β-carotene supplementation.
A recent pooled-effects randommeta-analysis of all of these β-carotene supplementation
clinical trials found that β-carotene supplementation was associated with a nonsignifi-
cant increase in lung cancer risk (RR = 1.10 (0.89–1.36)) (29). However, another meta-
analysis that only considered ATBC, CARET, Physician’s Health Study, and Women’s
Health Study found that in current smokers β-carotene supplementation was associated
with a significant increase in lung cancer risk (RR = 1.24 (1.10–1.39)) (83). The pri-
mary difference between these two meta-analyses is that the influence of the ATBC and
CARET results is greater in the second meta-analysis that does not include as many
studies.

4.2. Tomatoes/Lycopene
We identified 13 small clinical trials/intervention studies investigating the potential of

lycopene or tomato consumption to decrease prostate cancer risk/progression (Table 7).
These studies have mostly targeted men with prostate cancer scheduled for a prosta-
tectomy, with benign prostatic hyperplasia, or at high risk of developing prostate can-
cer. Almost all of these men have reported an improved or stabilized PSA response
(decreased concentration, reduced velocity, stabilization) as an outcome related to dis-
ease progression or prostate health. Prostate-specific antigen (PSA) is a protease that is
believed to be important in aiding in sperm motility by thinning ejaculate (84) and has
been used as a prostate cancer screening marker since 1987 (85). Overall, 10 trials have
reported improved or stabilized PSA response (86–97) with lycopene or tomato con-
sumption, whereas a few studies found no benefit (98–100). It is important that these
trials be viewed in the context of their small size and general lack of an appropriate
control group.

5. TISSUE SPECIFICITY AND TOTALITY OF THE EVIDENCE

5.1. β-Carotene
β-carotene consumption has not been reported to reduce the risk of a specific can-

cer site, thus no tissue specificity can be advocated for this bioactive compound. In
2007, the American Institute for Cancer Research (AICR) released its second expert
report and judgments based on systemic reviews of the world’s research literature
(101). The panel ranked the evidence (limited-suggestive, probable, convincing) that
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foods/micronutrients were associated with increased or decreased risk at multiple can-
cer sites. The panel labeled the evidence convincing “that β-carotene supplements cause
lung cancer in current smokers (101).” β-carotene supplements were not identified as
being detrimental to other sites of cancer. In addition, dietary β-carotene was not ranked
as altering the risk of any cancer site (101).

5.2. Lycopene/Tomatoes
The prostate is an androgen-responsive tissue, thus the androgens, testosterone, and

dihydrotestosterone stimulate proliferation and development of most prostate tumors.
Androgens appear to alter lycopene metabolism and, in turn, lycopene may alter andro-
gen metabolism by decreasing the expression of androgen-producing enzymes (24, 102).
Castration of male rats leads to a two-fold increase in hepatic lycopene concentra-
tions, an effect that is normalized by testosterone replacement (103, 104). Furthermore,
lycopene in vitro is secreted as exosomes from prostate cancer cells (105) and assimi-
lated into prostasomes (106). For these reasons, research has primarily focused on the
prostate as lycopene/tomato consumption site of action.

A 2004 meta-analysis of published epidemiological studies found that the highest
lycopene/tomato consumption levels or serum lycopene concentrations were associated
with an 11–29% decrease in prostate cancer risk (34). A more recent publication esti-
mates that higher serum lycopene concentrations are associated with a nonsignificant
16% decrease in prostate cancer risk (33). Based on much of the research reviewed in
this chapter, a 2004 petition was submitted to the FDA for a health claim for tomatoes,
lycopene, and cancer. After reviewing the evidence, FDA issued the following qualified
health claim: “very limited and preliminary scientific research suggest that eating one-
half to one cup of tomatoes and/or tomato sauce a week may reduce the risk of prostate
cancer (107).” The FDA rejected all requests for lycopene health claims and concluded
“that there was no credible evidence to support lycopene consumption, either as a food
ingredient, a component of food, or as a dietary supplement, and any of the cancers eval-
uated in the studies (107).” The American Institute for Cancer Research panel concluded
that “foods containing lycopene (particularly tomato products) probably protect against
prostate cancer,” while not assigning an evidence ranking to consumption of lycopene
alone, due to a lack of evidence to support its effectiveness (101). The prostate is the
only site assigned an evidence ranking by the committee.

6. FUTURE RESEARCH DIRECTIONS

The appropriate efficacious lycopene dosage has not been addressed in the literature.
The majority of animal studies and human intervention trials have not performed dose–
response studies, instead choosing a single dose based on past research. The optimal
lycopene dose needs to be established in appropriate prostate cancer models to deter-
mine whether lycopene supplementation is efficacious. These findings along with evi-
dence from small clinical trials will determine whether lycopene alone is worth further
pursuing. Carotenoid metabolism and its resulting health implications should also be
examined, and research on other carotenoids may be warranted.
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7. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

We do not recommend lycopene supplementation because it has not been proven to
be efficacious for prostate cancer treatment or prevention. However, we suggest that
men “Try for 5, Push for 2” tomato product servings/week. We base the “Try for 5”
recommendation on the inverse relationship often seen in epidemiological studies of
tomato consumption and prostate cancer when comparing men who consume 5 serv-
ings/week to those who consume ≤1 serving/week (3, 43, 48, 56, 58). The second part
of the recommendation is to “Push for 2,” or consumption of at least 2 servings/week
as a minimum consumption level will move men out of the reference group, where low
tomato intake has been associated with increased prostate cancer risk.

For β-carotene, we encourage people to consume sources of dietary β-carotene such
as fruits and vegetables, which are commonly associated with decreased chronic disease
risk. In support of our recommendation, the AICR panel claimed “that foods contain-
ing carotenoids probably protect against lung cancer (101).” We do not recommend and
especially discourage smokers from taking high-dose β-carotene supplements because
clinical trials suggest enhanced lung cancer incidence, with no indication of chronic dis-
ease prevention. However, consumers should not be apprehensive of β-carotene in mul-
tivitamins or of taking β-carotene to provide vitamin A. β-carotene is commonly used as
a vitamin A source because β-carotene supplementation does not lead to vitamin A tox-
icity. Normally, β-carotene levels in these supplements are far lower than concentrations
that led to the adverse outcomes observed in the ATBC and CARET studies.

As alluded to in the introduction, the research approach used to investigate the effects
of lycopene/tomatoes on prostate cancer has been more cautious than that used in the
β-carotene and lung cancer studies. Typically, results of preclinical and phase I and II
clinical trials need to demonstrate safety and efficacy before a large clinical trial may be
undertaken. These steps will hopefully prevent potential negative outcomes like those
observed in the ATBC and CARET trials from occurring again in future investigations.
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16 Vitamin A

A. Catharine Ross

Key Points

1. Retinoids are one of the most effective classes of agents for promoting cell differentiation, and
therefore are of strong interest for cancer prevention and cancer therapy. Nevertheless, despite a
great deal of testing, their use in cancer chemoprevention has been limited by the side effects asso-
ciated with most compounds.

2. Vitamin A, also known as retinol, and retinoic acid (RA) are widely recognized as important factors
in the maintenance of healthy cells and tissues. RA possesses a fundamental ability to regulate cell
growth, generally by slowing the rate of the cell cycle, and to induce immature and transformed
cells to differentiate toward a more mature phenotype.

3. Retinol is an essential nutrient that serves as the substrate for the production, within various cells,
of retinal required for rhodopsin biosynthesis, and for the production of RA, which functions as a
critical regulator of cellular functions in essentially all tissues. RA is now recognized as a potent
regulator of gene expression.

4. Metabolism is central to the biological basis of vitamin A’s actions in cancer prevention. Retinoid
metabolism is closely regulated through a variety of homeostatic mechanisms including transport
proteins, intracellular chaperone proteins, nuclear receptors, and enzymes. The apparent “goal” of
the body’s homeostatic mechanisms is to maintain steady levels of plasma retinol and RA, which
in turn assure a well-regulated exposure of extrahepatic tissues to these molecules.

5. There is no compelling evidence that changing current recommendations for dietary vitamin A
would be helpful in reducing cancer risk. A recent report on the topic of “Multivitamin/Mineral
Supplements and Chronic Disease Prevention” concluded that while supplement use has grown and
now more than half of the adult population of the USA uses multivitamin/mineral supplements,
most of the studies that were reviewed do not provide strong evidence for health-related effects.

Key Words: Vitamin A; retinol; retinoic acid; retinoid; gene expression; cell differentiation;
epidemiology; nutrition; dietary recommendations

1. INTRODUCTION

Vitamin A (retinol) and its active metabolite, retinoic acid (RA), are widely recog-
nized as important factors in the maintenance of healthy cells and tissues. RA pos-
sesses a fundamental ability to regulate cell growth, generally by slowing the rate of
the cell cycle, and to induce immature and transformed cells to differentiate toward a
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more mature phenotype. These intrinsic biological properties appear to be nearly ideal
for the chemoprevention of cancer, possibly even for the treatment of established can-
cers. However, when vitamin A is consumed at elevated levels, it accumulates over time
within tissues and can be damaging to the integrity of cellular membranes, culminating
in symptoms of hypervitaminosis A. Thus, natural vitamin A is not well suited for long-
term systemic therapy. The idea of producing “retinoids” (1) – i.e., synthetic analogues
structurally related to retinol and RA, that would potentially be beneficial in the fight
against cancer while also less toxic, has motivated the field of vitamin A and retinoid
research for three decades. Numerous retinoids are significantly growth inhibitory to
rapidly proliferating and transformed cells. These results have served as a strong impe-
tus for studies in preclinical models and for clinical trials. As discussed in this chap-
ter, results have been promising in the treatment of some premalignant diseases, such
as leukoplakia, but for established cancers, results have generally been disappointing.
However, an outstanding success has been achieved with the discovery that all-trans-
RA (at-RA) is effective in the treatment of acute promyelocytic leukemia (APL) (2). In
a high proportion of APL patients, at-RA induces a complete remission. Retinoids have
also become widely used in the treatment of diseases of the skin, such as cystic acne,
which have proved refractory to other therapies.

Clinical studies have also revealed some unintended consequences of retinoids used
for therapy on the metabolism of natural vitamin A. In a trial of fenretinide (4-HPR) for
prevention of breast cancer recurrence, 4-HPR-treated women reported problems with
dark adaptation (night blindness) (3), a well-known sign of vitamin A deficiency (4).
Plasma analysis revealed low levels of retinol, despite no evidence of low-dietary vita-
min A, and subsequent studies revealed that 4-HPR disrupted the plasma protein com-
plex that transports retinol (5), which is likely to increase its turnover rate. Such findings
serve to underline that the metabolism of dietary vitamin A and synthetic retinoids used
for therapy are highly intertwined. Some retinoids used for treatment, such as at-RA,
are chemically indistinguishable from their naturally formed biological counterparts, but
due to high dosage they still can perturb the normal metabolism of vitamin A. Indeed, at-
RA at pharmacological dosage also rapidly reduces the concentration of plasma retinol
(6). Thus, to avoid unintended consequences, greater attention must be paid to under-
standing the interactions of diet-derived vitamin A and retinoids used or proposed for
use as therapeutic drugs.

The purpose of this chapter is to review the biological basis for a role of vitamin A in
cancer prevention and treatment, the types of evidence and the totality of evidence that
this nutrient can reduce cancer risk, and the status of nutritional recommendations for
vitamin A intakes that are optimal in terms of reducing the risk of cancer.

2. RATIONALE FOR WHY VITAMIN A CAN AFFECT CANCER
PREVENTION AND/OR TREATMENT

Retinol is an essential nutrient that serves as the substrate for the production, within
various cells, of retinal required for rhodopsin biosynthesis, and for the production of
RA, which functions as a critical regulator of cellular functions in essentially all tissues.
RA is now recognized as a potent regulator of gene expression. While the effects of
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RA on gene expression are cell-type specific, three general outcomes on cell physiol-
ogy have been reported for a wide variety of cells: a reduced rate of cell proliferation,
enhanced cell differentiation, and in some cells with some retinoids, induction of apop-
tosis.

Today’s understanding of retinoids and their potential role in cancer prevention is
based on decades of prior research. The idea that vitamin A may be important for can-
cer prevention can be traced back to the 1920s, when Wolbach and Howe reported on
histopathological changes in the epithelial tissues of rats fed a vitamin A-deficient diet
(7). The mucosal linings of various epithelial tissues were squamous, dry, and kera-
tinized in the vitamin A-deficient state. In other studies, vitamin A-deficient animals
were more likely to develop metaplasia and spontaneous tumors (8). The field of vita-
min A research then advanced to studies of specific metabolites, with the identification
of retinal as the form essential for vision and of RA as an important, but quantitatively
small, active metabolite of retinol. In 1960, Dowling and Wald (9) reported that at-
RA can replace retinol for nearly all of the essential functions of vitamin A, except in
vision where retinal is required. These studies helped lead to the current understanding
of retinol as a precursor molecule from which all of the active forms of vitamin A are
produced by metabolism. By the 1970–1980s when cell culture models became increas-
ingly important in biomedical research, seminal studies were reported on the ability of
RA to inhibit cell growth and induce cell differentiation. In relatively undifferentiated
F9 embryonal carcinoma cells, RA induced formation of parietal endoderm (10), while
in HL-60 myeloid leukemia cells, RA induced a myeloid, granulocytic phenotype (11).
In 1987, the discovery of two families of nuclear retinoid receptors, RAR and RXR,
provided a conceptual understanding of how retinoids may work as transcription fac-
tors in the regulation of gene expression (12, 13). In rapid succession, three RAR and
three RXR genes were cloned and characterized, and their expression patterns were
determined to elucidate where and under what conditions retinoid-activated nuclear
receptors might function. These discoveries opened the way to a molecular understand-
ing of retinoid actions. X-ray crystallographic studies of the RAR and RXR ligand-
binding domains, with and without bound ligand, provided important information on
how retinoid receptors interact with their ligand molecule, and suggested that significant
conformational changes are induced by the binding of the retinoid to the ligand-binding
domain of the receptor protein (14). This information then facilitated the production of
new agonistic and antagonistic ligands, some with significant receptor specificity, such
as the “rexinoids” specific for binding to RXRs.

Overall, many studies have led to the current understanding that RA is naturally
involved in a great number of biological processes. The “fingerprint” of RA can be
found in nearly every metabolic pathway (15).

Retinoid molecules of natural and synthetic origin. Major nutritional and pharmaco-
logic retinoids are listed in Table 1. While the term retinoid once was used to distin-
guish structurally related synthetic analogues of vitamin A compounds, it now applies
to all molecules of this structural group, whether produced in vivo from vitamin A or
produced by chemical synthesis. In this chapter, the term vitamin A is used when the
nutritional form is specifically meant, including retinyl esters and retinol and their nat-
ural metabolites. Vitamin A compounds exist in multiple oxidation states, in different
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Table 1
Major Nutritional and Synthetically Derived Retinoids

Nutritional forms and
physiologically
produced metabolites

Structurally
identical
physiological and
synthetic forms

Synthetic retinoids used in
animal and human studies

Retinol (plasma; precursor to
other forms)

3,4-didehydroretinol (skin)
Retinyl esters (storage) Retinyl acetate; retinyl

palmitate (RP)
Retinal (vision)
All-trans-retinoic acid (ligand
for RAR receptors; regulator
of cell growth, cell
differentiation, and
apoptosis)

Yes All-trans-RA (at-RA)

13-cis-RA (metabolite in
plasma)

Yes 13-cis-RA

9-cis-RA (putative metabolite
and ligand for RXR
receptors)

? 9-cis-RA

Retinoyl glucuronides (water
soluble; excreted
metabolites)

Yes Retinoyl glucuronides

Axerophthene, anhydroretinol
(hydrocarbons)

Retinyl ethers
Polyprenoic acid (acyclic
retinoid)

Arotinoids
Retinobenzoic acids
Rexinoids
Hydroxyphenyl retinamide

isomeric forms, and in unconjugated or conjugated states. The principal oxidation states
are alcohol, aldehyde, and carboxylic acid. Natural forms exist in the all-trans configura-
tion, while the 11-cis-isomer of retinal, formed from retinol in retinal pigment epithelial
cells, is an essential component of the visual pigment rhodopsin.

The mode of formation of cis isomers of RA in vivo, and even their physiological sig-
nificance, is unclear. 13-cis-RA is a normal metabolite present in plasma (16). Although
13-cis-RA as a drug has shown activity in chemoprevention studies, and is often used
in treating diseases of the skin, 13-cis-RA does not transactivate nuclear receptors
as all-trans-RA does. Exogenous 13-cis-RA might act as a pro-drug that is slowly
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converted to at-RA (17). Although exogenous 9-cis-RA clearly binds to and transac-
tivates nuclear retinoid receptors (see below), mainly of the RXR family, it is not certain
that 9-cis-RA is an endogenous metabolite of vitamin A. Doubts have been raised based
on finding very low or undetectable levels of this molecule in tissues where it would be
expected and the possibility that it is formed artifactually during isolation. To date, no
isomerase has been reported that catalyzes the formation of 9-cis-RA. This isomer could
be generated nonenzymatically from all-trans-RA or 13-cis-RA, as to some extent all
isomers of RA exist in equilibrium mixtures. The binding of at-RA to cellular retinoic
acid-binding proteins stabilizes the all-trans isomer, but 9-cis-RA is not bound by these
proteins. Therefore, even if 9-cis-RA is formed in vivo it may be quickly degraded.
Other possible ligands for the RXR receptors have been suggested, including long-chain
polyunsaturated fatty acids and phytanic acid.

The family of synthetic retinoids covers a great variety of forms. Detailed discussions
of their synthesis and properties can be found in references (18, 19). These retinoids
exist in various oxidation states, as cis and all-trans isomers, in locked conformations,
and with various substitutions and linkages (Table 1, Fig. 1). Some of the synthetic
retinoids are chemically identical to natural metabolites of vitamin A, with at-RA as a
prime example.
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Fig. 1. Examples of naturally occurring and synthetic retinoids. The conversion of retinol to retinal
and at-RA constitutes the major pathway of bioactivation for dietary vitamin A. Cytochrome P-450-
mediated oxidation and subsequent conjugation contributes to catabolism of RA, whether generated
from diet or administered for treatment. Retinol is also eliminated by this route (not shown). The lower
panel shows three examples of synthetic retinoids, illustrating the substitution of an aromatic ring for
the natural β-ionone ring of retinoic acid (acetretin); introduction of a heteroatom and creation of a
locked conformation (Am80); and an amide analogue, 4-HPR, which has been tested extensively in
cell, animal, and human clinical studies.
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Metabolism as a major factor in retinoid homeostasis. Metabolism is central to
the biological basis of vitamin A’s actions in cancer prevention. Retinoid metabolism
is closely regulated through a variety of homeostatic mechanisms, discussed below,
which include transport proteins, intracellular chaperone proteins, nuclear receptors,
and enzymes. The apparent “goal” of the body’s homeostatic mechanisms is to maintain
steady levels of plasma retinol and RA, which in turn assure a well-regulated exposure
of extrahepatic tissues to these molecules. At the molecular level, at-RA itself regulates
several genes/enzymes that are central to controlling the levels of retinol and RA, thus
acting in an autoregulatory manner (20, 21). Although the retinoid homeostatic sys-
tem is remarkably efficient over a wide range of dietary vitamin A intakes, it clearly
cannot compensate for an inadequate vitamin A intake, and it can be overwhelmed by
an excess of vitamin A and by exogenous retinoids. In unbound “free” form, retinoids
disrupt cellular membranes (22), while an excess of RA induces gene responses that
are inappropriate to the normal functioning of cells. The signs and clinical symptoms
of hypervitaminosis A and retinoid toxicity are very similar (23). The maintenance of
physiological levels of retinol and RA is essential for normal embryonic development,
as both vitamin A deficiency and excess (of either retinol or RA) are teratogenic, causing
developmental abnormalities of the head, limbs, heart, and other visceral organs (24). In
the postnatal period, a well-regulated supply of vitamin A is necessary for lung matura-
tion, development of immunity to natural pathogens and vaccines, and growth (25). In
adults, an adequate intake of vitamin A is essential for maintaining the integrity of the
skin, ciliated epithelia, and reproductive organs. These changes are sufficiently repro-
ducible that the ability of retinoids to reverse epithelial metaplasia has been used as a
bioassay for retinoid activity. Overall, a diet with an adequate but not excessive level of
vitamin A is required across the lifespan for the well-regulated production of its active
metabolites. An understanding of vitamin Ametabolism is essential both for formulating
optimal nutritional recommendations and for predicting how pharmacological retinoids,
which at doses currently used significantly alter plasma retinol, are likely to affect the
metabolism of natural vitamin A. Moreover, aberrant retinoid signaling appears to be a
condition of many transformed cells and tumor tissues (see later). Figure 1 outlines the
major pathways of vitamin A metabolism. Specific players in retinoid metabolism and
homeostasis are described next.

RBP. Retinol-binding protein is the principal transport protein for plasma retinol.
Retinol is released from liver bound to RBP, circulates in plasma within a narrow con-
centration range of approximately 1–3 μmol/l, and is taken up by target organs (26). In
situations of a nutrition deficiency of vitamin A, during inflammation, and as a result
of retinoid treatment, plasma retinol is markedly reduced. A recently identified plasma
membrane transporter, Stra6, binds RBP and transports the retinol molecule into cells
(27). This mechanism appears especially important in the retina. The RBP gene (RBP4)
is also expressed in extrahepatic tissues. Kinetic studies have shown that retinol nor-
mally circulates several times between liver and extrahepatic tissues before undergoing
irreversible oxidation, and thus the synthesis of RBP in extrahepatic tissues is likely to
be important for reverse retinol transport back to the liver. RBP has also been shown to
have adipokine-like properties and to be a factor in the regulation of glucose metabolism
(28), suggesting novel interactions between vitamin A and energy homeostasis.
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Cellular retinoid-binding proteins. The cellular retinol-binding proteins known as
CRBP-I and CRBP-II are structurally and functionally similar, while CRBP-III is
homologous but less well understood. As chaperone proteins, CRBP-I and CRBP-II
guide retinol to the esterifying enzyme lecithin:retinol acyltransferase (LRAT) in the
liver and intestine, respectively (29), while also playing a role in retinol oxidation–
reduction (30). When CRBP-I knock-out mice were stressed by a low-vitamin A diet,
they quickly lost retinol from the liver and retina, showing that CRBP is an important
“efficiency factor” for the conservation of vitamin A (31).

Intracellular RA is chaperoned by two cellular retinoic acid-binding proteins,
CRABP-I and CRABP-II, which are differentially expressed in various tissues. These
proteins bind at-RA selectively. They appear to regulate the availability and delivery of
at-RA to nuclear receptor proteins. Additionally, in some cell types, CRABP-II appears
to function as a transcriptional regulator associated with RAR-alpha-mediated gene
expression (32).

Absorption, storage, enzymatic activation, and elimination of retinoids. In the intes-
tine, dietary vitamin A in foods and supplements is digested and absorbed, converted in
enterocytes into esterified retinol, and packaged into chylomicrons, which are secreted
into the lymphatics and then enter the circulation. Chylomicron remnants deliver most
of their vitamin A to the liver, but a small proportion is released to extrahepatic tis-
sues during chylomicron metabolism. The majority of whole-body vitamin A exists
in esterified form, stored in the liver, mainly in stellate cells. This form of vitamin A
is inactive but readily mobilized, and thus constitutes an important storage form that,
when hydrolyzed, provides retinol for delivery throughout the body. Many extrahepatic
tissues esterify and store retinyl esters in smaller pools, which may be crucial for the
local generation of bioactive retinoids.

In contrast to retinol, retinoids possessing a carboxylic acid moiety are absorbed by
the portal route bound to albumin. While diet contains little RA, the majority of retinoids
used for cancer prevention and therapy are carboxylic acids (Fig. 1), and thus most
clinically important retinoids are absorbed by the portal route. The plasma concentration
of physiologically formed RA is normally in the low nanomolar range, but following
vitamin A or retinoid treatment concentrations are significantly higher (33, 34).

Retinol is esterified in the intestine, liver, eye, lung, testis, and other tissues by LRAT.
In the liver, LRAT is sensitively regulated according to individual’s vitamin A status, and
RA is likely to mediate changes in LRAT gene expression. LRAT mRNA and enzyme
activity are very low in vitamin A-deficient animals, while LRAT expression is rapidly
induced after retinol or RA is administered (29). The feedback regulation of LRAT
by RA thus serves to divert retinol into storage, increasing the retinyl ester pool and
decreasing the quantity of retinol available for oxidative metabolism (Fig. 2a).

Retinol oxidation is essential for activating the vitamin A molecule into its active
forms, retinal and RA (21, 30). A variety of enzymes with retinol dehydrogenase (RDH)
and retinal dehydrogenase (RALDH) activities have been described as capable of form-
ing retinal and at-RA. Multiple enzymes in each of these families exist, with different
expression patterns, suggesting that RA formation is regulated in complex manner and
by pathways that may differ among tissues. While retinol and retinal can be intercon-
verted, the oxidation of retinal to at-RA is irreversible.
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Retinol all-trans-Retinoic acid Polar metabolites
LRAT CYP26

Physiological
regulation:

Changes in
cancer:

Retinyl
ester

Proposed resulting change in RA:

Fig. 2. Regulation of retinol esterification and oxidation by at-RA and proposed changes in cancer.
Based on nutritional studies (29), LRAT is kept in a tonic active state when RA is adequate, thus
diverting retinol into storage, while CYP26 expression is rapidly and transiently up-regulated when the
concentration of RA becomes elevated. In cancer, aberrant expression or the absence of LRAT leads
to a lack of retinyl esters, from which bioactive retinoids are formed, and may induce overexpression
of CYP26, leading to excessive degradation of RA (56).

RA is catabolized in a sequential phase 1–phase 2 manner, with hydroxylation at C-4
or C-18 preceding conjugation, yielding metabolites such as RA-β-glucuronide (21). A
significant advance in understanding the oxidation of at-RA was made when the CYP26
gene family of RA-4-hydroxylases was cloned. at-RA was already known to induce its
own metabolism. The CYP26A1 gene promoter has been shown to respond directly to
all-trans-RA (see gene transactivation, see below). The isoform known as CYP26A1 is
expressed in the liver and is highly inducible by RA (35). It is also expressed at lower
levels in extrahepatic tissues of the adult (35) and in the embryo where its expression
pattern is consistent with a role in limiting signaling by all-trans-RA (36). CYP26B1 is
expressed in a pattern that overlaps with but still differs from CYP26A1. Other members
of the cytochrome P-450 gene family have been suggested to play roles in the catabolism
of RA, but less is known of their physiological significance. Once RA has been oxidized,
it is conjugated to form water-soluble metabolites, which are readily excreted (37). The
expression of CYP26A1 and the efficiency of RA oxidation and formation of water-
soluble metabolites in the liver was found to be significantly increased when rats were
fed a vitamin A-supplemented diet (37) (Fig. 2b).

It has been suggested that at least some of the reactions of RA production and
catabolism occur in a “cassette” manner, in which metabolic products formed by one
enzyme are immediately channeled to become the substrates of other enzymes, resulting
in further processing (30). This may contribute to the overall efficiency of metabolism,
and may explain why certain metabolites, such as all-trans-retinal, do not accumulate in
most tissues, although the rate of flux through the pathway may be significant.

Retinoid receptors. Retinoic acid and its analogues are high-affinity ligands for
nuclear hormone receptors of the retinoid receptor family. This family is comprised
of two subfamilies, RAR (α, β, and γ) and RXR (α, β, and γ), which serve as transcrip-
tion factors in the regulation of a large number of genes (see (15, 38, 39) for reviews).
All-trans-RA is the principal natural ligand for the RAR. While exogenous 9-cis-RA,
as mentioned earlier, binds effectively to the RXR its physiological role is not certain.
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In some studies, the RAR–RXR complex with an RAR ligand is required for transac-
tivation, but apparently a ligand for the RXR is not required. RXR proteins also form
heterodimeric partners with several other nuclear receptors of the steroid hormone super-
family, including the vitamin D receptor, thyroid hormone receptor, receptors involved
in the metabolism and regulatory functions of fatty acids, sterols and bile acids, and
certain xenobiotics, and orphan receptors. One possible mode of regulation among dif-
ferent nuclear hormone receptors that interact with RXR may be the competition for a
limited pool of RXR protein.

The RAR and RXR proteins are modular in structure, comprised of six defined
regions, named A–F, and intermediate hinge regions, present in all of the receptors (40).
While the proteins in each receptor subfamily are well conserved overall, each subtype
(α, β, and γ) of RAR and RXR differs somewhat, and isoforms, generated by the use of
alternative promoters and/or differential RNA splicing, result in a further diversification
of the receptors in different cells. For example, the RARβ receptor is expressed in four
isoforms, where the mRNA for RARβ1 and RARβ3 is transcribed from an upstream 5′
promoter, P1, while RARβ2 and RARβ4 mRNA are transcribed from another promoter,
P2, located 20 mb downstream. Isoforms 1 vs. 3, and 2 vs. 4, are then formed by alter-
native splicing, resulting in proteins with different A regions but identical B–F regions
in the 4 RARβ isoforms (41). Other RAR protein and the RXR proteins also exist in
isoforms. These differences are well conserved suggesting that the individual subtypes
could have important but differential roles in gene regulation.

Mode of action of retinoids as regulators of gene transcription. Retinoids similar to
at-RA, having a carboxylic acid functional group and an extended conformation, are
potent ligands for the RAR family of nuclear retinoid receptors and often regulate gene
expression when added to cells at concentrations in the low nanomolar range. Biochem-
ical and structural studies have shown that a single retinoid molecule binds with high
affinity to the ligand-binding domain (LBD) of the RAR, with the ligand’s negatively
charged carboxyl group coordinated with specific amino acids within the LBD pocket,
so that the retinoid is positioned in a precise manner. X-ray crystallographic studies of
the apo (with RA ligand) and holo (empty) forms of the LBD have shown that particular
regions, especially alpha helix 12, are mobile. Helix 12 assumes an “open flap” position
in the apo protein, but the flap is closed when RA is bound, forming an interior pocket
(40). Each RAR protein interacts with an RXR protein to form a heterodimeric complex
of RAR–RXR, and the complex binds to specific DNA sequences through zinc fingers
in the DNA-binding domain of each RAR and RXR. The ligand induced change in the
position of RAR helix-12 results in an overall change in protein conformation that is crit-
ical for altering the surface interactions of the RAR–RXR complex with other proteins
of the transcription regulatory complex, including coactivator/corepressor proteins or
“mediators,” that in turn regulate the basal transcriptional machinery including DNA-
dependent RNA polymerase II (Pol-II) (40). In the current general model, the RAR–
RXR complex in the nonliganded state is already bound to DNA response elements
(below) in a repressive state, associated with corepressors (e.g., N-CoR and SMRT)
which recruit histone deacetylases, and thus result in a more compact and transcription-
ally inactive form of chromatin. Ligand-dependent factors such as the receptor interact-
ing protein RIP-140 may also be involved in keeping genes in a repressed state (42). The
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binding of ligand(s) to the RAR–RXR complex is then thought to alter the conformation
of the RAR–RXR complex in such a way that coactivator proteins are recruited. With
the binding of coactivators (N-CoA, p300, or CBP) histone acetyl transferase activity is
recruited to the complex resulting in the modification of histones, changes in chromatin
structure, and recruitment of basal transcriptional factors, including Pol-II, which form
the preinitiation complex required for the start of gene transcription (40).

The canonical retinoic acid response element (RARE) motif is composed of two
direct repeats of the hexameric nucleotide sequences, a/gggtca, separated by a spacer
(n) of 2 or 5 nucleotides: a/gggtca(n)2,5-a/ggtca (40). Some RARE are located in the 5′
regulatory region of target genes near to the transcription start site, but others have also
been found within introns or in regions quite distal from the basal promoter. However,
while this general model is now well established, it is very likely that regulation in vivo
is much more complex. Many more genes have been described to respond physiolog-
ically to RA than have been shown to contain an RARE and respond directly through
ligand binding to RAR–RXR (15). Moreover, there are undoubtedly additional layers
of regulation that affect receptor function, including receptor protein phosphorylation,
degradation, and shuttling of receptor proteins between the nuclear and cytoplasmic
compartments (39). Furthermore, RAR proteins sometime interact with other families
of transcription factors. The antiproliferative activity demonstrated for RA may involve
competition of the liganded RAR/RXR complex with the Jun-Fos (AP-1) transcription
factor complex for binding to specific DNA sequences. Protein–protein interactions with
a number of transcription factors of other gene families have also been noted (39).

3. IN VITRO STUDIES IN CELLS AND ANIMALS – PREVENTION
AND TREATMENT

Retinoids exert many of their effects on three major cellular processes: cell prolifer-
ation and growth regulation; cell differentiation, characterized by programs of cell-type
specific gene expression; and, in some cells and with some retinoids, the induction of
apoptosis. Most experiments have been conducted with cycling cells, often either trans-
formed or malignant cells, and have been designed to test whether cell growth is inhib-
ited and/or cell differentiation is promoted by retinoids. A wide variety of cell models
have been studied. A few examples are given in Table 2, as the literature is too extensive
to review comprehensively, and the principal findings of growth arrest and improved
differentiation have been quite consistent regardless of the cell model studied.

In dividing cells, retinoids almost always reduce the rate of cell proliferation. The
decision of cells to proliferate or differentiate is typically made in G1/G0 of the cell
cycle. Mechanistic studies have shown reduced expression of genes and proteins encod-
ing cyclins and cyclin-dependent kinases, increased expression of cyclin-dependent
kinase inhibitory proteins, and increased expression of the retinoblastoma tumor sup-
pressor protein (pRb), accompanied by a reduction in its phosphorylation status. In dif-
ferent cell models, the specific cyclin most affected has differed, for example, cyclins
of the D family in some cells, cyclin E in others, etc., and, similarly, different cyclin
inhibitory proteins have been the predominant ones increased, e.g., p27, p57, p21, p16,
or p19. In nearly all cell models in which the cell cycle is inhibited, pRb expression



Chapter 16 / Vitamin A 345

Table 2
Representative Cell Culture Studies Demonstrating Mechanisms Through Which Retinoids
May Inhibit Human Cancer Cells

Cell type Major finding in RA-treated cells References

HL-60 myeloblastic leukemia
cells

Activation of extracellular
signal-regulated kinase
(ERK)-2 mitogen-activated
protein kinase (MAPK) as an
early event, required for
growth arrest and induction of
differentiation

Yen et al. (43)

THP-1 leukemia cell line Increased Rb mRNA and
protein levels while reducing
Rb phosphorylation state;
cyclin E reduced; p27
increased; functional
differentiation of cells into
macrophage-like phenotype

Chen and Ross (44)

CA-OV3 RA-sensitive ovarian
carcinoma cells

Increased the levels of p27 and
S10 phospho-p27, needed for
RA-induced growth inhibition

Radu et al. (45)

Nt2/D1 embryonal carcinoma,
germ cell cancer cells

Reduced cyclin D1/D2
transcription rates and protein
levels, reduced Ki-67 staining
and cell number

Freemantle et al. (46)

BEAS-2B human bronchial
epithelial cells, and cells
transformed by tobacco
carcinogen

Inhibited transformation of
carcinogen-treated cells and
induced proteosome-mediated
degradation of members of
cyclin D family

Boyle et al. (47, 48)

CHP126 neuroblastoma cells Cell cycle arrest and induced
neurite outgrowth induced by
9-cis-RA, concomitant with
reduction in cyclin-dependent
kinase-activating kinase
(CAK) phosphorylation of
pRb and RXRα proteins

Zhang et al. (49)

NB4 APL leukemia cells Inhibited the action of
cyclin-dependent
kinase-activating kinase
(CAK) on PML–RARα

protein and induced
degradation of the CAK
complex protein MAT1

Wang et al. (50)
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has been increased, and/or its phosphorylation reduced (hypophosphorylation). Reduced
phosphorylation enhances the ability of this “pocket” protein to sequester factors such
as E2F required for progression of the cell cycle from the G1/G0 phase through the
restriction point and into the S phase of the cell cycle (Fig. 3). These changes result in a
prolongation of the G1 phase of the cell cycle and a reduced rate of entry into the S phase
of the cycle. The results of many studies are consistent in showing a reduction in cell
cycle progression and in cell counts in retinoid-treated cells as compared to untreated
cells.

Retinoic acid has also been shown to regulate the cyclin-dependent kinase-activating
kinase (CAK), which regulates exit from the G1 phase of the cell cycle (Table 2). The
CAK complex can interact with and phosphorylate pRb and at least certain retinoid
receptors. When neuroblastoma cells were treated with 1–5 μM 9-cis-RA, CAK activ-
ity was reduced, as shown by decreased CAK activity, hypophosphorylation of Rb and
RXRα, reduced proliferation and morphological evidence of neuronal cell differenti-
ation (49). In NB4 cells, a model of APL leukemia, at-RA reduced CAK abundance
and activity, the level of the aberrant receptor PML–RARα, which these cells express,
and these changes were associated with a reduction in cell proliferation and induction
of myeloid cell-type differentiation (50). An RA-induced induction of proteolysis was
observed in these studies and in others reviewed by Dragnev et al. (51).

M G0

S

G2
G1

cyclin E

E2F
PO4–

PO4–

P
O

4 –

Rb

cdk4,6
cyclin D

p16ink

p21

p27,
p57

Cdk2

cdc2

cyclin A,B

p53

E2F

Rb

Restriction
point

Rb phosphorylation

E2F activation

cdk2

cyclin A

Fig. 3. Prominent effects of RA on the cell division cycle. A schematic of the cell cycle, with
frequently observed effects in cells treated with RA shown as up and down arrows. Cdk, cyclin-
dependent kinase; Rb, retinoblastoma protein; E2FE, transcription factor involved in G1 to M
(mitosis)-transition. Generally consistent effects of RA include reduction in expression of G0 and
G1 cyclins; increase in cyclin-dependent kinase inhibitors (p16, p21, p27, p57); increased Rb and
decreased hyperphosphorylated form of Rb; increased fraction of G1 and decreased fraction of S
(synthesis) and M phase cells.
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Retinoids almost always either induce cell differentiation or they drive cells into
apoptosis. Cell differentiation may be the consequence of the increased time in the G1
phase of the cell cycle when cell cycling is slowed, allowing some cells to “escape”
the cell cycle and enter a program of differentiation. The features of cell differentia-
tion observed depend, unsurprisingly, on the cell model studied, but they nearly always
include alteration in gene expression as well as phenotypic changes consistent with
a more mature cell type. The induction of apoptosis is a more varied finding and
may depend on the retinoid used, type of cell, stage of differentiation, or presence of
other regulatory factors. CD437, a retinoid with selectivity for RAR-γ, and fenretinide
(4-HPR), a retinoid that appears to function independently of receptor binding, have
been shown to induce apoptosis in several cancer cell models (52, 53). Recently, new
rexinoids were tested. In B lymphoma cells, certain features of the RXR domain struc-
ture and RXR signaling were found to be essential for the induction of caspase activation
and apoptosis (54).

The interpretation of results from cell culture studies needs to be made cautiously,
and especially so if the retinoid concentrations employed have exceeded those normally
found in vivo. Additionally, due to the lipophilic nature of most retinoids, an organic sol-
vent such as ethanol or dimethylsulfoxide is required to dissolve the retinoids prior to
their dispersion into tissue culture medium. Whereas the concentration of RA in human
plasma is on the order of 10–50 nM, many experiments with culture cells have utilized
RA concentrations of 1 μM or higher, with a serum concentration of 5–10%. Neverthe-
less, cell studies have been important for identifying alterations in retinoid signaling in
tumor cells, some of which have been confirmed in cancer tissue specimens.

Aberrant retinoid signaling in cancer cells and tissues. A number of cancer cell lines,
compared to nontransformed cells, have exhibited aberrant retinoid signaling (55–57).
One of the most often affected genes is RAR-β, especially the isoform RARβ2. Loss
of expression of RAR-β2 during cancer development is often associated with tumori-
genesis and with retinoid resistance, while conversely, induction of its expression can
suppress carcinogenesis (57). Expression of another isoform, RAR-β4, which includes
only a short four amino acid section of the N-terminal A-domain that is important for
protein–protein interactions and phosphorylation (39, 41), is increased in various types
of cancer (56). RAR-β4 transgenic mice developed hyperplasia and neoplasia in various
tissues, and induction of RAR-β4 expression increased the growth of tumor cells that do
not express RAR-β2. In patients during breast cancer progression, RAR-β2 is reduced
or lost (58) and hypermethylation of the 5′-region is thought to be responsible for the
silencing of the RARβ gene. Silencing of RAR-β2 by gene methylation was reported to
be an early event in head and neck carcinogenesis (59) and in other cancers (56).

Other receptors, enzymes, and retinoid-binding proteins have been reported to be
aberrantly expressed or silenced in cancer cells and cancer tissue specimens (56).
Besides RAR-β, other retinoid-related factors that are often reduced include LRAT,
CRBP-I, RALDH2, and ALDH genes, required for retinoid storage and activation. Con-
versely, the catabolism of RA may be increased by overexpression of CYP26, as has
been observed in colorectal cancer cells (56).

The totality of evidence thus suggests that the abnormal biology of cancer cells is
often associated with abnormalities in vitamin A-related metabolism. However, whether
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these changes are consequence of transformation or whether impaired retinoid storage
is part of cancer induction must still be determined.

Animal studies. A number of animal models of carcinogenesis have been used to
determine if vitamin A or retinoids can reduce the onset or severity of tumors. Numer-
ous models were employed in the 1970–1980s as previously reviewed (60), and several
results were promising enough to serve as an impetus for human clinical trials. Most
animal studies used chemical carcinogens, either direct acting or requiring activation to
induce tumors, while retinoids were supplied at levels of 1–2 mmol retinoid per kg of
diet, sometimes starting before carcinogen exposure. Retinoid treatment did not abro-
gate tumor formation but several retinoids reproducibly reduced the number, multiplic-
ity, or size of tumors. A few of the early studies investigated dietary vitamin A (retinol,
retinyl palmitate (RP), or retinyl acetate) for chemoprevention, but at the doses tested
the growth of the animals was significantly impaired or signs of vitamin A toxicity
were observed, and so few later studies investigated these forms. Studies then turned
to diets supplemented with at-RA, 13-cis-RA, or 9-cis-RA, or novel retinoids such as
fenretinide/4-HPR. Several of these compounds were reported to inhibit the growth
of bladder, mammary gland, and other tumors (60). 4-HPR proved to be much better
tolerated.

A recent study represents a different approach. McDaniel et al. (61) developed a
human food-based rodent diet, composed with fruits and vegetables that give rise to
vitamin A during digestion, to investigate the effects of vitamin A on adolescent rat
mammary gland development and the subsequent risk for mammary carcinogenesis,
induced by treatment with methylnitrosourea (MNU). A diet enriched in RP was used
for comparison. The adolescent growth period was studied, as it is characterized by
rapid body growth, sexual maturation, and mammary gland development, correlating
with puberty in humans. Compared with adolescent rats that consumed an adequate
diet, rats that consumed the natural foods diet and the RP diet had a reduced multiplicity
of mammary cancers, associated with a reduction in alveolar gland development. The
food-based diet also suppressed the onset of sexual maturation and inhibited markers
of mammary alveoli formation more than the RP diet. Six months after treatment with
MNU, latency and incidence of mammary tumors did not differ among dietary groups,
but tumor multiplicity was reduced in rats fed either natural food-based or RP diets
during adolescence. The results of this study suggest that the amount and source of vita-
min A consumed in the adolescent period can influence the onset of puberty, mammary
gland alveolar development, and risk of breast cancer. Since it has been suggested that
a diet rich in fruits and vegetables may reduce breast cancer risk, these experimental
results appear congruent. It is possible that components of the diet besides vitamin A
contributed to the observed effects, although the results with the RP-enriched diet were
similar to those for the whole foods-based diet.

Another recent approach has been to focus on RXR-selective agonists (rexinoids).
Liby et al. (62) reported that in the A/J mouse model of lung cancer, a rexinoid known
as NRX194204 significantly reduced the number and size of lung surface tumors and
total tumor volume by 64–81%. This compound also delayed tumorigenesis in mouse
mammary tumor virus-neu mice. The latter finding is encouraging, as in a study of neu
mice treated long term with an implanted RA pellet, tumor growth was reported to be
increased (32).
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Overall, animal studies of retinoids are continuing, with focus on newer diets
approaches and new retinoids that seem promising at lower doses. The majority of evi-
dence from animal studies supports a reduction in tumorigenesis with retinoid treatment,
with a minority of studies showing no effect or an increase.

4. EPIDEMIOLOGICAL AND INTERVENTIONAL STUDIES

Hong and Itri (63) have thoroughly reviewed epidemiological, therapeutic, and pre-
vention trials of human cancers involving vitamin A and a number of synthetic retinoids
through the mid-1990s. Ross (64) has reviewed the epidemiology literature on dietary
vitamin A and cancer risk. While epidemiological studies have long pointed to an
inverse association between vitamin A and cancer risk, many of these studies con-
cerned carotenoids. The preponderance of data supported reduced cancer risk from the
consumption of a diet rich in fruits and vegetables, and therefore carotene, but there
was little evidence for a relationship with dietary retinol. Both reviews noted strengths
and weaknesses of epidemiological studies with vitamin A. Survey studies of vita-
min A intake are inherently complicated due to vitamin A being consumed in part as
carotenoids, often grouped with other antioxidant vitamins, and in part as preformed
retinol in foods of animal origin and supplements. Food frequency questionnaires are
imperfect tools for capturing vitamin A intake. Most are only qualitative or semi-
quantitative, and thus the inferred data on vitamin A consumption is likely to be weak.
Associations of cancer risk with serum retinol were also weak (63, 64). In fact, a weak
relationship could be anticipated because serum retinol concentrations are maintained
at a relatively constant level over a wide range of vitamin A status (21). Moreover, if a
lower retinol level is measured after disease has developed it could be a consequence of
cancer rather than a predictor. More recent reports from epidemiological studies on the
prevention of prostate (65) and breast cancers (66) concluded that higher dietary intakes
of fruits and vegetables and vitamin A were not associated with prevention of these can-
cers. Thus, overall the epidemiological evidence for reducing cancer risk by consuming
foods containing provitamin A carotenoids or preformed vitamin A is quite weak.

Interventional studies of retinoids for cancer chemoprevention or therapy have been
conducted for over three decades. For established cancers, most clinical trials have been
disappointing. A review of phase III clinical trials of lung cancer prevention concluded
that β-carotene, retinol, and 13-cis-RA (as well as other agents tested) did not demon-
strate beneficial, reproducible results (67). Retinol combined with zinc did not reduce
liver cancer mortality in a randomized double-blind study of hepatocellular cancer in
Linxian, China (68). A Cochrane review of trials in which at-RA and 4-HPR were tested
for prevention of progression of cervical neoplasia concluded the retinoids were not
effective (69).

For premalignancies, vitamin A and retinoids may have a benefit. A Cochrane review
of various interventions for treating oral leukoplakia concluded that treatment with
β-carotene, lycopene, and vitamin A or retinoids, was associated with significant rates of
clinical resolution, compared with placebo or no treatment, although there was no evi-
dence that any of the treatments prevented malignant transformation of leukoplakia (70).
For premalignant actinic keratoses, topical retinoids have provided some benefit (71).
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However, in a chemoprevention study using biomarkers to assess proliferative
changes in the bronchial epithelium of former smokers, 13-cis-RA and α-tocopherol,
but not 9-cis-RA, reduced the intermediate marker of cell proliferation, Ki-67 (72). In
another study of current and former smokers, 50,000 IU/d of retinol for 6 months did not
up-regulate RAR-β, which as noted above is frequently silenced in cancer, or improve
surrogate biomarkers of bronchial dysplasia (73).

One type of cancer stands out for being a remarkable success. The demonstration
that APL patients treated with at-RA can result in a high rate of response and complete
remission was first demonstrated in a clinical study in Shanghai, China (2), and
has since been replicated in several trials in the USA, Europe, and Asia (74). This
unanticipated result has led to the use of at-RA for “differentiation therapy,” as an
important clinical treatment for this disease. APL is a unique form of cancer because a
high proportion of patients have a specific chromosomal translocation that results in a
break in the RARα gene, located on chromosome 17, and its fusion with another gene,
often the PML gene on chromosome 15. In most cases, two abnormal fusion products,
RARα–PML and PML–RARα, are formed from this t(15:17) translocation. PML is
also a transcription factor. The PML–RARα protein binds to DNA but functions as a
dominant negative receptor, interfering with normal RARα signaling (75). Treatment
with at-RA is thought to induce the differentiation of precursor cells that have retained
a normal copy of the RAR gene, facilitating their progressive differentiation to more
mature granulocytic cells, while leukemic cells containing the mutation are induced
to undergo apoptosis. Despite the success of at-RA in inducing of cell differentiation,
prolonged treatment with at-RA is not well tolerated. About 15% of patients treated
with at-RA developed a severe and sometimes fatal thromboembolytic condition,
referred to as retinoic acid syndrome (76). Other patients have relapsed after treatment
and become refractory to at-RA (77). Clinical protocols have been revised to shorten the
length of treatment with at-RA while combining it with other forms of chemotherapy,
such as with arsenic trioxide or cisplatin.

Tissue specificity. Essentially all nucleated cells express RAR and RXR proteins. It
is usual for one or more of these receptor forms to be predominant within a cell type;
however, two or more forms may be co-expressed. For example, RARγ is more highly
expressed in skin, while RARα has a broader tissue distribution. Although there are
hints that the individual receptor types may differ somewhat in their functions, no single
receptor has been shown to be indispensable, and the general mechanism of RA action
does not appear to be tissue specific. Rather, the differences in tissue response to RA are
likely to depend on factors such as ligand availability and the state of chromatin accessi-
bility. Ligand availability is closely related to nutritional status, as an adequate supply of
retinol substrate is a prerequisite for the endogenous production of RA. Substrate uptake
could depend on the state of vascularization of the tissue or tumor and on the expres-
sion of enzymes required for RA production. Thus, metabolic factors leading to retinoid
availability, as well as cell-intrinsic properties like nuclear receptor subtypes and rela-
tive amounts, coactivator/corepressor expression levels, and chromatin availability, are
likely to interact in ways that determine tissue-specific patterns of retinoid-regulated
gene expression.

Totality of the evidence. The totality of evidence suggests that production of RA from
its natural nutritional precursor, retinol, is under sensitive control by retinoid-binding
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proteins, LRAT, CYP26, and other enzymes. Together, the actions of these proteins
serve to maintain a consistent level and tissue distribution of at-RA that, presumably,
is appropriate for the cell type and the organism as a whole.

Good nutrition plays a key role in providing adequate, but not excessive, amounts
of substrate (retinol stored as retinyl ester) for bioactivation, thus regulating the pro-
duction of retinal and RA. From these overall features of retinoid metabolism it can be
inferred that maintaining a one’s dietary intake of vitamin A in a healthful range is a key
component for maintaining tissues in an optimally differentiated state.

As noted above, exogenous RA or other retinoids may be helpful in the chemopre-
vention of premalignancies, but agents like at-RA are not acceptable for long-term treat-
ment. In the case of fenretinide/4-HPR, which is relatively well tolerated, another prob-
lem has surfaced, namely low plasma retinol due to impairment of the RBP–retinol
transport system (3, 78). This illustrates that retinoids have the potential to alter the
metabolism of diet-derived vitamin A in ways that were not anticipated. It is quite pos-
sible that the “best” retinoids are those formed in situ, in a well-regulated process from
diet-derived substrates. Thus maintaining an adequate but not excessive dietary intake,
and thus an adequate but not excessive pool of retinol substrate in tissues, should be a
first principle of good nutrition.

5. FUTURE RESEARCH DIRECTIONS

The differentiation promoting activity of at-RA and other retinoids is still very attrac-
tive for cancer treatment. It can be confidently concluded that retinoids do “work” in
isolated cells, so how can they be made more effective in vivo? A major challenge is
to harness and direct the power of these agents into effective dietary and/or clinical
interventions. Several novel ideas for targeting retinoids to tissues are under investiga-
tion in preclinical models. Patches, biofilms, the delivery of retinoid on nanoparticles,
aerosolized retinoids, etc., all are based on the concept of maintaining a local exposure,
in a targeted manner, while minimizing the diffuse spread and total-body exposure to
retinoids that occurs when they are administered systemically. New combinations of
retinoids with other therapies, similar to the combined use of conventional chemother-
apeutic drugs or arsenic trioxide with at-RA in the treatment of APL, also could be
promising. Recently, retinoids have gained new interest from the perspective of stem
cell biology and regenerative medicine, due to their strong differentiation-promoting
actions on immature progenitor cells. For example, retinol promoted differentiation in
progenitor cells of mouse pancreas, increasing β-cell differentiation and insulin pro-
duction (79). The generally positive effects of retinoids that have been observed in cell
culture models suggest that they could be used effectively to promote the differentiation
of stem, precursor, or progenitor cells ex vivo, prior to the transfer of cells to the patient.

6. CONCLUSIONS AND RECOMMENDATIONS
FOR INTAKE/DIETARY CHANGES

The current nutritional recommendations for dietary vitamin A (retinol) are well sup-
ported by biological evidence that consumption of retinol at the recommended levels
is both safe and adequate for supporting vision and maintaining the other systemic
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functions of vitamin A. The Recommended Dietary Allowance (RDA) for vitamin A
is based on a factorial model that includes intake of enough vitamin A to build up ade-
quate, but not excessive, tissue vitamin A reserves (80). The Tolerable Upper Intake
Level (UL) was established by the Institute of Medicine in 2002 (80) as a way to inform
the public that excessive intakes of certain nutrients (above ∼ 3,000 μg/day of pre-
formed retinol) could lead over time to adverse effects. For vitamin A, the UL for adults
was set at 3,000 μg/day of preformed retinol because higher amounts may cause liver
damage, increase the risk of birth defects in women of child-bearing age, and possi-
bly increase the risk of osteoporosis. To eliminate these risks, a person could chose to
consume more of his or her vitamin A intake in the form of β-carotene, instead of pre-
formed retinol, since consumption of β-carotene at nutritional levels poses no risk of
toxicity. Based on the cancer literature reviewed in this chapter, there is no compelling
evidence to suggest that increasing the intake of dietary vitamin A above currently rec-
ommended levels (i.e., RDA levels) will reduce the risk of developing cancer. Many
epidemiological studies have, however, shown that cancer risk is reduced in individ-
uals who consume a diet high in fruits and vegetables, which contains vitamin A as
β-carotene, is relatively low in fats, and also contains a mixture of phytonutrients, some
of which may have anticancer properties of their own. This type of diet provides most
if not all of the vitamin A therein in the form of carotenoids. The 2002 IOM report on
vitamin A included sample calculations to show that an RDA level of vitamin A can be
obtained from a well-selected vegetarian or vegan diet, as well as from a mixed-type
omnivorous diet. The published examples provide evidence that consumption of retinol
per se is not required to meet the RDA for vitamin A.

Conversely, high intakes of retinol are potentially deleterious. Case reports and exper-
imental studies have thoroughly documented adverse effects of hypervitaminosis A,
while new and accumulating data from epidemiological studies suggest that intakes
of retinol from diet and supplements at levels even moderately above the RDA may
increase bone loss (81). Based on research in animals, high dietary vitamin A and treat-
ment with RA are expected to affect retinoid homeostasis by inducing genes in the
cytochrome P-450 family that result in increased retinoid catabolism.

Overall, there is no compelling evidence that changing current recommendations
for dietary vitamin A would be helpful in reducing cancer risk. A report of an NIH
State-of-the-Science Conference on the topic of “Multivitamin/Mineral Supplements
and Chronic Disease Prevention” (which was not specific to vitamin A or to cancer pre-
vention) concluded that while supplement use has grown and now more than half of the
adult population of the USA uses multivitamin/mineral supplements, most of the stud-
ies that were reviewed do not provide strong evidence for health-related effects. The
report also noted weaknesses in the methodologies for assessing nutrient intake from
supplements and from fortified foods (82). At present there is no scientific rationale
to suggest that personalized nutritional recommendations for vitamin A would be ben-
eficial. Thus it seems prudent to follow the Dietary Guidelines, which stress obtaining
nutrients from whole foods in a mixed diet, at levels near the RDA. The “5-a-Day” rec-
ommendation for including five servings of fruits and vegetables, provided these serv-
ings include green leafy and yellow vegetables, should supply all the dietary vitamin A
now known to be required to meet the body’s requirement for this micronutrient.
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17 Vitamin D and Cancer
Chemoprevention

James C. Fleet

Key Points

1. Although vitamin D is a nutrient whose functions are most closely linked to the control of calcium
and bone metabolism, it is also proposed to have a variety of other biological roles, including anti-
cancer effects.

2. There is considerable controversy as to what constitutes optimal vitamin D status. While most
accept that serum 25OHD levels < 25 nmol/l are deficient and lead to rickets in growing children,
some argue that serum 25OHD levels > 80 nmol/l are necessary to optimize bone health and prevent
other chronic diseases like cancer.

3. Epidemiological studies have shown that high UVB exposure is associated with lower risk of a
wide variety of cancers. From these observations, researchers have hypothesized a link between
UVB exposure–vitamin D status and cancer risk.

4. One way that cancer can influence the effects of 1,25(OH)2 D is by influencing its metabolism.
Several groups have shown that CYP27b1 activity, and the ability to produce 1,25(OH)2 D locally,
is lost as cancer develops.

5. Very few intervention studies have been conducted in the area of vitamin D and cancer. In addition,
the development of effective vitamin D interventions for cancer prevention or treatment may be
limited by the changes in vitamin D metabolism and signaling that have been documented to occur
during carcinogenesis.

Key Words: Vitamin D; UVB; CYP27b1; 1,25(OH)2D; cancer prevention

1. INTRODUCTION

Although vitamin D is a nutrient whose functions are most closely linked to the con-
trol of calcium and bone metabolism (1), it is also proposed to have a variety of other
biological roles, including anti-cancer effects. The idea that high vitamin D status is
protective against cancer was proposed nearly 30 years ago when Garland and Gar-
land hypothesized that the North–South geographic gradient in colon cancer rates first
observed by Apperly (2) (high in North, low in South) was due to differences in the ultra-
violet B (UVB) light-induced production of vitamin D in the skin (3). This hypothesis
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was later extended to the protection of prostate cancer by Schwartz and Hulka who
hypothesized that vitamin D deficiency is an underlying factor for increased prostate
cancer risk due to advancing age, Black race, and northern latitudes (4). These are all
factors associated with decreased synthesis of vitamin D in the skin (5). Low UVB radi-
ation exposure has now been associated with greater risk of cancers of the prostate (6),
breast (7), lung (8), and at a variety of other sites (9). In addition, in Norwegian men
fatality for breast, colon, or prostate cancers was 30% lower in subjects when the cancer
was diagnosed in the summer/fall (10) when skin production and vitamin D status are
highest (11). These types of studies suggest that higher vitamin D status is a potentially
important and modifiable protective factor for a number of different cancers.

2. UNDERSTANDING VITAMIN D AND CANCER REQUIRES
AN OVERVIEW OF VITAMIN D BIOLOGY

To fully appreciate the UV–Vitamin D–cancer connection, it is important to review
our current understanding of vitamin metabolism and action.

2.1. Vitamin D Metabolism
In addition to vitamin D from the diet, vitamin D can be obtained by a nonenzy-

matic process in the skin from 7-dehydrocholesterol when skin is exposed to UV light
in the range of 290–315 nm (UVB) (Fig. 1). Regardless of whether vitamin D comes
from the skin or the diet, vitamin D is transported in the circulation by the vitamin D-
binding protein (DBP) (12). Vitamin D is rapidly converted to the more stable metabolite
25 hydroxyvitamin D (25OHD) in the liver by the enzyme, vitamin D-25-hydroxylase
(13). Serum 25OHD concentration is the best short-term indicator (1–2 month win-
dow) for vitamin D adequacy as its production reflects both absorption from the diet
and cutaneous synthesis (14). In the presence of adequate sunlight exposure there is no
dietary requirement for vitamin D. However, a dietary requirement for vitamin D exists
for people with highly pigmented skin, in those who cover their skin for religious or
health reasons, in institutionalized people, in homebound elderly, and in areas where
wintertime UVB irradiation is inadequate (e.g., the Northern part of the United States)
(14, 15).

There is considerable controversy as to what constitutes optimal vitamin D sta-
tus. While most accept that serum 25OHD levels < 25 nmol/l are deficient and lead
to rickets in growing children, some argue that serum 25OHD levels > 80 nmol/l
are necessary to optimize bone health and prevent other chronic diseases like cancer
(16). Thus, although serum 25OHD levels of 50–60 nmol/l are average values seen
in the United States, some researchers believe that they are inadequate for optimal
health.

25OHD is thought to have minimal biological activity; instead it must be further
metabolized. Studies on the hormonal response to changes in dietary calcium intake
reveal that the vitamin D metabolite, 1,25 dihydroxyvitamin D (1,25(OH)2 D), is the
active form of vitamin D (Fig. 2, right side); it is well established that this metabo-
lite regulates calcium homeostasis (17). In this scenario low calcium intake reduces
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Fig. 1. Classical view of vitamin D metabolism.

serum calcium, which then stimulates production and release of parathyroid hormone
(PTH) into the circulation. PTH can stimulate the renal enzyme, 25 hydroxyvitamin
D-1α hydroxylase (CYP27B1), that catalyzes the conversion of 25OHD to 1,25(OH)2
D (18, 19). The 1,25(OH)2 D produced by the kidney and released into the serum acts
on intestine, bone, and kidney to regulate calcium homeostasis through a mechanism
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Fig. 2. Endocrine and autocrine vitamin D signaling.

that requires the nuclear vitamin D receptor (VDR) (20–23). The vitamin D signaling
system is “fine tuned” within each target tissue through the 1,25(OH)2 D-mediated tran-
scription of the gene encoding another important enzyme, the 25 hydroxyvitamin D-24
hydroxylase (CYP24) (24). This enzyme catalyzes the first step in the metabolic inacti-
vation of 1,25(OH)2 D. Like low calcium intake, low vitamin D status (serum 25OHD
< 25 nmol/l) influences serum 1,25(OH)2 D level. In this case, the lack of substrate
(25OHD) limits 1,25(OH)2 D production (25, 26). However, when serum 25OHD is
within the normal range (40–90 nmol/l) it has no impact on serum 1,25(OH)2 D level
(25, 26).

2.2. Regulation of Gene Expression Through the Vitamin D Receptor (VDR)
It is well established that the primary molecular action of 1,25(OH)2 D is to initi-

ate gene transcription by binding to the vitamin D receptor (VDR), a member of the
steroid hormone receptor superfamily of ligand-activated transcription factors (20, 27).
The VDR has >500-fold higher affinity for 1,25(OH)2 D compared to 25OHD (28).
Figure 3 summarizes the molecular processes leading to 1,25(OH)2 D-mediated gene
transcription through the VDR.

The VDR is found in both the cytoplasm and the nucleus of vitamin D target cells.
Binding of 1,25(OH)2 D to the VDR in the cytoplasm promotes dimerization with the
retinoid X receptor (RXR) and subsequent migration of the RXR–VDR–ligand com-
plex to the nucleus (29–32). Once in the nucleus, the 1,25(OH)2 D–VDR–RXR complex
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Fig. 3. Summary of vitamin D-mediated gene transcription through the vitamin D receptor (VDR).

regulates gene transcription by interacting with specific DNA-binding sites (vitamin D
response elements, VDRE) in the promoters of vitamin D-responsive genes (20, 27). To
overcome the constraints imposed on transcription by higher order chromatin structure,
the VDR–RXR dimer recruits protein complexes with histone acetyl transferase (HAT)
activity [e.g., CBP/p300, SRC1 (33, 34)] as well as ATP-dependent remodeling activity
[e.g., the BAF57 subunit of SWI/SNF directly interacts with SRC1 and steroid hormone
receptors (35)]. The VDR–RXR dimer also recruits the mediator complex to the pro-
moter and utilizes it to recruit and activate the basal transcription unit containing RNA
polymerase II (36). Deletion of VDR from mice causes reductions in the expression of
vitamin D-responsive genes in traditional target tissues, such as the intestine, and severe
disruption of calcium and bone metabolism (21, 22).

2.3. VDR Gene Polymorphisms May Affect Vitamin D Action
Three major regions of polymorphism exist within the VDR gene that may account

for individual differences in vitamin D responsiveness (37, 38). First, there are three
restriction fragment length polymorphisms (RFLP) (BsmI, ApaI RFLPs in the intron
between exons 8 and 9; TaqI RFLP in exon 9) and one nucleotide repeat polymorphism
(a poly adenylate repeat in the 3′ UTR) in the 3′ end of the gene that are in linkage
disequilibrium (i.e., they are inherited as a block and are thought to provide the same
genetic information). These polymorphisms do not alter the coding of the VDR protein,
but the BAtS haplotype reflects nucleotide changes in that regions that may make the
VDR mRNAmore stable (39) and lead to production of more VDR protein. Presumably
this would lead to more robust responses to 1,25(OH)2 D. In addition, two polymor-
phisms have been identified in the VDR gene promoter that can disrupt the binding of
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the transcription factors Cdx2 or GATA to the promoter. Like the 3′ polymorphisms, the
Cdx2 and GATA polymorphisms are in linkage disequilibrium so it is difficult to sep-
arate their biological effects in human association studies. Theoretically, the disruption
of either the Cdx2 or the GATA-binding sites would also reduce the production of VDR
protein and reduce cellular responsiveness to 1,25(OH)2 D. However, it bears noting that
Cdx2 is an intestine-specific transcription factor (40) so the impact of polymorphisms
in this site may be limited to the biology of the enterocyte or the colonocyte. Finally,
the only known polymorphism that affects the sequence of the VDR protein is a start
site RFLP that can be determined with the enzyme FokI. This polymorphism disrupts
the translation start site of VDR (the F allele) and leads to the production of a VDR
that is shorter due to deletion of three amino acids from the N-terminus of the protein.
The shorter VDR is more transcriptionally active, perhaps due to increased interactions
of the VDR with TFIIB, an essential component of the basal transcription unit that
includes RNA polymerase II (41). Consistent with this, Colin et al. (42) showed that
peripheral blood mononuclear cells from subjects who were homozygous for the gene
polymorphism coding the shorter VDR (FF) were growth arrested by treatment with
1,25(OH)2 D to a greater extent than cells from subjects who carried the allele coding
the long VDR(ff).

2.4. 1,25(OH)2 D Rapidly Activates Signal Transduction Pathways
Independent of Its Role in Transcription

There is now compelling evidence that 1,25(OH)2 D induces signal transduction path-
ways within various cell types and that this action is distinct from the VDR-mediated
gene transcription processes described above. I have previously reviewed the history
of this field and interested readers are encouraged to read this review (43). However,
a brief summary of this work shows that 1,25(OH)2 D rapidly (within seconds and
minutes) stimulates events normally associated with the activation of membrane recep-
tors for growth factors and peptide hormones including: (1) phospholipase C (PLC)
and phospholipase D activity; (2) phosphoinositide turnover leading to the genera-
tion of the second messengers inositol 1,3,4-triphosphate (IP3) and 1,2-diacylglycerol
(DAG); (3) intracellular calcium by increasing calcium uptake and the release of
intracellular calcium stores; (4) adenylate cyclase activity to increase cAMP levels
and stimulate protein kinase A (PKA) activity; (5) calcium-dependent protein kinase
C (PKC) isoform activity (α, β, δ) and cellular redistribution; and (6) Jun-activated
kinase and extracellular response-activated kinase (ERK) mitogen-activated protein
kinase (MAPK) family activation (44–46). While early reports suggested that these
rapid actions depended upon the interaction of 1,25(OH)2 D with a unique membrane-
associated rapid response steroid-binding receptor (MARRS) (47), other data suggest
that the traditional VDR may also be mediating these rapid actions through associations
that occur at the plasma membrane (48). Collectively, these lines of evidence suggest
that viewing vitamin D biology through the prism of the traditional, nuclear receptor-
mediated transcriptional responses may be limited. However, since there are few studies
that directly link rapid, nongenomic actions of vitamin D to cancer, we will not explore
this question in detail for this review.
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3. EPIDEMIOLOGICAL STUDIES EXAMINING THE RELATIONSHIP
BETWEEN VITAMIN D AND CANCER

As noted in the introduction, epidemiological studies have shown that high UVB
exposure is associated with lower risk of a wide variety of cancers. From these obser-
vations, researchers have hypothesized a link between UVB exposure–vitamin D status
and cancer risk (3, 4). However, the relationship between vitamin D and cancer would
be more compelling if it could be made more directly, e.g., between dietary intake or
serum vitamin D metabolites and cancer-related outcomes.

While this goal is logical, there are some challenges to making direct links between
cancer and vitamin D in human populations that deserve mention before discussing the
research in this area. First, dietary intakes of vitamin D from food are generally low, and
in the United States, most of the vitamin D within the body originates from skin produc-
tion (49). As a result, it is not clear that a dietary evaluation will be informative unless it
includes supplemental vitamin D use, and even then, a considerable contribution to vita-
min D status from UVB exposure will be missing from the epidemiological association.
Related to this, a number of other confounding factors have been identified that should
be included as covariates in association studies due to their ability to influence skin vita-
min D production and status (e.g. age, skin tone, season) (50). Second, the assessment
of vitamin D metabolites in serum in population-based studies is difficult (51). Some
of these discrepancies result from analytical sources; until recently there was consid-
erable variability in the quality of assays to measure 25OHD (52) and this may have
confounded the interpretation of earlier association studies. Third, since the biological
half lives of vitamin D metabolites are relatively short, single measurements of 25OHD
(half-life = several weeks) or 1,25(OH)2 D (half-life = several hours) may not be rep-
resentative of either lifelong exposure or of exposure during critical periods of cancer
development. For example, some hypothesize that environmental exposures during the
periods of rapid prostate growth during fetal development or adolescence will influence
adult prostate cancer risk. Assessment of vitamin D status in the adult will not capture
the impact of vitamin D during these growth periods. Fourth, the relationship between
vitamin D and cancer may be modified by polymorphisms in genes whose protein prod-
ucts control vitamin D action or metabolism. Thus, the appearance of an association
may be population dependent. Finally, it is important to recognize that cancer is not a
uniform disease within a given tissue, much less across tissues. For example, the molec-
ular signature of distal colon cancer is characterized by a sequential accumulation of
mutations in the genes APC, K-Ras, SMAD4, and p53 [i.e., the Vogelstein model (53))
while the molecular signature of proximal colon cancer is characterized by mutations in
DNA mismatch repair genes (54). As a result, the nature of the disease may influence
our ability to see a relationship between vitamin D and cancer. Very few studies make
such fine distinctions based on the tumor characteristics.

The following paragraphs summarize the population-based studies relating vitamin D
intake or status to the three best-studied cancers (breast, colon, prostate). One study that
examined the effects of vitamin D status on the incidence and mortality from a number
of cancers bears noting at the beginning of this discussion. Using data from a subset of
1,095 men from the Health Professionals Follow-Up Study (HPFS), Giovannucci et al.
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(50) identified the factors contributing to plasma 25OHD levels and used six parameters
from this analysis to make a vitamin D status prediction index that was then indepen-
dently validated. They subsequently related this plasma 25OHD prediction index to the
incidence of 4,286 incident cancers and 2,025 deaths from cancer occurring in the HPFS
cohort between 1986 and 2000 (only organ-confined prostate cancer and nonmelanoma
skin cancer were excluded). They found an inverse association between an increment of
25 nmol/l in predicted plasma 25OHD and both cancer incidence and mortality that was
strongest for several major digestive cancers: colorectal (RR = 0.63), pancreatic (RR =
0.49), esophageal (RR = 0.37), and oral/pharyngeal (RR = 0.31) cancers. Suggestive
inverse relationships were seen for leukemia (RR = 0.44) and stomach cancer (RR =
0.58), while nonstatistically significant inverse relationships were seen for lung, renal,
non-Hodgkin lymphoma, and advanced prostate cancer incidence. While this study used
an indirect measure of vitamin D status, it overcomes the difficulty and cost of measur-
ing plasma 25OHD directly in large population trials and may have the advantage of
being less susceptible to the variability inherent in single sample measurements that
result from recent exposures.

3.1. Prostate Cancer
Two studies examining vitamin D intake and prostate cancer risk failed to find an

association (55, 56). However, several studies show that high dietary calcium intake
increases the risk of advanced prostate cancer (57–59); this increased risk would pre-
sumably result from the well-documented suppression of serum 1,25(OH)2 D levels
caused by high dietary calcium intake. Ahonen et al. (60) reported a 70% increase in
prostate cancer risk in Finnish men with 25OHD levels below the median, especially in
younger men (<52 years) who entered the study with low serum 25OHD (adjusted odds
ratio = 3.5). In contrast, others studied have not detected a relationship between predi-
agnostic serum vitamin D metabolites and prostate cancer risk (61, 62). More recently,
Ahn et al. (63) found no effect of vitamin D status on overall prostate cancer risk, but
saw a positive relationship between vitamin D status and aggressive prostate cancer in
a population of men with prevalent disease. However, 58% of the cases in this study
were diagnosed within the second year of follow-up suggesting the disease was preva-
lent before the start of the study. Other factors related to vitamin D signaling may better
reflect the complexity of mechanisms for vitamin D-mediated prostate cancer preven-
tion. Corder et al. (64) found that prostate cancer risk was decreased in men with higher
serum 1,25(OH)2D levels, especially if serum 25OHD levels were low. Similarly, Li
et al. (65) found that combined low serum 25OHD and 1,25(OH)2 D increased the risk
of aggressive prostate cancer, while low serum 25OHD in men with the ff genotype
of the FokI polymorphism in the VDR gene increased the risk of total and aggressive
prostate cancer.

3.2. Colon Cancer
The earliest study to evaluate the relationship between vitamin D intake and col-

orectal cancer risk study showed that total vitamin D intake was significantly inversely
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related to colon cancer risk (OR = 0.54, <106 vs. >917 IU/day, 203 male cases) (66).
More recent studies have shown similar protection against colorectal cancer in women
(OR = 0.88 for total vitamin D, <92 vs. >477 IU/day) and subjects in the Veterans
Administration health care system (per 100 IU intake, OR = 0.94) as well as for
distal colon adenoma in women (OR = 0.67, <137 vs. >601 IU/day) (67). Consis-
tent with this, serum 25OHD has been shown to be protective against colon cancer
in older women (threefold lower risk when serum 25OHD > 50 nmol/l) (68), rec-
tal cancer in Finish men (OR = 0.37, 146 cases, ≤24 vs. > 48 nmol/l) (69), cancer
of the distal colon and rectum in women older than 60-year-old (OR = 0.53, 193
cases, <37 vs. > 88 nmol/l) (70), and colon cancer independent of location (OR =
0.54, <35 vs. >92 nmol/l) (71), although there is some suggestion that the benefit in
terms of adenoma risk is limited to women (72). The benefit afforded by high vitamin
D status also appears to extend to a reduction in overall mortality (HR = 0.52, 304
cases) and colorectal cancer-specific mortality (HR = 0.61) in subjects with colorectal
cancer (73).

3.3. Breast Cancer
Mammographic breast density, a marker of breast cancer risk, in pre- and post-

menopausal women (OR = 0.24, <5 vs. >200 IU/day) (74) and in women with a strong
family history of breast cancer (OR = 0.5, <164 vs. >737 IU/day, n = 157 cases) (75)
was lower when vitamin D intake was high. Similarly, breast density showed a modest
seasonal variation (76) and density was lowest in women with the highest vitamin D
status (77). Protection from breast cancer has also been observed with high vitamin D
intake in premenopausal women (OR = 0.5–0.72) (78–80) and postmenopausal women
with estrogen receptor positive tumors (OR = 0.74) (81). Although one large case–
control study found that serum 25OHD has been inversely related to breast cancer risk
(OR = 0.31, <30 vs. >75 nmol/l), the effect has been weaker (OR = 0.74) (82), limited
to whites (83), or not present (84) in other reports. There is no firm consensus regarding
the impact of VDR polymorphisms on breast cancer risk. Some show that the “b” allele
of the BsmI RFLP (85–87) or 3′ UTR, long poly A repeat polymorphism (88), increases
breast cancer risk. In one study, women with low 25OHD coupled to the bb genotype
were 6.8 times more likely to have breast cancer than subjects with >50 nmol 25OHD/l
in plasma and carrying the “B” allele.

3.4. Summary of Population-Based Studies
Although there is some inconsistency in the literature, the majority of the population-

based data support a hypothesis that high vitamin D status or intake over a lifetime
is protective against prostate, colon, and breast cancers. The data supporting this link
are strongest for the colon, moderate for the breast, and weakest for the prostate. The
impact of VDR polymorphisms on cancer risk in these tissues is not uniform and
results from these studies are often inconsistent. However, there is some suggestion that
vitamin D status and VDR polymorphisms interact to influence breast and prostate
cancer risk.
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3.5. The Paradox of Protection from Cancer by Higher Vitamin D Status
While 1,25(OH)2 D is the most biologically active metabolite of vitamin D and binds

to the VDR 1,000 times more avidly than 25OHD, it is the serum 25OHD level that usu-
ally associates with cancer risk in epidemiologic trials (50). This observation suggests
that there is a benefit to high vitamin D status that is independent of its renal conversion
to 1,25(OH)2D and the appearance of 1,25(OH)2D in the serum.

The hypothesis to explain the paradox of cancer protection by high serum 25OHD
levels is that there is local production of 1,25(OH)2 D mediated by extra-renal expres-
sion of the enzyme CYP27B1 in nonclassical vitamin D target tissues like the prostate,
breast, and colon (Fig. 2, left side). In addition to the high CYP27B1 level seen in
kidney, low CYP27B1 protein and message levels have been reported in other tissues
(89) including mammary epithelial cells (90), prostate epithelial cells (91–93), mouse
prostate (94), and colonocytes (95, 96). This “local production” hypothesis is consis-
tent with studies showing that the CYP27B1 is substrate starved (the enzyme operates
well below its Km and thus is sensitive to increased substrate availability (97)) and with
studies showing that CYP27B1 expression and activity correlate well with the ability
of prostate cell lines (primary and cancer) to arrest growth in response to 25OHD treat-
ment (91–93). While these observations support the plausibility of the “local produc-
tion” hypothesis, definitive proof identifying increased local conversion in vivo and the
value of local CYP27B1 expression in animal models is currently lacking.

4. ANTI-CANCER ACTIONS OF VITAMIN D: CELL AND MOLECULAR
STUDIES

Cancer is a complex and heterogeneous disease that is characterized by the accumu-
lation of mutations in genes that control cellular processes such as cell proliferation,
differentiation, apoptosis, cell migration, and DNA repair. This model of sequential
acquired mutation is best characterized for the cancer of the distal colon where muta-
tions in four specific genes accumulate as the colon cancer moves through the stages
of initiation, promotion, and progression, i.e., APC loss of function, k-ras activation,
SMAD loss of function, and p53 loss of function (53). However, such a well-described
course of events does not define cancers of the proximal colon where mutations in genes
encoding mismatch repair enzymes are more common (54). In other types of cancer, the
molecular etiology is even less clear. As a result, researchers interested in cancer pre-
ventions should appreciate that what one learns in one form of cancer may not apply to
another. In addition, since the cancer cell changes dramatically from the initiation steps
through to the development of tumor or the metastasis of tumor cells to other tissues,
the impact of an agent on cancer cells may also be stage-specific dependent (see below).

With this in mind, the traditional thinking has been that the target cells for the
anti-cancer action of vitamin D are tumor cells and the normal cell types within tis-
sues that transform into tumor cells. The best-studied noncalcium regulatory effects of
1,25(OH)2 D is the growth arrest of proliferating epithelial cells from the skin, breast,
colon, and prostate. This phenomenon was first reported by Colston et al., who showed
a dose-dependent decrease in growth rate of melanoma cells treated with 1,25(OH)2
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D (98). Growth inhibitory properties of 1,25(OH)2 D were subsequently reported for
tumor-derived cells from the colon (99), breast (100), and prostate (101). Others have
reported that 1,25(OH)2 D influences apoptosis; however, this effect is not uniformly
observed. For example, while MCF-7 breast cancer cells (102) and a variety of colon
cancer cell lines (103) become apoptotic after 1,25(OH)2 D treatment, the prostate can-
cer cell line LNCaP does not (104) even though 1,25(OH)2 D treatment causes LNCaP
cell growth arrest.

Most cell-based vitamin D research has focused on the impact of 1,25(OH)2 D on
normal or cancer-derived prostate epithelial cells, but there is evidence that other cells
within the tissue or tumor microenvironment may also be vitamin D targets. For exam-
ple, communication between the epithelial cells and the stromal cells surrounding them
is emerging as critical for the progression of prostate cancer (105). Lou et al. (106) have
reported that 1,25(OH)2 D can suppress the growth of prostate stromal cell lines in vitro
but is not clear if this is relevant in vivo or if it alters stromal–epithelial cell communica-
tion. Similarly, the recent observations that inflammation is a critical part of carcinogen-
esis in many organs, including the prostate (107, 108), suggest that the immune system
is an important target for inhibiting prostate carcinogenesis. Using data from a variety of
disease states, 1,25(OH)2D modulates the number or activity of many types of immune
cells (109). In general, 1,25(OH)2D promotes immunotolerence and immunosuppres-
sion by altering dendritic cell differentiation and the function of tolerogenic dendritic
cells (110), suppressing NFkβ signaling necessary for T helper cell activation (111),
and increasing the activity of regulatory T cells necessary for immunosuppression (112).
These actions would be expected to protect tissues from pro-inflammatory stresses that
promote carcinogenesis. However, the interaction between vitamin D, inflammation, and
cancer has not been critically tested.

4.1. Potential Gene Targets Mediating the Anti-cancer Effects of Vitamin D
The VDR-regulated genes that may impede carcinogenesis are not known with cer-

tainty, yet some clues exist. Consistent with the strong antiproliferative effects that
1,25(OH)2 D has on cells, 1,25(OH)2 D directly regulates the gene encoding the cyclin-
dependent kinase inhibitor p21 in U937 monocytic cells (113) and 1,25(OH)2 D-induced
prostate epithelial cell growth is blocked by antisense RNA or siRNA against p21 (114,
115). However, Zhuang et al. (104) found increased p21 protein but not mRNA in
1,25(OH)2 D-treated LNCaP cells, suggesting the effect on p21 is not mediated directly
at the promoter level. Consistent with these data, 1,25(OH)2 D treatment increased IGF-
binding protein 3 (IGFBP-3) gene expression, which then increased prostatic p21 level
indirectly by suppressing IGF-1 signaling (116) [IGF1 signaling has been proposed to
play a significant stimulatory role in prostate carcinogenesis (117)]. Several other groups
have shown that 1,25(OH)2 D and vitamin D analogs induce production of IGFBP3 in
prostate cancer cells and primary prostate epithelial cells (118, 119) through a direct
effect mediated by VDR binding to VDREs in the IGFBP3 gene promoter (120).

Recently, an alternate hypothesis has emerged to account for vitamin D-mediated
growth arrest, i.e., disruption of β-catenin transcriptional activity that is the downstream
mediator of the pro-proliferative effects of Wnt signaling. Under normal conditions,
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β-catenin is held in the cytoplasm of cells by the protein APC. The release of β-catenin
from APC permits its translocation to the nucleus where it then partners with TCF4
to stimulate the transcription of genes whose protein products control cell cycle [e.g.,
c-myc, cyclin D1, PPARδ (121)]. Palmer et al. (122) found that 1,25(OH)2 D treatment
induced the translocation of β-catenin away from the nucleus to the membrane result-
ing in reduced expression of c-myc and other genes regulated by the β-catenin/TCF
transcriptional complex in SW480 colon cancer cells. Shah et al. later showed that the
AF-2 domain of the VDR can interact directly with the C-terminal end of β-catenin
and that this interaction is unrelated to the traditional transcriptional effects of VDR
(123). The VDR–β-catenin interaction also may account for the inhibitory effects that
1,25(OH)2 D treatment exerts on the expression of dickkopf-4, a Wnt regulator that
enhances cell migration and whose expression is increased in human colon cancer (124).
In addition, 1,25(OH)2 D treatment can also enhance expression of the Wnt antago-
nist dickkopf-1, although this effect is thought to be indirect and mediated through the
1,25(OH)2 D-mediated induction of E-cadherin (125). Although it has not been defini-
tively proven, the ability of 1,25(OH)2 D to interfere with β-catenin action through a
VDR-mediated mechanism suggests that vitamin D may be an effective countermeasure
to the loss of APC function that occurs in the early stage of distal colon cancer.

DNAmicroarrays have been used in 14 studies to identify the transcript-level changes
relevant to vitamin D and cancer using normal or transformed cells of the prostate
(126–129), breast (130–133), colon (134), and ovary (135). However, the most complete
genomic profiling of vitamin D action has been reported in squamous cell carcinoma
(SCC) cell lines (136–139). These studies show that 1,25(OH)2 D treatment influ-
ences more cellular processes than cell cycle arrest including the up-regulation of DNA
repair systems (gadd45α, p53 target genes), modulation of signal transduction path-
ways (e.g., amphiregulin, AP-4, STAT3, and fra-1), cell adhesion proteins (e.g., integrin
α7B, E-cadherin), and protection from pro-oxidative stress (e.g., thioredoxin reductase,
VDUP1). Although only a small number of differentially expressed transcripts have
been reported for 1,25(OH)2 D-treated prostate cells using microarrays, these include
genes encoding proteins that modulate prostaglandin synthesis (COX-2), metabolism
(15-prostaglandin dehydrogenase), and action (the prostaglandin receptors EP2 and FP)
and suggest that vitamin D suppresses the pro-inflammatory prostaglandin signaling
pathway (126, 140). In addition, other research has shown that 1,25(OH)2 D is anti-
angiogenic and that this may be caused by disruption of HIF-1-mediated transcription
that activates angiogenesis through VEGF (141). Collectively, these data reveal that the
biological impact of 1,25(OH)2 D extends beyond the simple modulation of cell cycle
(see Fig. 4 for summary).

4.2. 1,25(OH)2 D Action May Not Be Uniform Across All Stages of Cancer
(from Normal Tissue to Metastatic Tumors)

Although we generally focus on the impact that vitamin D has on the development
of cancer, in terms of prevention it is just as important to understand the impact that
cancer has on vitamin D action. For example, Matusiak et al. (142) found that VDR
protein level declines as a function of colon tumor dedifferentiation. This suggests
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Fig. 4. Summary of putative molecular targets mediating vitamin D action in cancer prevention.

that the development of colon cancer may lead to lower responses to 1,25(OH)2 D.
This is consistent with evidence that activated Ras, a common mutation in many can-
cers including colon cancer, can impair vitamin D transcriptional activity. For exam-
ple, H-Ras transformation has also been shown to reduce VDR levels in HC-11 mam-
mary cells (143). In addition, H-Ras-transformed kerotinocytes (144) have reduced
VDR transcriptional activity due to phosphorylation of the VDR heterodimeric part-
ner RXRα at serine 260 and disruption of co-activator recruitment to the VDR–RXR
heterodimer (145).

Another way that cancer can influence the effects of 1,25(OH)2 D is by influ-
encing its metabolism. Several groups have shown that CYP27b1 activity, and the
ability to produce 1,25(OH)2 D locally, is lost as cancer develops. Hsu (91) found
that CYP27b1 was present in normal prostate epithelial cells but that its activity was
reduced in cells isolated from subjects with benign prostatic hypertrophy and nearly
absent in cells from subjects with prostate cancer. As a result, while normal prostate
epithelial cells could respond to treatment with 25OH D by growth arresting, prostate
cancer cells with low CYP27b1 expression could not. This observation was confirmed
by Chen et al. (92) who also showed that transgenic expression of CYP27b1 restored
the growth inhibitory response to 25OH D in LNCaP prostate cancer cells that normally
have low CYP27b1 activity. CYP27B1 expression is also absent in metastases from
colon tumors in humans (96). However, cancer-associated reductions in CYP27b1 levels
are not uniformly observed for all cancers. Friedrich et al. (146) found that CYP27b1
was present in normal breast tissue, but its levels were actually higher in malignant
breast tissue.

Some have also hypothesized that the enzyme responsible for the degradation of
vitamin Dmetabolites, the 25 hydroxyvitamin D-24 hydroxylase (CYP24), is influenced
by cancer. CYP24 was identified as a putative oncogene because the CYP24 gene was
amplified in breast tumors (147). Consistent with this observation, Anderson et al. (148)
reported that CYP24 mRNA expression was increased in colorectal cancer as compared
to adjacent normal tissue. Matusiak and Benya (149) subsequently found that CYP24
protein was present in the nuclei of normal tissue, increased in aberrant crypt foci and
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polyps, and finally shifted to the cytoplasm in tumors and metastatic colon cancer. This
suggests that increased 1,25(OH)2 D metabolism may be a feature of advanced cancer.

The overall impact of these changes to vitamin D metabolism and signaling
would affect cancer prevention in two ways. First, the protection provided by high
vitamin D status will depend upon the level of CYP27b1 in the developing tumor;
if CYP27b1 activity is lost, so will the protection due to high vitamin D status. Sec-
ond, when CYP24 activity is elevated and/or VDR level or signaling is reduced, higher
cellular levels of 1,25(OH)2 D will be needed to influence the biology of the cancer
cell. It is unclear whether this is possible through local production of the hormone and
increases in serum 1,25(OH)2 D levels are likely to have a negative impact on calcium
metabolism. Hypercalcemia associated with 1,25(OH)2 D treatment has been a major
motivation to produce vitamin D analogs that separate the calcemic and noncalcemic
effects of 1,25(OH)2 D. However, vitamin D analog effectiveness may be limited if a
cancer leads to reduced VDR expression. Figure 5 summarizes the putative effects of
cancer on vitamin D signaling.

Fig. 5. A summary of the molecular impact of cancer on vitamin D metabolism. (a) 1,5(OH)2 D
transcriptional activity is dependent upon the balance between production and degradation. (b) Impact
of cancer development on the expression and activity of proteins that mediate vitamin D metabolism
(CYP27B1, CYP24) and signaling (VDR, RXRα).

5. ANTI-CANCER EFFECTS OF VITAMIN D: ANIMAL STUDIES

There are several types of questions that can be asked related to vitamin D and cancer
in animal models. First, one can examine the impact of vitamin D status or vitamin D
signaling in normal tissues. The information from these studies is relevant to the ques-
tion of whether the normal biology of a healthy tissue is dependent upon vitamin D
or its metabolites. Second, one can use an animal model for a tissue-specific cancer to
evaluate the impact of vitamin D status on the progression or promotion of tumor devel-
opment. These models can also be used to assess the therapeutic potential of vitamin D
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analogs as drugs. The challenge with both of these scenarios is to accurately assess how
well the animal model reflects human biology and carcinogenesis. Readers interested in
the relative merits of various models should look elsewhere for a detailed discussion of
this topic. However, several points bear noting (1) the molecular basis for most chemi-
cally induced cancer models is unknown and so it is not clear how when they mimic the
molecular etiology of human cancer; (2) the cancer phenotypes observed in genetically
modified mouse models vary dramatically, and consequently, some models may only be
useful as late-stage or aggressive cancer models (e.g., TRAMP model for prostate can-
cer), while others with a mild phenotype may only be useful as early-stage models (e.g.,
PTEN+/− model for prostate cancer); (3) genetically modified mice have very specific
cancer phenotypes, and therefore, they may only model a subset of the cancers found
in a specific tissue (e.g., APC min mouse is a model for distal but not proximal colon
cancer); and (4) many cancer models develop cancer in multiple tissues and thus results
may not be representative (e.g., APC min mice develop most of their tumors in the small
intestine but they are often used as a model of colon cancer even though the phenotype
there is very mild). However, new models are being created each year and these often
overcome the limitations of earlier models.

A number of studies exist that suggest vitamin D has a role in the normal physiology
of the colon, breast, and prostate. This concept was originally developed in a study by
Xue et al. (150) and the studies by this group were recently reviewed (151). This group
showed that feeding a “Western diet” containing high fat (20% by weight vs. 5%), low
calcium (0.05% vs. 0.5%), and low vitamin D (110 IU/kg vs. 1,000 IU/kg) for 9 weeks
to C57BL/6 mice from weaning increased the epithelial cell-labeling index (by BrdU
labeling) in the pancreas, dorsal lobe of the prostate, terminal ducts of the mammary
gland, and the colon. Longer (18 months) feeding studies also revealed colon tumors
may develop without the need for carcinogen exposure in the “Western diet”-fed mice.
While these phenotypes can be reversed by increasing both the calcium (0.7%) and the
vitamin D (2,400 IU/kg) levels of the diet, these studies do not speak specifically to the
independent role that vitamin D may play in carcinogenesis.

Other studies supporting a role for vitamin D in normal tissue biology come from
the VDR knockout mouse. There are more proliferating cells in the descending colon
of VDR knockout mice and many of these proliferating cells are outside the normal
proliferating cell zone in the bottom of the colonic crypt (152). The descending colon
of the VDR knockout mouse also has higher levels of 8-hydroxy-2′deoxyguanosine, a
marker of oxidative stress that suggests the DNA in colonocytes from VDR null mice
may be more susceptible to mutation. VDR knockout mice have hyperproliferation in
the ductal epithelial cells of the mammary gland leading to accelerated mammary gland
development during pregnancy and they also exhibit delayed postlactation involution
suggesting defects in apoptosis in the absence of VDR-mediated signaling (153). While
no evidence yet exists on the impact of VDR deletion on cancer development in the
colon or prostate, MMTV-neu mice with only one active VDR allele have a shorter
latency and increased incidence of mammary tumor formation (153).

Few studies have been conducted to evaluate the impact of nutritional vitamin D or
vitamin D status on cancer in animal models. Our recent report on the impact of dietary
vitamin D intake on serum 25OHD levels in rats and mice shows that “optimal” serum
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levels of 25OHD are achieved at dietary vitamin D levels of 200–400 IU/kg diet, and
dietary levels of 50 IU/kg or less cause early signs of vitamin D deficiency (25). Several
groups have demonstrated that complete vitamin D deficiency has a negative impact on
tumor growth or burden in colon cancer models (154–156), but severe vitamin D defi-
ciency is not common in humans. Using higher dietary vitamin D3 levels between 250
and 10,000 IU/kg diet, Comer et al. (157) found that dietary vitamin D had no impact on
dimethylhydrazine (DMH)-induced colon tumor incidence or colonocyte proliferation
in Fisher 344 mice. However, Beaty et al. (158) found that a diet with 4,000 IU vitamin
D/kg reduced the crypt cell proliferation index (compared to a 1,000 IU/kg diet) and
the combination of 1.5% dietary calcium and 4,000 IU vitamin D/kg diet reduced tumor
number and incidence by 45% in the rat DMH-induced colon cancer model. Given the
documented benefits of high dietary calcium on colon cancer, it is not clear from this
study that dietary vitamin D exerts an independent effect on colon cancer. Finally, UVB
exposure (6 week, 10 min 3× per week) was able to increase serum 25OHD levels in
mice by 80% and this reduced tumor size and tumor cell growth in mice with mammary
tumor cell xenographs (159). The UVB exposure was also associated with increased
skin cell proliferation and epidermal thickening, but it is not yet clear if using diet to
raise serum 25OHD to a similar extent would reduce tumor endpoints.

In contrast to the limited number of animal experiments examining the impact of
vitamin D intake or status on cancer, many studies are available where animals have
been treated with the active vitamin D hormone (1,25(OH)2 D) or with vitamin D
analogs. Many of the studies that treat animals with 1,25(OH)2 D are confounded by
the effect that the hormone has on serum calcium. For example, daily treatment with
1,25(OH)2 D (2 μg/d, 3 week) can significantly reduce prostate weight in mice. How-
ever, this effect is accompanied by severe hypercalcemia (16.4 vs. 9.7 mg/dl) and weight
loss making it difficult to attribute the prostate effects to the vitamin D hormone. Simi-
lar confounded results have been reported for rats implanted with the Dunning prostate
tumor (160), LNCaP prostate cancer cell xenographs (161), and in the APC min mouse
model of colon cancer (162). However, by using vitamin D analogs designed to elim-
inate the side effect of hypercalcemia, one can get a clearer picture of the therapeu-
tic potential of vitamin D against cancer. The use of the analog 1 alpha hydroxy-24-
ethylcholesterol D5 can reduce both the incidence (by 50–80% depending upon dose)
and number of N-methyl-N-nitrosourea (NMU)-induced mammary tumors in rats. In a
dimethylbenz(a)anthracene (DMBA)-induced model of breast cancer this analog influ-
ences the promotion but not the initiation phase of cancer (163). Other analogs have
inhibited LNCaP xenograph tumor growth in mice (164), reduced normal cell prolif-
eration while enhancing programmed cell death in the rat prostate (165), reduced the
formation of DMH-induced formation of aberrant crypt foci in colon, and reduced the
number of large and small colon tumors in rats (166). Vitamin D analogs have also been
shown to limit the early precancerous lesions and suppress pro-inflammatory events
associated with azoxymethane and dextran sulfate sodium treatment (167) as well as the
recruitment of immune cells in a mouse model of autoimmune prostatitis (168). Taken
together, these data demonstrate that vitamin D analogs can activate vitamin D signaling
pathways that reduce both early and late events associated with carcinogenesis in animal
models.
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6. HUMAN INTERVENTION STUDIES

Very few intervention studies have been conducted in the area of vitamin D and
cancer. In addition, the development of effective vitamin D interventions for can-
cer prevention or treatment may be limited by the changes in vitamin D metabolism
and signaling that have been documented to occur during carcinogenesis (see section
above).

To date most intervention studies have used the active hormonal form of
vitamin D, 1,25(OH)2 D, or analogs based on this structure, as treatments for estab-
lished cancer. The major barrier to this intervention is that 1,25(OH)2 D strongly stimu-
lates the calcium regulatory machinery and leads to hypercalcemia that may cause mus-
cle, cardiac, and neural dysfunction (169). To overcome these side effects, researchers
have developed unique dosing strategies for 1,25(OH)2 D or created vitamin D analogs
that have growth inhibitory properties but which do not influence calcium metabolism
(i.e., noncalcemic analogs). Alternate dosing strategies (e.g., treatment holidays rather
than daily doses) lead to periods where the patient has normal serum calcium levels.
Phase 1 and 2 clinical trials suggested this approach could help men with androgen-
independent prostate cancer in combination with docetaxel chemotherapy (170, 171).
Unfortunately the phase I clinical trial with this treatment regime was terminated early
due to an increase in unexplained deaths in the treatment group (ASCENT-2 trial data
not yet published). Vitamin D analog therapy has not yet reached the clinic either,
largely due to the inability to completely separate the calcemic and anti-cancer actions of
1,25(OH)2 D. This is likely due to the fact that both calcium metabolism and cancer are
regulated by the same VDR. Isolating these effects may be difficult since we know very
little of the details by which vitamin D is delivered to, and influences, the cancer cell.
Readers interested in vitamin D analogs should refer to one of the many reviews on this
subject (172–174).

In terms of nutritional vitamin D, the largest study to date was the Women’s Health
Initiative (175). Over 36,000 women were randomized to a combined vitamin D
(400 IU/day) and calcium (1,000 mg/day) treatment or placebo group and followed for
an average of 7 years. The incidence of pathologically confirmed colorectal cancer was
a secondary outcome for this study. Although the baseline levels of serum 25OHD in a
subset of these subjects (n= 623) showed a significant effect of prediagnostic vitamin D
status on colorectal cancer risk (2.53-fold increase in risk when serum 25OHD was
<31 nmol/l vs. a reference group with serum 25OHD > 58.4 nmol/l), the combined
treatment had no impact on the development of colorectal cancer in the intervention
arm of the study. This study has been criticized for several reasons including the short
duration of follow-up, the low dose of vitamin D used (leading to only a 28% increase
in serum 25OH D levels in the intervention group), the low compliance rate for subjects
(only 59% took 80% or more of their treatment), and a high rate of nonstudy supplied
supplement use (69% of all subjects took a personal calcium supplement). However,
a recent reanalysis of the WHI data revealed that in women randomized to concurrent
estrogen therapy, the calcium plus vitamin D intervention was protective only in women
who did not receive the estrogen intervention (OR = 0.71, p-value for estrogen ×
calcium/vitamin D supplement = 0.018) (176).
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Another recent calcium and vitamin D intervention study also looked at cancer inci-
dence as a secondary endpoint (177). One thousand one hundred and seventy nine
women (>55 years) received one of three treatments, calcium (1,400–1,500 mg/d,
n= 416), calcium plus vitamin D3 (1,100 IU vitamin D3, n= 403), or placebo (n= 266)
for 4 years and the incidence of all cancers between years 2 and 4 was recorded. While
the number of cancers was small (41 cases), the relative risk for cancer in the vitamin D
plus calcium group (but not the calcium only group) was significantly reduced (RR =
0.23). The average serum 25OH D level was high in this study group (72 ± 20 nmol/l),
but the vitamin D intervention increased serum 25OHD by 35%.

Finally, Woo et al. (178) recently examined the impact of a 2,000 IU supplementa-
tion with vitamin D3 on the rise in prostate-specific antigen (PSA) in 15 men whose
treatment for prostate cancer had failed and who had rising PSA levels in the absence
of symptoms. Fourteen of the 15 men had a prolonged doubling time for the rise in
PSA and the mean doubling time for the study group rose from 14.3 to 25 mo. In nine
subjects, the rise in PSA stopped or regressed. This suggests that optimizing vitamin D
status may slow the progression of established prostate cancer.

7. TOTALITY OF THE EVIDENCE

At this point there is strong evidence from cell-based studies in support of the hypoth-
esis that vitamin D metabolites have anti-cancer actions. At the population level, the
strongest evidence is indirect – the incidence of many cancers is lower when UVB
exposure indices are high. Direct relationships between high vitamin D status and low
cancer risk are strongest for the colon and weaker for the breast and prostate. Neverthe-
less, these data are generally supportive of an inverse relationship between vitamin D
status and cancer risk. Animal models generally support these observations, but most of
the work in animals has been done using vitamin D analogs and models that are best
for testing chemotherapeutic rather than chemopreventative agents. A critical missing
link in all of these studies is that they do not allow us to state whether the relationship
between vitamin D and cancer is resulting from a condition of deficiency (i.e., serum
25OHD levels <40 nmol/l) or due to raising vitamin D status to the proposed “optimal”
levels (>80 nmol 25OHD/l). It is my opinion that totality of the evidence is supportive
of a relationship, but that this evidence has not yet reached the level of certainty neces-
sary to define public health messages regarding either a target vitamin D status level or
a vitamin D supplementation level.

8. FUTURE RESEARCH DIRECTIONS

We have made remarkable progress in understanding the relationship between vita-
min D status and cancer risk but many more questions remain. While it is impossible
to identify all of the research questions relevant to the future of vitamin D and cancer
research, I will attempt to identify a few interesting issues in the following passage.

From the mechanistic perspective, we need to determine the molecular targets of vita-
min D action as well as translate these findings to preclinical models and patient pop-
ulations. This includes a careful evaluation of the cellular targets of vitamin D action
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(e.g., is vitamin D-mediated immunosuppression important for cancer prevention?) as
well as the gene targets regulated by vitamin D through the VDR. Regarding the gene
targets, we currently have insight into what these targets may be from cell culture stud-
ies. However, we do not know if the targets that seem relevant for one cancer type
(e.g., disruption of β-catenin signaling in colonocytes) are relevant to other cancers nor
do we know whether the gene targets identified in cultured cells with high levels of
1,25(OH)2 D treatment are relevant in vivo. Similarly, we have insight from cell culture
studies suggesting certain oncogenic gene mutations may limit vitamin D action and
the utility of both nutritional vitamin D and vitamin D analogs as therapeutic agents.
As we gain more insight into the molecular etiologies of various cancers, we need to
incorporate this information into our cell, animal, and population-based work on the
vitamin D–cancer connection. For example, while early case–control studies lumped
cancers of the proximal colon, distal colon, and rectum together, we now understand that
the molecular nature of these cancers make them distinct diseases that may be influenced
differently by vitamin D (e.g., only distal colon cancer may be limited by Ras-activating
mutations that blunt VDR-dependent gene transcription). Future population-based asso-
ciation studies need to use larger populations and incorporate clinical and molecular
diagnostic information into their analysis.

Unlike the early days of vitamin D research, when the symptoms of deficiency would
develop quickly and the benefits of intervention could be rapidly observed, cancer is a
slow developing disease. For this reason, many of the questions related to early preven-
tion and later therapeutic benefits will be impossible to address in human populations
(e.g., a lifelong intervention project would be prohibitively expensive). For this reason,
the use of mouse models that have been genetically manipulated to mimic various types
and stages of human cancer will be necessary to adequately test the value of altering
vitamin D status for cancer prevention and treatment. This will also be necessary to link
the mechanistic cell-based studies to the complex, multicellular environment of whole
tissues and tumors.

9. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

There are strong links between the molecular actions of vitamin D and cancer biol-
ogy, as well as between indicators of vitamin D status and cancer risk. Unfortunately,
careful studies directly defining the levels of vitamin D intake for cancer prevention and
treatment are limited. As a result, it is premature to define uniform recommendations
that will ensure prevention of all cancers in all individuals and will also have benefits
at all stages of carcinogenesis. However, it is clear that many people have vitamin D
status that is low by traditional standards (e.g., 10–15% of Caucasians and 30–40% of
African-Americans have serum 25OHD levels less than 37.5 nmol/l) (179, 180) and
these individuals would benefit from increased vitamin D intake. In addition, there is
growing data to suggest that increasing vitamin D status beyond the US national aver-
age (i.e., to serum 25OHD >80 nmol/l) has a benefit to traditional (16) and cancer (50)
endpoints. Few natural food sources are high in vitamin D (e.g., fatty fish and vitamin
D-supplemented dairy products) and the current consensus is that individuals cannot
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easily meet their vitamin D needs by diet alone, especially when they need to raise
their vitamin D status dramatically when they have documented low vitamin D status
or if one is trying to reach the proposed optimal serum 25OH D levels (>80 nmol/l).
Thus, supplementation has been recommended as the most efficient means to raise or
maintain high vitamin D status. Nevertheless, the response of serum 25OHD level to
supplemental vitamin D intake is influenced by a subject’s baseline vitamin D status
(i.e., larger serum response to supplemental vitamin D in subjects with low vitamin D
status). Based on current evidence on the impact of supplemental vitamin D3 on serum
25OHD levels, the average American would benefit from a supplement of 800–1,000 IU
vitamin D3 per day. Individuals with low initial vitamin D status may need substantially
more vitamin D (>2,000 IU vitamin D3 per day), but would be advised to do this under
the supervision of a physician. There is some controversy regarding whether the supple-
ments should be vitamin D3 or vitamin D2 (13, 181); vitamin D2 is traditionally used in
US supplements and can increase serum 25OHD levels, but some believe that the form
naturally produced in humans, vitamin D3, should be used. Many multivitamin and min-
eral supplements are now including 800 IU vitamin D2 in their formulations. For those
wishing to supplement with more vitamin D, a dedicated vitamin D supplement should
be used. For normal, healthy individuals, high vitamin D intake (up to 10,000 IU/day
for 3 months) is safe (182). However, the safety of vitamin D supplements in patients
with cancer or groups with challenges to calcium homeostasis (i.e., people with renal
insufficiency) has not been assessed. These groups should be cautious supplementing at
levels greater than 1,000 IU per day until further evidence becomes available.
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Key Points

1. Folate is a generic descriptor for a water-soluble B-complex vitamin that functions in one-carbon
transfer reactions and exists in multiple chemical forms. Most naturally occurring folates are poly-
glutamated forms, which enable their retention in the cell. However, folic acid is the most oxidized
and stable form of folate, rarely found in food, yet used commonly in vitamin supplements and
fortified foods.

2. The nutrient folate is a B vitamin that provides methyl groups for one-carbon transfer reactions,
including those supporting the synthesis of nucleotides and methylation reactions. A higher folate
status has been consistently associated with decreased cancers risks of the colorectum, esophagus,
and possibly pancreas. A decreased breast cancer risk with higher folate intakes among alcohol
consumers has also been suggested.

3. Folate is also important for the synthesis of S-adenosylmethionine (SAM), the universal donor of
methyl groups necessary for DNA methylation. Together with changes in the histone code, DNA
methylation is an important epigenetic mode of gene silencing.

4. Recently, two trials involving the prevention of recurring colorectal polyps have proven that folic
acid and aspirin administration did not prevent the recurrence of colorectal adenomas. Conversely,
animal studies have proven an inverse relationship between folate deficiency and increased colorec-
tal cancer. The unexpected results of the human prevention trials were interpreted in light of the
accumulating evidence from the animal studies.

5. Results from a simulation investigating a dual role of folate in carcinogens conducted by Luebeck
et al. indicate that the effects of folate on colon carcinogenesis are age- and dose-dependent, with
predominantly increased risk if the amount of folate given were to increase cellular replication rates
by 20%. However, a lack of quantitative estimates of the response of tissues or cancer precursors to
folate or folic acid supplementation limits this modeling.
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1. INTRODUCTION

1.1. What Is Folate?
Folate is a generic descriptor for a water-soluble B-complex vitamin that functions

in one-carbon transfer reactions and exists in multiple chemical forms. Most naturally
occurring folates are polyglutamated, which enables their retention in the cell. Folic
acid is the most oxidized and stable form of folate, rarely found in food, yet used com-
monly in vitamin supplements and fortified foods (1). Folic acid has about 1.7-fold
greater bioavailability than naturally occurring folates, which has led to the designation
of “dietary folate equivalents” (or DFE) for combined analyses (2). Folate is essential
for transferring single-carbon units in critical biochemical reactions such as the biosyn-
thesis of methionine, thymidylate, purines, and glycine, and in the metabolism of ser-
ine, formate, and histidine. Figure 1 illustrates the principal reactions of folate-mediated

Fig. 1. Overview of folate-mediated one-carbon metabolism (simplified), links to methylation reac-
tions, and nucleotide synthesis. Modified with permission from Ulrich, Robien and McLeod (3).
THF = tetrahydrofolate; DHF = dihydrofolate; RFC = reduced folate carrier; hFR = human
folate receptor; MTHFR = 5,10-methylenetetrahydrofolate reductase; DHFR = dihydrofolate reduc-
tase; GART = glycinamide ribonucleotide transformylase; AICARFT = 5-amino-imidazole-4-
carboxamide ribonucleotide transformylase; AICAR = 5-aminoimidazole-4-carboxamide ribonu-
cleotide; GAR = glycinamide ribonucleotide; SAM (AdoMet) = S-adenosylmethionine; SAH (Ado-
Hcy) = S-adenosylhomocysteine; dUMP = deoxyuridine monophosphate; dTMP = deoxythymidine
monophosphate; MS = methionine synthase; TS = thymidylate synthase; MT = methyltransferases;
X = a variety of substrates for methylation.
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one-carbon metabolism (FOCM) in the cytosol, as well as major transport mechanisms.
However, additional components of FOCM can be found in the mitochondria as well as
possibly the nucleus (4, 5).

2. BIOLOGIC MECHANISMS LINKING FOLATE TO CANCER RISK

Cancers arise as consequences of both genetic and epigenetic alterations, and impor-
tantly folate can influence both processes. Folate probably plays a role in carcino-
genesis as part of its function in nucleotide synthesis: both thymidylate synthesis and
purine synthesis depend on folate-mediated one-carbon transfers. Many experimental
studies unequivocally link folate deficiency to decreased synthesis of both thymidylate
and purines (6). A consequence of decreased thymidylate synthesis is the misincorpo-
ration of uracil into DNA. During the repair process in the subsequent DNA replica-
tion cycles, chromosomal damage and genomic instability can occur. These effects have
been well studied in relation to the efficacy of chemotherapeutic drugs that target folate
metabolism, including methotrexate and 5-fluorouracil (7, 8).

Folate is also important for the synthesis of S-adenosylmethionine (SAM), the uni-
versal donor of methyl groups necessary for DNA methylation. Together with changes
in the histone code, DNAmethylation is an important epigenetic mode of gene silencing
(9–11). However, the link between DNA methylation and cancer risk is not straightfor-
ward: DNA methylation can occur in gene promoter regions as well as in non-coding,
predominantly repetitive, genomic sequences. To date, the mechanisms that initiate and
regulate DNA methylation at these different genomic locations are poorly understood,
although BRAF mutations may play a role (9). Cancer tissues are characterized both by
global DNA hypomethylation at repetitive sequences and by promoter-specific hyper-
methylation with consequent gene silencing. Global DNA hypomethylation may result
in chromosomal instability, loss of imprinting, reactivation of transposons, or proto-
oncogenes (9). Yet, reduced methylation may also protect against C to T mutations (12,
13). The influence of folate deficiency in reducing global genomic methylation is gen-
erally well supported by both experimental and human data (14–18). However, current
data are sparse and inconsistent on whether folate status impacts the methylation of
specific gene promoters (19–24). Similarly, the role of folate status in affecting a sub-
set of cancers characterized by widespread gene promoter methylation (the CpG island
methylator phenotype [CIMP]) is poorly understood and of potential importance to the
folate–cancer connection (25–27).

3. FOLATE STATUS AND CANCER RISK: EPIDEMIOLOGIC EVIDENCE

3.1. Studies of Dietary Intake and Folate Biomarkers
The relationship between folate intake or biomarkers thereof and risk of cancer has

been studied extensively with respect to numerous types of cancer. Both case–control
studies and prospective cohort studies have been conducted and, for several cancer sites,
meta-analyses or pooled analyses have been published. While meta-analyses rely on
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combining the published risk estimates, such as relative risk (RR) or odds ratio (OR),
pooled analyses combine individual-level data and thus permit a more comprehensive
examination of the risk estimates, confounding factors, and potential effect modification.
However, one needs to consider that these pooled or meta-analyses are performed retro-
spectively and can be subject to study heterogeneity and publication bias. Especially in
the case of studying folate status and cancer risk, the nutritional status of the study pop-
ulation (i.e., with respect to folic acid fortification status, supplement use, and alcohol
consumption) may result in differing results that are not easily combined. If the dose–
response relationship between folate and cancer risk is non-linear, associations may be
lost, and there is evidence from Martinez and colleagues that, indeed, the folate–cancer
relationship differs depending on whether individuals use supplements or not (28). Nev-
ertheless, these analyses offer increased statistical power for detecting associations and
provide more robust risk estimates.

Epidemiological studies have generally assessed folate status as an exposure of
interest either with measures of self-reported dietary intakes, such as food-frequency
questionnaires (FFQ), diet records, or 24-h recalls, or by measurement of circulating
biomarkers (i.e., plasma folate or erythrocyte folate level). As discussed above, there
are key differences between natural folates as found in unfortified foods vs. folic acid
as it is added to supplements or, as of January 1998, to grain products in the United
States and many countries (29–31). This poses a challenge for the calculation of “total
dietary intakes.” Most studies to date have not used DFE to account for the differences
in bioavailability between folic acid and natural folates. This may contribute to errors
in estimating total folate intake and should not be neglected. Also, in many prospec-
tive studies the assessment of supplement use is very limited, again offering a potential
source of error in evaluating total dietary folate, particularly as supplement use in many
Western populations is high (32–34).

Biomarkers of folate status that have been examined in epidemiological studies
include red blood cell (RBC) folate and serum/plasma folate concentrations. RBC folate
is generally considered a better measure of longer-term folate intakes (2). In addition to
the direct measurement of folate in plasma or cells, homocysteine (Hcy) concentrations
have been used as a surrogate marker of folate availability. A limitation of this approach
is that Hcy concentrations can depend on other factors, including vitamin B12 status and
genetic factors.

Here we present a brief summary of the epidemiological evidence available to date,
organized by cancer sites and strength of evidence. First, we discuss cancer sites that
have been most extensively studied and for which results from pooled and meta-analyses
are available. We also briefly summarize what is known for cancer sites for which no
such summary analyses have been performed.

4. EVIDENCE FROM POOLED OR META-ANALYSES

4.1. Colorectal Cancer
Table 1 illustrates results from six meta-analyses and one pooled analysis that have

been conducted up to mid 2008 and evaluate the risk of cancers of the colorectum,
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breast, stomach, lung, esophagus, and pancreas. Colorectal cancer has been studied
most extensively in relation to folate exposures. The meta-analysis by Sanjoaquin et al.
suggests that in both cohort and case–control studies a significant inverse association
exists for dietary folate (=folate from foods alone). Nevertheless, this association is
much attenuated when total folate consumption (=folate from foods and supplements)
is investigated (35). Risk estimates for dietary folate (highest vs. lowest quintile) were
0.75 (95% CI: 0.64–0.89) in cohort studies and 0.76 (95% CI: 0.60–0.96) for case–
control studies. For total intakes, risk estimates were 0.96 (0.81–1.11) in cohort and
0.81 (0.62–1.05) in case–control studies. In the case–control studies, significant hetero-
geneity (p < 0.01) was noted. A concern is that these studies calculated “total folate”
intake by summing dietary folate with folate derived from supplement use (synthetic
folic acid). As discussed previously, using this crude approach rather than using DFE to
account for the greater bioavailability of folic acid can result in miscalculations and bias
risk estimates toward null effects.

Subsequent to the publication of this meta-analysis, additional evidence has become
available from prospective cohort studies. The Swedish Mammography Cohort reported
an inverse association for colon, but not for rectal cancer (40). A similar inverse asso-
ciation was reported for dietary, but not total folate intake, from subjects enrolled in a
cancer prevention trial with aspirin and vitamin E (41). Moreover, several studies have
investigated biomarkers of folate status, including serum, plasma, and RBC levels. The
Physicians’ Health Study reported a marginal increased risk with deficient plasma folate
concentrations (<3 ng/ml) (42). However, a recent Swedish prospective study suggested
a bell-shaped association between plasma folate concentrations and risk of colorectal
cancer (43).

4.2. Breast Cancer
The association between folate status and breast cancer risk is less consistent. A meta-

analysis summarizing studies published until 2006 (36) suggests that higher folate intake
(both dietary and total) in increments of 200 μg/d is not associated with breast cancer
risk in prospective studies (n = 8), whereas an inverse association with dietary folate
is suggested from case–control studies (n = 13, summary OR: 0.80; 95% CI: 0.72–
0.89). A second meta-analysis (37) with partly overlapping studies included in the first
meta-analysis showed similar results. For a 100 μg/d increase in folate intake, summary
odds ratios for dietary folate were 0.91 (95% CI: 0.87–0.96) for the case–control stud-
ies and 0.99 (95% CI: 0.98–1.01) for the cohort studies. In these studies, total folate
intakes generally did not use DFE. Subsequent cohort studies from France and Sweden
suggested an inverse association with risk reductions between 22 and 40% (44, 45), no
association (Nurses’ Health Study) (46), or even an increase in risk with high intakes
of supplemental folic acid (Prostate, Lung, Colorectal, and Ovarian Cancer Screening
Trial) (47) were also observed.

Three issues need to be considered when interpreting the association between folate
intake and breast cancer risk. First, some inconsistencies may be due to an interac-
tion with alcohol intake, a known folate antagonist. Several cohort studies indicate
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that higher folate intake attenuates the elevated risk associated with moderate
alcohol consumption and that low-folate intake in combination with high alcohol intake
increases risk (36, 48–50). It is possible that a more severe reduction of one-carbon sta-
tus may be needed to detect an association with breast cancer. Second, the relationship
between folate status and breast cancer may be complex in that a non-linear, inverted
U-shaped relationship could exist (51). While folate- or one-carbon deficiency is thought
to increase risk, there is also evidence that very high intake, most likely from supple-
ments, may result in elevated risk (47). Finally, as discussed in more detail below, con-
cerns have been raised over differential effects of folate, depending on the timing of its
administration during carcinogenesis (52). Our unpublished data from the Vital Study
suggest that higher, long-term intakes of folate are protective, whereas more recent high
intakes may not be advantageous (53).

4.3. Other Cancers with Meta-analyses
For gastric cancer, a meta-analysis of nine case–control and two cohort studies (3,205

cases of gastric cancer) (38) revealed no significant association between folate intakes
and cancer risk. However, geographical heterogeneity may have contributed to this lack
of association, since the summary risk estimates for the highest vs. lowest categories
of folate were 0.68 (95% CI: 0.58–0.80) for studies done in the United States (n = 4),
1.15 (95% CI: 0.91–1.45) in European studies (n = 4), and 0.89 (95% CI: 0.40–1.96)
for those undertaken elsewhere (n = 3). Biomarkers of folate status were not associated
with overall gastric cancer risk overall, or by anatomical subset/histological type in the
European Prospective Investigation into Cancer and Nutrition (EPIC) cohort (>500,000
participants) (54).

Similarly, epidemiological studies of lung cancer currently do not unequivocally sup-
port a protective role of folate intake in cancer risk. A pooled analysis of eight prospec-
tive cohort studies (39) reported an ∼30–40% significantly reduced risk for dietary and
total folate in analyses adjusted for age only; however, upon multivariate adjustment,
dietary folate was associated with a non-significant 12% risk reduction and total folate
with no risk reduction at all. No effect modification by sex, smoking habits, and cancer
type was noted. More recently, the VITAL cohort reported no association between use
of supplementary folic acid and risk of lung cancer (55).

On the other hand, a strong inverse association between increasing folate intakes
and esophageal cancer appears well supported. A meta-analysis conducted in 2006 (38)
reported a risk reduction for the highest relative to the lowest category of dietary folate
intake with summary odds ratios of 0.66 for esophageal squamous cell carcinoma (95%
CI: 0.53–0.83), 0.50 for esophageal adenocarcinoma (95% CI: 0.39–0.65), and 0.62 for
esophageal cancer (95% CI: 0.53–0.72).

Pancreatic cancer is characterized by very high mortality (median survival 3 months)
and to date, few risk factors are established. A meta-analysis of five studies (36)
reported a significantly reduced risk between high- and low-dietary folate for this severe
type of cancer (OR 0.49; 95% CI: 0.35–0.67). However, studies on folate biomarkers
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and pancreatic cancer risk are less consistent, perhaps because of small sample sizes
(56, 57).

5. EVIDENCE FOR CANCERS WITH SUPPORTING DATA
FROM PROSPECTIVE STUDIES

This section briefly summarizes the evidence of folate–cancer relationships for cancer
types for which prospective studies as well as case–control studies, but no pooled- or
meta-analyses, have been undertaken.

For ovarian cancer, three prospective cohort studies have reported results that range in
risk estimates from 0.67 to 1.73; none of these investigations reached statistical signifi-
cance (58–61). However, these studies suggested a reduced risk at relatively high levels
of folate intake, specifically among women consuming at least moderate amounts of
alcohol. For example, the Swedish Mammography Cohort (266 cases among 61,084
women) (61) reported that dietary folate intake was inversely associated with total
epithelial ovarian cancer risk with borderline significance (RR 0.67, 95% CI: 0.43–1.04;
p trend = 0.08), which was increased among women who consumed more than 20 g of
alcohol per week (RR 0.26, 95% CI: 0.11–0.60; p trend = 0.001).

For liver cancer, a cohort study among Chinese individuals at high risk due to hepati-
tis B antigen positivity (62) demonstrated that higher RBC folate concentrations were
associated with a strongly reduced risk of hepatocarcinoma (RR 0.33; 95% CI: 0.13–
0.86). The association with serum folate did not reach statistical significance. This may
be partially explained by the fact that RBC folate is considered a more reliable biomarker
of long-term folate status while serum folate concentration may be subject to transient
influences.

Some, although not all, case–control studies support an inverse association between
dietary folate and non-Hodgkin’s lymphoma (NHL) (63–65). However, two cohort stud-
ies failed to observe significant associations (66, 67).

6. ADDITIONAL CANCER TYPES, LARGELY WITH EVIDENCE BASED
ON CASE–CONTROL STUDIES

For cervical cancer, case–control studies have not provided consistent evidence sup-
porting a role of folate intake on risk of preinvasive cervical lesions or cervical cancer,
although many studies were small in size and partly hospital based (68–76). Biomarker
studies have been suggestive, but inconsistent, results. For example, low RBC folate con-
centrations have been associated with an elevated risk of cervical cancer in a population
tested thoroughly for high-risk human papillomaviruses (HPV) and cervical intraep-
ithelial neoplasia (77) and may also enhance the carcinogenic progression from HPV
infections (78). Nevertheless, other studies reported no association between biomarkers
of folate status and risk of cervical cancer (79–82). Several small randomized trials have
not provided clear evidence for a protective role of folate against cervical carcinogenesis
(83–86).
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Few studies have investigated associations between folate and leukemia, possibly
because of the challenges associated with measuring relevant folate intakes in chil-
dren and the low incidence of adult leukemia. A small case–control study from Western
Australia reported a protective association of maternal folic acid supplementation dur-
ing pregnancy with respect to childhood acute lymphoblastic leukemia (87); a second
study did not replicate these findings, confidence limits were wide (88). A role of folate
in the development of leukemia has been proposed largely because of studies on genetic
polymorphisms, as discussed later on.

More recently, case–control studies of head and neck cancer suggest an inverse asso-
ciation between dietary folate or folate biomarkers and cancer risk (89–91). However,
the biomarkers were measured after diagnosis and well-designed studies are needed.
Promising data on an inverse association between folate status and endometrial cancer
are also available from several case–control studies of significant sample size (92–94),
although not all studies observed such effects (95).

In summary, the role of folate on cancer risk has been most extensively studied for
colorectal and breast cancer. The evidence for colorectal cancer is consistent and strong,
whereas for breast cancer an interaction of folate with alcohol intake may be critical.
For several other types of cancer, inverse associations between folate status and cancer
risk have been suggested. This may be clinically relevant for pancreatic and esophageal
cancers, which are malignancies with few modifiable risk factors and high mortality.
In general, for many cancer sites, suggestive inverse associations with folate require
follow-up studies with larger and better-designed protocols.

Limitations of the observational evidence summarized here are the general lack of
a meaningful estimation of dietary folate and supplemental folic acid intakes by use
of the DFE, and the potential for confounding effects due to folate present in many
foods. Primary food sources of folate have been “healthy foods” including fruits and
vegetables, which are sources of many bioactive components. However, with the advent
of folic-acid fortification, this concern is less important. Further, studies on genetic
variants in folate metabolism can strengthen the inference of causality for folate in
carcinogenesis.

7. STUDIES OF GENETIC POLYMORPHISMS IN FOLATE-MEDIATED
ONE-CARBON METABOLISM AND CANCER RISK

The role of folate genetics and nutrigenetics has already been discussed in sev-
eral recent publications (96–98). Folate metabolism is likely a key example for the
necessity to take into account interactions between environmental factors and genetic
background.

As shown in Fig. 1, folate-mediated one-carbon metabolism involves several micro-
nutrients, including vitamins B12, B6, and B2, as cofactors of various enzymes, and
several overlapping biochemical pathways. Clearly, this complex biologic system with
its many feedback mechanisms and regulatory processes has evolved to ensure robust-
ness and tight regulation of chemical reactions that are critical for cellular function-
ing, including nucleotides and methylation reactions (1, 99). It is thus conceivable
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that multiple disturbances within these pathways or “stress” on the system may be
needed to effectively alter phenotypic outcomes. For example, “stress” may be exerted
by low intakes of folate or other nutrients; by the administration of chemotherapeutic
drugs that inhibit enzymes involved in folate metabolism; or by the presence of genetic
polymorphisms that alter enzyme function. These changes may occur in combination
and lead to additive effects that are larger than those measured following isolated
changes. For example, genetic polymorphisms in the 5,10-methylenetetrahydrofolate
reductase (MTHFR) are most strongly associated with certain biomarkers (e.g.,
homocysteine), when folate status is low. This provides a rationale for investi-
gating gene–gene and gene–nutrient interactions within folate-mediated one-carbon
metabolism.

7.1. Polymorphisms in One-Carbon Metabolism and Their Functional
Impact

A large number of genetic polymorphisms in FOCM have been identified. Few of
these have been associated with confirmed phenotypic changes such as effects on activ-
ity or transcription of the protein (=functional polymorphisms). To date, most pub-
lished studies have utilized functional polymorphisms, rather than tag SNPs that cover
the genetic variability of a gene with greater comprehensiveness. Table 2 summarizes
the most common FOCM polymorphisms, which alter the amino-acid sequence or tran-
scription/translation of key enzymes. Our recent work suggests that, because of robust-
ness in the pathway or biologic system, the biological effects of these polymorphisms
will be small or moderate at best (100). Nevertheless, small lifelong effects on biologic
mechanisms, such as thymidylate synthesis or DNAmethylation, may affect cancer risk.
Also, the high prevalence of these polymorphisms in the general population may result
in significant attributable risks.

Here, we will briefly summarize the associations for MTHFR, which is a central
enzyme in folate and homocysteine metabolism, by catalyzing the irreversible reduc-
tion of 5,10-methylene THF to 5-methylene THF. 5,10-Methylene THF is involved both
in the synthesis of purines and in the conversion of deoxyuridylate monophosphate to
deoxythymidylate monophosphate (dTMP, needed for DNA synthesis). As discussed
previously, low-folate status (and thus low 5,10-methylene THF) can result in misincor-
poration of uracil into DNA, resulting in increased mutations, as well as chromosome
breakage (101). With reduced MTHFR activity, one would expect a greater provision of
5,10-methylene THF for nucleotide synthesis, which is supported by biochemical data
as well as predictions from a mathematical simulation model of folate metabolism (100,
102). On the other hand, reduced MTHFR activity can lower the ratio of SAM/SAH,
with likely impact on DNA methylation (12, 103, 104).

Two polymorphisms in the MTHFR gene, 677C>T (rs1801133) and 1298A>C
(rs1801131), have been widely investigated in relation to risk of various cancer
types. Individuals with homozygote 677TT variant genotypes have ∼70% lower
enzyme activity compared to wild-type individuals (677CC), with heterozygotes retain-
ing about 65% enzyme activity (105). The functional relevance of the 1298A>C
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polymorphism is less clearly described, with about 60% activity for 1298CC com-
pared to wild-type 1298AA reported in some studies (106). Despite the lesser impact
of 1298A>C and the high linkage disequilibrium between the two SNPs, they appear
to contribute independently to changes in folate and homocysteine concentrations
(107, 108).

Meta-analyses on MTHFR polymorphisms and cancer risk are summarized in Table 3.
Whereas the 677TT genotype is associated with reduced colorectal cancer risk, an ele-
vated risk of gastric cancer has been observed. These differences may suggest differ-
ent etiologic mechanisms of these diseases associated with one-carbon metabolism,
perhaps because of an interaction with Helicobacter pylori infections in the case of
gastric cancer. Pooled and meta-analyses for breast and lung cancer show no significant
associations.

The value of meta-analyses for MTHFR polymorphism–cancer relationships is, how-
ever, questionable. Their major limitation to date is that they have not been able to take
folate status into account, nor one-carbon-status in general, which includes other nutri-
ents as well as alcohol intake. Gene–diet interactions have been repeatedly and consis-
tently reported for MTHFR C677T and a plausible biologic mechanism exists (97, 98).
Thus, the solitary evaluation of the MTHFR gene is not particularly meaningful. In fact,
the combination of results from study populations with divergent nutritional status may
mask any true biological effects.

In terms of other genetic variabilities, perhaps the most interesting enzyme in FOCM
is thymidylate synthase (TS). A polymorphic 28-bp tandem repeat located in the
5′-UTR of the TS gene acts as a transcriptional enhancer element (117). The 3R allele
has been associated with approximately 2–4 times increased gene expression compared
to the 2R allele (118, 119) and the 2R/2R genotype may reduce risk of colorectal can-
cer (120, 121) as well as adult ALL (122). An embedded SNP within the 3R allele
may also have functional significance, yet few studies have investigated this polymor-
phism, perhaps because of the complexities in genotyping (123). Finally, a 6 bp deletion
(1494del6) polymorphism located in the 3′-UTR of the TS gene has been associated
with reduced mRNA stability (124, 125) and perhaps interacts with one-carbon nutri-
ents in relation to colorectal neoplasia (126). Polymorphisms in TS have generally not
been studied with sufficient sample sizes to account for possible genotypic combina-
tions. However, a rigorous investigation of genetic variability in TS seems warranted,
given its role in thymidylate synthesis as well as a target for a major chemotherapeutic
drug, 5-fluorouracil.

Many other studies on genetic variants in FOCM and their relation to cancer risk
have been undertaken (for reviews, see (127, 128, 97)). Overall, this substantial body
of literature supports the notion that genetic variability in FOCM plays a critical role in
cancer etiology, particularly for cancers of the gastrointestinal tract. However, larger and
more systematic investigations are needed to reach sufficient statistical power for inves-
tigating rare variants and gene–gene as well as gene–diet interactions. There are also
efforts underway to incorporate the comprehensive biologic knowledge of this biologic
pathway into the statistical analysis by use of a mathematical simulation model of folate
metabolism (129, 130). Initial results from this model are consistent with experimental
data, thus allowing for predictions on the impact of polymorphisms on biomarkers of
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cancer risk (100, 129–132). Hopefully, linking the two approaches will provide a more
powerful tool for the statistical analyses.

8. FOLATE IN CANCER PREVENTION

8.1. Evidence from Animal Models
As discussed above, there is strong epidemiologic evidence supporting an inverse

relationship between dietary folate intake and risk of colorectal cancer. In general, ani-
mal studies support a causal relationship between folate deficiency and increased col-
orectal cancer risk. Furthermore they demonstrate the importance of dosage and timing
in examining the effects of folate on carcinogenesis (133, 134). For example, stud-
ies in the APC/Min mouse (an established model of intestinal carcinogenesis) show
that increasing dietary folate concentrations significantly reduced the number of ileal
polyps and colonic aberrant crypt foci in a dose-dependent manner after 3 months of
folic-acid administration (135). However, the association was reversed at the 6-month
time point, suggesting that folic acid may have enhanced the growth of intestinal pre-
cursor lesions. These intriguing findings suggest that folic-acid supplementation may
enhance the development and progression of already existing, undiagnosed, premalig-
nant lesions. This complex role of folate in carcinogenesis may also be mimicked in
breast cancer development. Three animal studies, all using a well-established rat model
of MNU-induced mammary tumor (136–138), indicate that mild folate deficiency sig-
nificantly inhibits mammary tumorigenesis, while folic-acid supplementation does not
alter the development or progression of the disease.

8.2. Human Prevention Trials
Recently, results of two large trials investigating the efficacy of folic acid in the pre-

vention of recurring (or, more accurately, metachronous) colorectal polyps have been
published. The Aspirin/Folate Polyp Prevention Trial continued to add complexity to
the picture of folate and cancer (139). In this randomized controlled trial of folic acid
for chemoprevention of colorectal polyps, about 1,000 participants with a history of
colorectal adenomas were randomly assigned to 1 mg folic acid/day ± aspirin. Follow-
up colonoscopies were scheduled approximately 3 years after the initial endoscopy and
supplementation continued until a second surveillance exam, about 6–8 years post-
randomization. Folic acid administration did not prevent the recurrence of colorectal
adenomas, with rate ratios of 1.04 at the first and 1.13 (95% CI: 0.93–1.37) at the sec-
ond follow-up. In contrast, at the second follow-up, the folic acid group showed a sig-
nificantly increased risk of advanced adenomas (RR 1.67, 95% CI: 1.00–2.80), together
with a more than 2-fold elevated risk for having at least 3 adenomas (RR 2.32, 95% CI:
1.23–4.35). These unexpected results have been interpreted in light of the accumulating
evidence from animal studies, suggesting growth-promoting effects of folate on prema-
lignant lesions (134): It has been hypothesized that the increased risk of advanced and
multiple adenomas in the intervention group may have occurred, because early precur-
sor lesions were present in the mucosa of these patients, not detected during endoscopy,
and their growth was supported by folic acid (52).



402 Part III / Carotenoids, Vitamins, and Minerals in Cancer Prevention and/or Treatment

Consistent with this hypothesis is that patients with adenoma are at increased risk of a
second adenoma, probably because of the presence of precursor lesions such as aberrant
crypt foci or microadenoma. Thus, for correct interpretation, the Aspirin/Folate Polyp
Prevention Trial was designed to investigate the secondary prevention on colorectal ade-
noma, rather than the primary prevention. Of particular concern was that, in this trial, the
risk of cancers other than those of the colorectum was significantly elevated. Although
the numbers were small, this increase (largely due to prostate cancer) requires further
follow-up.

Recently, results from the ukCAP trial, which parallels the Aspirin/Folate Polyp Pre-
vention Trial, have also been published (140). In this trial, 853 Europeans with a prior
history of adenoma were randomized to 500 μg folic acid with follow-up colonoscopies
targeted at 3 years, yet sometimes completed earlier. The trial reported relative risks of
1.07 (0.85–1.34) for the incidence of any adenoma in the folic-acid intervention arm and
0.98 (0.68–1.40) for advanced adenoma and, similar to the Aspirin/Folate Polyp Preven-
tion Trial, no evidence for cardiovascular protection. The relative risks from ukCAP are
nearly identical to those of the Aspirin/Folate Polyp Prevention Trial at its first, 3-year
follow-up (e.g., 1.07 vs. 1.04 for any adenoma). A longer follow-up will be necessary
to obtain information on whether elevated risks will emerge, matching those observed
at 6–8 years in the Aspirin/Folate Polyp Prevention trial. This time frame may be nec-
essary for the development of a larger colorectal polyp. Tumor multiplicity was not
assessed in ukCAP, but hopefully a longer follow-up will be considered for evalua-
tion of this critical end point. Finally, it is important to consider that the ukCAP trial
took place in a population that has not (yet) been subjected to folic-acid fortification
of grain products (estimated at 150–200 μg/day in the US population) and, thus, find-
ings may not parallel those obtained in the United States if there is a dose-dependent
effect.

Findings from these failed cancer prevention trials raise an important question. If
there is both a mutation-suppressing and a growth-promoting effect of folate on car-
cinogenesis, what are the net effects of folate supplementation on colon cancer rates
in the population? Mason et al. have researched national cancer data and reported
a potential increase since folate fortification was implemented in both the United
States and Canada (141). Complementing this ecologic study, Luebeck et al. have
used an established model of colon cancer development (142) to investigate a dual
role of folate in carcinogenesis (143). Results from this simulation indicate that the
effects of folate on colon carcinogenesis are age- and dose-dependent, with predom-
inantly increased risk if the amount of folate given were to increase cellular replica-
tion rates by 20% (143). However, a lack of quantitative estimates of the response
of tissues or cancer precursors to folate or folic-acid supplementation limits this
modeling.

9. RECOMMENDATIONS

Can folate be considered an agent that can prevent cancer? For a number of tumor
sites, the epidemiologic data are quite compelling. In addition, the molecular and epi-
demiological studies on polymorphisms in folate metabolism support a causal role
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for this nutrient in carcinogenesis. Convincing biological mechanisms have been pro-
posed and substantiated by experimental studies. However, the prevention trials to date
have been unsuccessful and raise concerns about potential harmful effects of folic-acid
administration among individuals with a prior history of cancer lesions. Perhaps the
most likely explanations for the discrepancies in findings are dual roles of folate on
the cancer process may depend on timing of exposure and dose. For example, folate
may be effective in the primary prevention of colorectal, and perhaps, pancreatic and
esophageal cancers. However, after establishment of precursor lesions, supplementation
with folate may have procarcinogenic effects. This information needs to be evaluated
carefully when developing public health recommendations, including those on whether
or not to initiate national folic acid fortification programs.
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19 Selenium

Margaret P. Rayman

Key Points

1. Evidence is accruing that the level of intake of selenium (Se) affects the risk of cancer and may
even inhibit its spread from a primary tumour. Se exists in a number of dietary forms all of which
are capable of being converted to hydrogen selenide (H2Se), a crucial molecule in Se metabolism.
The nutritional functions of Se are carried out by the selenoproteins which contain Se in the form
of selenocysteine (Sec).

2. A number of parallel and/or consecutive mechanisms are likely to be involved in the anti-cancer
effects of Se. Evidence exists for involvement of the selenoproteins, of methylated precursors that
can generate methyl selenol and of redox-cycling superoxide and hydrogen peroxide generated by
oxidation of hydrogen selenide, all of which have been associated with anti-cancer effects. Thus
Se compounds can modify critical sulfhydryl groups to inhibit or promote tumor cell metabolism
and cell transformation.

3. Selenoenzymes are involved in antioxidant protection and anti-inflammatory effects, and may
enhance the cell-mediated immune response. Se compounds can cause cell cycle arrest and apop-
tosis, enhance DNA repair and reduce cancer cell migration. Importantly in relation to prostate
cancer, Se can down-regulate the androgen receptor.

4. While there has been fairly general acceptance that a Se metabolite, methyl selenol, is a proximal
anti-carcinogen at supra-nutritional doses, data linking cancer risk with the presence of seleno-
protein polymorphisms and hypermethylation of promotor regions of selenoprotein genes has
also implicated selenoproteins in anti-cancer effects. Numerous cohort and nested case–control
studies have shown that higher Se status is associated with a lower risk of malignancies or death
from cancer. However, such evidence is subject to some uncertainty owing to the effect of inflam-
mation on plasma or serum Se concentration which can long precede the appearance of clinical
symptoms.

5. Randomized clinical trials are not subject to such effects. Data from the Nutritional Preven-
tion of Cancer randomized trial have shown a significant protective effect of supplementation
with 200 μg Se/d, as high-Se yeast, on cancer incidence and mortality with the most notable
effect being on prostate cancer, with lesser effects on colorectal and lung cancers. Significant
effects were confined to males, were most pronounced in former smokers and in those with
plasma Se < 105 μg Se/L at baseline, a level common in European populations. By contrast, the
Selenium and Vitamin E Cancer Prevention Trial (SELECT) that gave 200 μg Se/d, as selenome-
thionine, to men of replete Se status [serum Se 136 (range 123–150) μg /L] showed no benefit
of Se supplementation over placebo. The need for further randomised trials in populations of
low baseline Se status, in women, and with a lower Se dose, e.g. 100 μg Se/d, is argued. Trials
with the methyl selenol precursor, Se-methylselenocysteine, also appear warranted as do trials in
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subjects of known selenoprotein SNP genotype, as we can no longer assume that each person’s
Se requirement to reduce cancer risk is the same.

6. In the meantime, there is no justification for increasing Se intake in persons with plasma Se
above around 125 μg Se/L, though a case can certainly be made that an increased intake may
benefit those whose plasma Se falls below 105 μg Se/L. However, definitive guidelines on optimal
intake await further research and, for individuals rather than populations, these must ultimately
be genotype related.

Key Words: Selenium; cancer; mechanism; selenomethyl-selenocysteine; single-nucleotide
polymorphisms; epidemiology; hypermethylation; acute phase response

1. INTRODUCTION

Evidence is accruing that the level of intake of selenium (Se) affects the risk of cancer
and may even inhibit its spread from a primary tumour. The nature of the Se species
involved in anti-cancer processes and the extent to which the selenoproteins are relevant
is still a matter of speculation and much ongoing experimental work.

Se is an unusual trace element in having its own codon in mRNA that specifies its
insertion into selenoproteins as selenocysteine (Sec), by means of a mechanism requir-
ing a large Sec-insertion complex. Unlike the other 20 amino acids, Sec is biosynthe-
sised on its own tRNA, Sec tRNA[Ser]Sec, from selenophosphate as the Se source. The
insertion of Sec is specified by the UGA codon in mRNA. However, as UGA is also
a stop codon, the presence of a stem-loop structure in mRNA – a SECIS (Sec Inser-
tion Sequence) element – downstream from UGA in the 3′-mRNA-untranslated region,
is also required for UGA to be read as selenocysteine. SECIS elements function by
recruiting additional factors including the SECIS-binding protein, the Sec-specific elon-
gation factor and Sec tRNA[Ser]Sec to form the large Sec-insertion complex required for
the synthesis of selenoproteins and known as the selenosome (1–3). This complex inser-
tion machinery for selenoprotein production has implications for our Se requirements
for cancer prevention. The human selenoproteome consists of 25 selenoproteins (4).

Se exists in a number of dietary forms all of which are capable of being converted
to hydrogen selenide (H2Se), a central molecule in Se metabolism that can be further
metabolised to selenoproteins, methylated or converted to selenosugars in the excre-
tory pathway or oxidised to generate superoxide and hydrogen peroxide (Fig. 1) (5).
Selenomethionine (SeMet) is the main dietary form, particularly from grain or cereal
sources. It can be metabolised to hydrogen selenide for conversion into selenopro-
teins but can also be incorporated indiscriminately into any body protein in place of
methionine where it can remain until released by catabolism when it can undergo
further metabolism. Selenocysteine is ingested in selenoproteins from animal sources
and again must be metabolised to hydrogen selenide before further utilisation. Other
food sources, notably plants from the Allium and Brassica families, contain Se-methyl-
selenocysteine and γ-glutamyl-Se-methyl-selenocysteine which are readily converted to
the potent anti-carcinogen, methylselenol (CH3SeH), without the need for conversion
to hydrogen selenide (5). With regard to inorganic sources, a little selenate is present
in vegetables (5) but selenite, though a component of some Se supplements and the
form chosen for many human, animal and in vitro studies is basically absent from
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the food chain. Synthetic Se compounds such as methyl seleninic acid that readily yield
methylselenol in vitro have been developed for use in model systems.

2. RATIONALE FOR AN EFFECT OF SELENIUM ON CANCER
PREVENTION AND TREATMENT

A number of parallel and/or consecutive mechanisms are likely to be involved in
the anti-cancer effects of Se. Evidence exists for involvement of the selenoproteins, of
methylated precursors that can generate methyl selenol and of redox-cycling superoxide
and hydrogen peroxide generated by oxidation of hydrogen selenide, all of which have
anti-cancer effects. The anti-carcinogenic mechanisms by which Se acts have previously
been reviewed (6–10). Anti-cancer mechanisms are summarised in Fig. 2 and further
discussed below.

2.1. Modification of Critical Sulfhydryl Groups
Se can act very generally through its redox-active compounds (e.g. methylated Se

metabolites) which can affect cellular proteins by modification of critical cysteine
residues, particularly when clustered (6, 11). This may in turn have downstream effects
on signal transduction and gene transcription (12). Se adducts of the selenotrisulfide
(S–Se–S) or selenenylsulfide (S–Se) type may form while disulfide bonds may be made
or broken. Ganther has proposed that Se catalysis of reversible cysteine/disulfide trans-
formations that occur in a number of redox-regulated proteins, [e.g. p53 (13), protein
kinase C (PKC) (14)] including transcription factors, may be a chemopreventive mech-
anism (11). For instance, PKC regulates tumor promotion and cell growth by inducing
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Fig. 2. Anti-carcinogenic mechanisms of Se (see text for details and references).

activation of transcription factors and by increasing the expression of key enzymes, such
as ornithine decarboxylase, inducible nitric oxide synthase and cyclooxygenase-2 (14).
Thus inactivation of PKC by redox-active selenometabolites can inhibit tumor promo-
tion, cell growth, invasion and metastasis and promote the induction of apoptosis (14).

A further example of the effect of redox modification of thiol/disulfide bonds is that
it results in protein misfolding or unfolding (15). Newly synthesized proteins are par-
ticularly vulnerable before they are properly folded in the endoplasmic reticulum (ER).
Thus, it is highly plausible that Se metabolites can produce ER stress, which if too
severe, exceeding the capacity for repair, will trigger the signal for apoptosis (15). It
appears that low doses of Se (e.g. as methylseleninic acid, a methyl selenol precur-
sor) preferentially activate the rescue arm of the ER stress response [likely involving
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selenoprotein S, SEPS1 (16), whereas high doses lead to the assembly of the apoptotic
machinery. Se may have a dichotomous effect such that it favours survival response in
normal cells but facilitates the apoptotic response in cancer cells (15).

2.2. Antioxidant Protection (Selenoenzymes/Selenoproteins)
Se, as selenoenzymes reduces oxidative stress. Selenoenzymes can reduce hydrogen

peroxide and lipid hydroperoxide intermediates in the cyclooxygenase and lipoxygenase
pathways preventing further conversion to reactive oxygen species (ROS) that can cause
oxidative stress, damaging DNA and other macromolecules and promoting cancer (17).

That the ability of Se in selenoproteins to reduce oxidative stress is relevant to its
anti-cancer effects is suggested by the modification of these effects by other antioxidant
nutrients. Thus the strongest effect of Se on cancer risk has been shown among those
with the lowest levels of dietary antioxidant vitamins and carotenoids (18–24) and par-
ticularly at low α-tocopherol concentrations (25, 26). Smoking modifies the effect of Se
on cancer risk, demonstrating the operation of an antioxidant mechanism (27, 28).

A further indication of a link between the antioxidant capacity of Se and cancer risk
is seen in the modification of that Se-dependent risk by a polymorphism in manganese
superoxide dismutase (SOD2), the primary antioxidant enzyme in mitochondria. SOD2
has a polymorphism (Val16Ala, rs4880) that has been shown to alter the secondary
structure of the mitochondrial import sequence of the superoxide dismutase protein such
that the Ala16 variant is imported more efficiently into the mitochondrial matrix, result-
ing in higher enzyme activity (29). Men carrying the Ala allele are therefore likely to
produce more hydrogen peroxide which promotes prostate cancer cell proliferation and
migration and induces matrix metalloproteinases required for tumour invasion (30–32).
There is an interaction between Se status and this polymorphism owing to the require-
ment for a selenoenzyme, GPx, to remove the hydrogen peroxide (there being no cata-
lase in mitochondria). Thus men in the bottom quartile of Se status who were SOD2 Ala
homozygotes had a significantly higher risk of aggressive prostate cancer than Val/Ala
or Val/Val men (1.89; 95% CI 1.01, 3.56) but if they were in the top quartile, their risk
was significantly lower, presumably because they could both efficiently remove super-
oxide and make enough GPx to deal with the extra hydrogen peroxide formed (33).
The interdependence of SOD2, Se status and prostate cancer risk implies a role for the
antioxidant selenoenzymes.

2.3. Anti-inflammatory Effect (Partly via Selenoenzymes/Selenoproteins)
Inflammation is known to promote tumour growth (34). Macrophage activation is

a crucial step in the inflammatory process that forms the underlying basis of cancer
progression (35).

Se reduces inflammation by a number of mechanisms in at least some of which
selenoproteins are known to be involved (Fig. 3). Se aids in the shunting of arachidonic
acid towards endogenous anti-inflammatory mediators as an adaptive response to pro-
tect cells against pro-inflammatory gene expression induced by oxidative stress. Thus Se
supplementation in macrophages increases the production of 15d-PGJ2 (by the COX-1
pathway), an endogenous inhibitor of a key kinase of the NF-κB cascade, IκB-kinase
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Fig. 3. Some mechanisms by which Se reduces inflammation resulting from oxidative stress (39–
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β (IKKβ) (36). This effect results in decreased activation of NF-κB and down-regulates
expression of inflammatory genes such as COX-2, TNF-α, IL-6 and VCAM-1 (36,
37). In a second Se-dependent anti-inflammatory mechanism acting through 15d-PGJ2,
Se-supplemented macrophages activate the peroxisome proliferator-activated nuclear
receptor-γ (PPAR-γ) (36), repressing inflammatory gene expression (38, 39).

HO-1 is an inducible enzyme that is upregulated in oxidative stress with cytoprotec-
tive and anti-inflammatory functions linked to its removal of the pro-oxidant, heme, and
its production of the antioxidant bilirubin and the vasodilatory, anti-inflammatory carbon
monoxide (CO) (40). Se has been shown to upregulate HO-1 by a number of pathways
resulting in reduced expression of pro-inflammatory genes (41, 42) (see Fig. 3) (43, 44).

Selenoprotein S (SEPS1) is an endoplasmic reticulum (ER) membrane protein
involved in the control of inflammation and genetic variation in selenoprotein S has been
shown to influence the inflammatory response (45, 46). By regulating cellular redox bal-
ance, SEPS1 protects the ER against the deleterious effects of oxidative stress. It has a
role in the removal of stressor-induced misfolded proteins from the ER, preventing the
accumulation of these proteins and the subsequent stress response that leads to activation
of NF-κB, pro-inflammatory cytokine gene transcription and the inflammation cascade.
Impairment of SEPS1 is directly associated with increased cellular cytokine produc-
tion and release. There appears to be a regulatory loop whereby cytokines stimulate the
expression of SEPS1 which in turn suppresses cytokine production (45).

2.4. Enhancement of Cell-Mediated Immune Response
Cytotoxic lymphocytes and natural killer cells are able to destroy tumour cells. We

know that Se is important to immune regulation but there is little understanding of how
it acts at the molecular level. A recent study has shed some light on this process. Mice
with selenoproteinless T cells were generated by cell type-specific ablation of the Sec
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tRNA([Ser]Sec) gene (Trsp) (47). The resultant selenoprotein deficiency caused defects
in the development of functionally mature T cells and their T-cell-receptor-dependent
activation. Furthermore, selenoprotein deficiency led to oxidant hyperproduction in T
cells, suppressing T cell proliferation in response to T-cell-receptor stimulation. Seleno-
protein expression in T cells appears to be crucial for their ability to proliferate in
response to T-cell receptor stimulation.

Se supplementation (as sodium selenite) enhanced the immune response of healthy
volunteers and cancer patients (48, 49). Thus supplementation of healthy volunteers with
a “selenium replete” status with 200 μg/d Se for 8 wk increased the ability of human
peripheral blood lymphocytes to respond to stimulation with alloantigen (48). The sup-
plementation regimen resulted in 118% increase in cytotoxic lymphocyte-mediated
tumor cytotoxicity and 82.3% increase in natural killer cell activity as compared to
baseline values. The effect appeared to be related to the ability of Se to enhance the
expression of receptors for the growth regulatory lymphokine interleukin-2, and con-
sequently, the rate of cell proliferation and differentiation into cytotoxic cells. Patients
supplemented with 200 μg/d Se during therapy for squamous cell carcinoma of the head
and neck, e.g. surgery, radiation or surgery and radiation, had a significantly enhanced
cell-mediated immune response in contrast to patients in the placebo arm of the study
who showed a decline in immune responsiveness during therapy (50).

2.5. Maintenance of Genome Stability – Prevention of DNA
Damage/Induction of DNA Repair

Se (presumably as selenoenzymes) can prevent damage to DNA that causes single-
and double-strand breaks. Thus Se (as sodium selenite) and overexpression of GPx1
protected mammalian cells against UV-induced DNA damage (51). Protection appeared
to be dependent on functional activity of BRCA1, a protein involved in maintaining the
integrity of the human genome which helps to repair DNA double-strand breaks. In a
further set of studies, Se, as SeMet, protected normal fibroblasts from subsequent DNA
damage by selective induction of the DNA repair branch of the p53 pathway involving
interaction with BRCA1 and Redox-factor 1 (Ref1) (52).

Given the requirement for functional BRCA1 activity found in the studies described
above, it is perhaps surprising that Se appears to protect women born with a muta-
tion in BRCA1 that presumably leads to an abnormal BRCA1 protein. These women
carry a lifetime risk of breast cancer of 80% and a lifetime risk of ovarian cancer of
40% (53). When blood lymphocytes from BRCA1 carriers are exposed to bleomycin, a
known mutagen that induces double-strand breaks, an increased frequency of chromo-
some breaks per cell occurs, i.e. 0.58 in BRCA1 carriers vs. 0.39 in non-carriers (53). In
32 female BRCA1 carriers supplemented with Se (276 μg/d as sodium selenite) for 1–3
months, the frequency of chromosome breaks per cell was significantly reduced from
0.63 before supplementation with Se to 0.40 after supplementation with Se, bringing
it to the level in non-carrier controls. Thus Se may have the potential to reduce breast
cancer risk in these women.

The effect of Se status on protection from DNA damage was investigated in
New Zealand men, aged 50–75 year, judged to be at risk of prostate cancer (PSA >
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4). The comet assay, carried out in blood leukocytes from those with serum Se below
the mean, showed a significant inverse relationship with overall accumulated DNA dam-
age (p = 0.02) (54). As mean serum Se was measured as 98 ± 17 μg/L, this suggests
that serum levels above 98 μg/L are required for the prevention of DNA damage in
New Zealand men.

2.6. Cell Cycle Arrest – Decreases Cell Proliferation
Se compounds have been shown to cause a block in progression of the cell cycle.

The resulting inhibition of growth may allow DNA repair to take place. In the case of
selenite, the mechanism probably involves interaction with glutathione resulting in con-
version to selenide and then oxidative metabolism to superoxide and hydrogen peroxide
which can cause DNA strand breaks, triggering S-phase/G2 cycle arrest (55–58). By
contrast, methyl selenol precursors can induce G1 cell cycle arrest without single-strand
breaks and with or without caspase induction and p53 involvement (8, 56–58).

2.7. Apoptosis (Necrosis)
One of the most significant mechanisms by which Se reduces cancer risk is by the

induction of apoptosis in cancer cells. In the case of selenite, in vitro experiments reveal
a genotoxic mechanism involving superoxide and hydrogen peroxide which cause DNA
single-strand breaks culminating apparently in necrosis or apoptosis, depending on the
study (57, 59). The caspases are not involved (6). By contrast, methylated forms of Se
(Se-methylselenocysteine, methylseleninic acid or methylselenocyanate) may not cause
DNA strand breaks and induce apoptosis apparently by activating key enzymes in the
caspase pathway (8, 55, 57, 59, 60).

A further mechanism by which methylated Se can induce apoptosis is by the creation
of endoplasmic reticulum (ER) stress. While low doses of Se preferentially activate the
rescue arm of the ER stress response, high doses lead to the assembly of the apoptotic
machinery. Se appears to have a dichotomous effect: it favours survival response in
normal cells and facilitates apoptotic response in cancer cells (15).

2.8. Reduced Tumor Cell Migration and Invasion
Cancer cell invasion requires coordinated processes, such as changes in cell–cell and

cell–matrix adhesion, degradation of the extracellular matrix and cell migration (61). Se,
in a number of forms, inhibits the invasion of tumor cells, reducing the risk of metasta-
sis:

– Dietary supplementation of selenomethionine reduced experimental metastasis of
melanoma cells in mice and inhibited the growth of metastatic tumours that formed in
the lungs (62).

– Dietary supplementation of selenite, at 2- and 4-ppm, reduced pulmonary metastasis of
B16BL6 melanoma cells in C57BL/6 mice and inhibited the growth of the metastatic
tumours in the lungs (63).

– Selenite inhibited invasion of HT1080 human fibrosarcoma cells and adhesion of the cells
to the collagen matrix (61).
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– In HT1080 human fibrosarcoma cells, exposure to sub-micromolar concentrations of
methylselenol (from seleno-L-methionine and methioninase) inhibited the migration and
invasion rate of the tumor cells by up to 53 and 76%, respectively, when compared with
the control tumor cells (64).

2.9. Inhibition of Angiogenesis
Blood vessel formation, or angiogenesis, is required for the growth and metasta-

sis of tumours. Two proteins critical for angiogenesis are matrix metalloproteinase-2
(MMP-2) produced by vascular endothelial cells, which degrades the extracellular
matrix, and vascular endothelial growth factor (VEGF) produced by cancer epithelial
cells (65, 66).

Thus, in the rat mammary carcinoma model system, increased Se intake (as Se-
enriched garlic, sodium selenite or Se-methylselenocysteine) significantly reduced intra-
tumoral microvessel density and inhibited the expression of vascular endothelial growth
factor (VEGF) (66). By contrast, treatment caused no change in microvessel density of
the uninvolved mammary glands.

In vitro data also show that both selenite and monomethyl Se inhibit the invasion of
tumor cells by their effect on endothelial matrix metalloproteinase (MMP) and/or VEGF
expression:

– Selenite inhibited the invasion of HT1080 human fibrosarcoma cells, adhesion of cells
to the collagen matrix and reduced the expression of MMP-2 and -9 and urokinase-type
plasminogen activator, which are involved in matrix degradation, while increasing the
expression of a tissue inhibitor of metalloproteinase-1 (TIMP-1) (61).

– Short-term exposure of human umbilical vein endothelial cells (HUVECs) to the
methylselenol precursors, methylseleninic acid (MSeA) and methylselenocyanate
(MSeCN) decreased the MMP-2 gelatinolytic activity in a concentration-dependent man-
ner largely through a decrease of the MMP-2 protein level (65).

– Exposure of human prostate cancer (DU145) and breast cancer (MCF-7 and
MDA-MB-468) cell lines to MSeA, but not to selenite, led to a rapid and sustained
decrease of cellular and secreted VEGF protein levels (65). The concentration of
monomethyl Se required for inhibiting endothelial expression of MMP-2 and cancer
epithelial expression of VEGF was within the physiological range and much lower than
that needed for apoptosis induction (67).

– Sub-micromolar methylselenol (from seleno-L-methionine and methioninase) increased
not only the enzyme activity of pro-MMP-2 (the active form of MMP-2) but also pro-
tein levels of anti-metastasic tissue inhibitor metalloproteinase (TIMP)-1 and TIMP-2 in
HT1080 human fibrosarcoma cells giving a net effect of inhibition of pro-MMP-2 activa-
tion and carcinogenic potential (64).

2.10. Activation of p53 Tumor-Suppressive Activity
p53 is a transcription factor that activates a number of downstream genes that function

in cellular responses to DNA damage. p53 activation is common to Se compounds but
specific mechanisms differ between Se chemical forms (68). SeMet activates the DNA
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repair branch of the p53 pathway by redox regulation of key p53 cysteine residues (13),
while methyl seleninic acid and sodium selenite affect p53 phosphorylation in treated
cells. Different Se chemical forms may differentially modify p53 for DNA repair or
apoptosis in conjunction with a given level of endogenous or exogenous DNA dam-
age (68). Thus Se-enriched broccoli which is a rich source of Se-methyl-selenocysteine
upregulates p53 and promotes apoptosis in Min mice (69). There is some evidence that
increase in p53 activity could also help to switch off angiogenesis in early lesions (6).

2.11. Upregulation of Phase II Carcinogen-Detoxifying Enzymes
Sources of some Se compounds [e.g. Se-enriched garlic, mushrooms, selenite, sele-

nate, 1,4-phenylenebis(methylene)selenocyanate (p-XSC)] have been shown to detoxify
carcinogens and/or reduce DNA-adduct formation in rats and mice (8). For example,
prior feeding with a Se-garlic-containing diet (at 3 ppm Se, a source of Se-methyl-
selenocysteine) for two weeks resulted in an elevation of glutathione S-transferase
and uridine 5′-diphosphate-glucuronyltransferase activities to a maximum of 2- to
2.5-fold in liver and kidney (70). There was a consistent reduction of all dimethyl-
benz[a]anthracene (DMBA) adducts in liver and mammary gland accompanied by a
40% increase in urinary excretion of DMBA metabolites over a 2-day period. These
results are supported by microarray analysis that has shown that Se can upregulate genes
related to phase II detoxification enzymes (71).

2.12. Inactivation of PKC
PKC is a signalling receptor that plays a crucial role in tumour promotion by oxidants

that can be inactivated by redox-active selenometabolites (see above) (14). Thus Se-
induced inactivation of PKC may, at least in part, be responsible for the Se-induced
inhibition of tumor promotion, cell growth, invasion, metastasis and for the induction
of apoptosis (14). Se-methylselenocysteine, an effective chemopreventive agent against
mammary cell growth in vivo and in vitro (mouse mammary epithelial tumor cell line),
was shown to decrease PKC activity (72). Thus PKC may be an upstream target for
Se-methylselenocysteine that may trigger downstream events such as the decrease in
cdk2 kinase activity and DNA synthesis, elevation of gadd gene expression and finally
apoptosis (72).

2.13. Androgen Receptor Down-regulation (Relevant to Prostate Cancer)
The prostate seems to be particularly sensitive to the anti-cancer effects of Se. The

androgen receptor (AR) is a key mediator of prostate cancer progression. Androgen
binding to the AR stimulates its translocation to the nucleus where it interacts with
specific androgen-responsive elements (ARE) on the promoters of target genes. The
interaction leads to the activation or repression of genes involved in the proliferation and
differentiation of the prostate cells (73). The inhibitory effect of Se on prostate cancer
progression may be mediated through androgen receptor down-regulation (73–75).

Se compounds have been shown to inhibit cell growth and induce apoptosis in both
androgen-dependent and androgen-independent prostate cancer cells (12). According to
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Combs and Lü, sub-apoptotic concentrations of methylated Se reduce androgen recep-
tor protein expression, inhibit androgen-stimulated PSA promoter transcription, reduce
PSA expression and secretion and cause rapid PSA degradation (76). Thus methylse-
leninic acid decreased the expression of androgen receptor and PSA in five human
prostate cell lines (73–75). Furthermore, methylseleninic acid inhibited the expression
of a number of androgen-receptor-regulated genes that are consistently over-expressed
in prostate cancer (73): PSA, KLK2, ATP-binding cassette C4 (ABCC4, also known
as MRP4), 24-dehydrocholesterol reductase (DHCR24, also known as seladin-1) and
soluble guanylate cyclase 1 α3 (GUCY1A3).

Selenite has also been shown to inhibit AR expression and activity in LAPC-4 and
LNCaP prostate cancer cells though by a different mechanism. Sp1 is a ubiquitously
expressed transcription factor: its binding sequence is the major positive regulatory ele-
ment in the AR promoter. Prostate cancer cells exposed to selenite had decreased Sp1
activity and reduced Sp1 expression in the nucleus whereas methylseleninic acid had no
effect. The effect of selenite on Sp1 expression leading to inhibition of AR expression
and activity was redox dependent, involving GSH and superoxide (12).

2.14. Species of Se Responsible for Anti-cancer Effects
There has been fairly general acceptance that a Se metabolite, methyl selenol, is a

proximal anti-carcinogen at supra-nutritional doses, despite the fact that the presence of
methyl selenol is only inferred from reactions of its precursors, most notably the model
compound, methylseleninic acid (77). Se doses large enough to support high, steady-
state concentrations of methyl selenol are likely to be required.

Despite the fact that selenoproteins can reduce oxidative stress and inflammation and
limit DNA damage, all of which have been linked to cancer risk, it was at first thought
that selenoenzymes were not involved in anti-cancer mechanisms. This was largely
because their activity/concentration was already believed to be optimized in the US
population that showed reduced cancer risk on supplementation with 200 μg Se/d in the
Nutritional Prevention of Cancer Trial (25). However, it has recently become clear that
optimal expression of selenoprotein P, the carrier of Se in the plasma, requires a higher
intake, as yet undetermined, of dietary Se than other selenoproteins (78). Furthermore, a
substantial number of individuals may have a higher than average requirement for Se for
efficient selenoprotein synthesis. Effects of functional polymorphisms in selenoprotein
genes and of hypermethylation of their promoter regions have shown that the selenopro-
teins/selenoenzymes do appear to affect cancer risk, particularly at nutritional levels of
intake.

2.14.1. POLYMORPHISMS IN SELENOPROTEINS/SELENOENZYMES SHOW

AN EFFECT ON CANCER RISK

People differ substantially in their ability to increase selenoprotein activity in
response to additional dietary Se (79). This inter-individual variation in selenoprotein
expression levels may be accounted for by SNPs in selenoprotein genes that deter-
mine the efficiency with which individuals can incorporate selenium into selenoproteins
(80–83). Thus requirements for dietary selenium for optimal protection against cancer
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may be much higher in individuals carrying particular functional selenoprotein SNPs
such as those described below in various selenoproteins.

2.14.2. CYTOSOLIC GLUTATHIONE PEROXIDASE, GPX1

Some recent studies have reported a link between cancer risk and polymorphisms
in the cytosolic glutathione peroxidase selenoprotein (GPx1) gene at Pro198Leu
(rs1050450). Such a link might be explained by a genotype effect on enzyme activity.
GPx1 with the Leu-allele has been reported to be less responsive to stimulation of its
enzyme activity by selenium supplementation than GPx1 with the Pro-allele (81). There
have also been reports of a difference in GPx activity between the genotypes, e.g. in
Danish women, the catalytic activity of GPx1 was lowered 5% for each additional copy
of the variant Leu-allele (p = 0.0003) (84) while in a Californian study, male Leu/Leu
homozygotes had significantly lower GPx1 activity than other genotypes (85). However,
that same Californian study found no difference in GPx activity by genotype in women.
By contrast, two much smaller studies, one in a Finnish/Swedish population and one
in men from the Former Yugoslav Republic of Macedonia (FYROM) could not detect
a difference in erythrocyte GPx activity between GPx1 genotypes (86, 87). These dis-
parities might be explained if the change in GPx activity were to be caused by another
polymorphism that co-segregates with the studied polymorphism. There are several such
candidate polymorphisms in GPx (http://egp.gs.washington.edu/directory.html) (84).

Lung: Four studies have looked at the association between the Pro198Leu polymor-
phism and the risk of lung cancer (83, 88–90). Compared to Pro homozygotes, two
studies – in Finland and Korea – found a significantly increased risk of lung cancer
in Leu hetero-/homozygotes (83, 88), while a small US study found a significantly
increased risk in never smoker Leu hetero-/homozygotes (only 13 cases), though a sig-
nificantly decreased risk was found in elderly smokers (89). The fourth study, carried
out in Denmark, found that Leu/Leu homozygosity was associated with decreased risk
(90). The authors of the Danish study were themselves surprised by their result since
they had previously shown that the variant Leu-allele was associated with a significant,
although moderate, 5% lower erythrocyte GPx1 enzyme activity per allele (84). They
have suggested that the apparently protective effect of the Leu-allele of the GPx1 poly-
morphism may be caused by a co-segregating functional polymorphism in another gene
in the same region of the genome and not by the GPx1 polymorphism per se (90).

Breast: Five studies have investigated the effect of the Pro198Leu polymorphism
on breast cancer risk with varying results. In a nested Danish case–control study of
377 cases and 377 controls, carriers of the variant Leu-allele had a 1.43 (95% CI
1.07–1.92) times higher risk of breast cancer compared with non-carriers (84). Fur-
thermore, the Leu/Leu genotype was found to be almost twice as common in DNA
from breast cancer tissue from a tissue bank at the University of Illinois as in DNA
from cancer-free individuals, while the Pro/Leu genotype was underrepresented, indi-
cating loss of heterozygosity at this locus in breast tumour development (81). The
authors suggest that this may implicate GPx1 in the risk and development of breast
tumours.
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By contrast, in a Canadian case–control study of 399 cases of incident, invasive breast
cancer and 372 controls, no association between breast cancer and GPx1 Pro198Leu was
found (91). Similarly, there was no evidence that the variant GPx1 genotype was asso-
ciated with an increased risk of breast cancer in the Long Island Breast Cancer Study
Project of 1,038 cases and 1,088 controls, except in nulliparous Leu homozygotes who
had increased risk (OR 2.12, 95% CI 1.01–4.48) compared with parous Pro/Pro women
(92). Interestingly, though no association was observed between the polymorphism and
breast cancer risk in the prospective Nurses’ Health Study, where 1,323 women with
breast cancer were compared with 1,910 controls (93), an increased risk of breast can-
cer (OR 1.87, 95% CI 1.09–3.19) was observed in Leu homozygotes who were also
homozygous for the Ala16 genotype of SOD2 (Val16Ala, as discussed above) (94).

Bladder: Possession of the GPx1 Leu198 allele appears to confer an increased risk of
bladder cancer and that risk is further raised in men that have one or two Ala alleles of
the Val9Ala (more often described as Val16Ala, rs4880) MnSOD polymorphism (95).
In the 213 bladder cancer patients, the Pro/Leu genotype was significantly associated
with advanced tumour stage: OR 2.58 (95% CI 1.07, 6.18, p = 0.034) for tumour stage
T2–4 vs. Ta+1 when compared with the Pro/Pro genotype (95).

Prostate: In the context of the above results, it is perhaps surprising that an over-
all protective effect of the variant GPx1 Leu-allele was found on prostate cancer risk
in 82 prostate cancer cases and 123 control individuals in FYROM (87). It is, however,
somewhat suspicious that while heterozygous carriers of the variant Leu-allele had a sig-
nificantly lower risk of prostate cancer compared with Pro homozygotes (OR 0.38, 95%
CI 0.20–0.75, p = 0.004), Leu homozygotes had a non-significant and lesser reduction
in risk. No significant differences in erythrocyte GPx activity by genotype were found
in the healthy control group of 90 subjects.

Other cancers: No associations were found between the GPx Pro198Leu polymor-
phism and risk of basal-cell carcinoma or colorectal adenomas or carcinomas (96, 97).
However, loss of heterozygosity at GPx1 was found in a significant percentage of col-
orectal cancers (42%) (98) suggesting that loss of heterozygosity at the GPx1 locus is
a common event in the development of colorectal cancer and that GPx1 or other tightly
linked genes may be involved in the aetiology of this disease. Similarly DNA samples
from head and neck tumours exhibited fewer heterozygotes and an increased frequency
of the Leu/Leu genotype compared with DNA from the cancer-free population (99).

2.14.3. 15 KDA SELENOPROTEIN, SEP15

The 15 kDa selenoprotein (Sep15) is expressed at high levels in normal liver and
prostate but at reduced levels in the corresponding malignant organs (100). The Sep15
gene lies on chromosome 1p22.3 at a locus commonly deleted or mutated in human
cancers (4, 82) giving rise to expectations that this selenoprotein might be important
to cancer risk. Two SNPs at positions 811 (C/T) and 1,125 (G/A) that are in strong
allelic association have been studied in the 3′-UTR of the Sep15 gene: G/A1125 lies
within a functional SECIS element (82). The T811-A1125 variant was more effective
in supporting UGA readthrough than the C811-G1125 variant, but was less responsive
to the addition of Se to the culture medium (80, 101). Individuals possessing one or
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other of these haplotypes may therefore differ in the efficiency with which they can
make Sep15 and in how well they can use dietary Se (82). Though the frequency of the
T811/A1125 haplotype is 0.25 in Caucasians and 0.57 in African Americans, who have a
higher incidence of prostate cancer (80), no evidence of an effect of this polymorphism
on prostate cancer risk has been reported nor found (102). However, among African
Americans (but not Caucasians), a difference in allele frequencies was seen in DNA
from breast or head and neck tumours and that from cancer-free controls though the
authors suggest that this difference is likely to be due largely to loss of heterozygosity
at the Sep15 locus (80, 103).

The A1125 variant of Sep15 was found to be less responsive to the apoptotic and
growth-inhibitory effects of Se than the G1125 variant (104). In that study, the Sep15
gene was shown to be down-regulated in 60% of malignant-mesothelioma cell lines and
tumour specimens.

A Polish study of 325 lung cancer cases and 287 controls, all of whom were smokers,
showed an effect of Sep15 G/A1125 genotype that varied according to Se status (105).
Among individuals of lower Se status (below 50 μg/L), the risk was higher for those
with the AA genotype compared to those with the GG genotype, whereas among those
of higher Se status (above 50 μg/L), the opposite was the case. Though the effects on
risk did not reach significance, there was a general significant association between Se
concentration and lung cancer risk for the GG, GA and AA genotypes.

2.14.4. SELENOPROTEIN P

A number of SNPs have also been identified in selenoprotein P (e.g. SEPP1,
Ala234Thr, rs3877899), a selenoprotein believed to be involved both in protection from
reactive oxygen and nitrogen species and in the transport of Se to tissues. Normally, the
SEPP1 gene is highly expressed in prostatic epithelium but it is down-regulated in a sub-
set of human prostate tumours, mouse tumours and the androgen-dependent (LNCaP)
and androgen-independent (PC-3) prostate cancer cell lines (106). Our own results (102)
from genotyping some 5,000 prostate cancer cases/controls from the population-based
Prostate Cancer in Sweden (CAPS) study implicate SEPP1 in prostate cancer risk in a
low-Se population.

Genetic variants at or near the SEPP1 locus may also be associated with advanced
colorectal adenoma, a cancer precursor. Cases with a left-sided advanced adenoma
(n = 772) and matched controls (n = 777), screen negative for polyps, were randomly
selected from participants in the Prostate, Lung, Colorectal, and Ovarian Cancer Screen-
ing Trial (107). Three variants in SEPP1, one of which was very rare, were significantly
associated with advanced adenoma risk and a significant overall association with ade-
noma risk was observed for SEPP1 (global p = 0.02).

2.14.5. THIOREDOXIN REDUCTASE 1

In the colorectal adenoma study described above (107) a significant 80% reduction
for advanced colorectal adenoma risk was also seen for carriers of the variant allele
at thioredoxin reductase 1 (TXNRD1) IVS1-181C>G (OR 0.20; 95% CI 0.07–0.55;
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ptrend = 0.004). A significant overall association with adenoma risk for TXNRD1
(global p = 0.008) was observed.

2.14.6. PHOSPHOLIPID GLUTATHIONE PEROXIDASE, GPX4

GPx4 decreases lipid hydroperoxide levels. A GPx4 C718T polymorphism
(rs713041) which is known to be functional (108–110) has been shown to be linked
to colorectal cancer risk in a pilot study (111). Carriage of the T allele appears to be
protective. Though no effect of this polymorphism has been found on risk of breast can-
cer, carriage of the T allele was found to be associated with mortality in 4,470 breast
cancer cases (112).

2.14.7. SUMMARY OF THE EVIDENCE ON SELENOPROTEIN POLYMORPHISMS

AND CANCER RISK

It is difficult to draw clear conclusions from the evidence, as summarised in Tables 1
and 2, on selenoprotein polymorphisms and cancer risk. The situation appears to
have become more confused as more studies are published. With regard to the GPx1
Pro198Leu polymorphism, some studies have shown an allele effect on GPx activity
while others have not. Some authors have suggested that these disparities might be
explained if the change in GPx activity were to be caused by another polymorphism
that co-segregates with the studied polymorphism (84). Interestingly, though only one
study showed a significant effect of carriage of the Leu-allele on breast cancer risk (84),
increased risk was observed in Leu homozygotes who were also homozygous for SOD2
16Ala (93), implying that the risk associated with this polymorphism is affected by other
genotypes and perhaps other environmental factors as well. This is an illustration of the
fact that cancer is a multifactorial complex disease and a combination of factors – not
just a single polymorphism – is generally required to cause disease. It is also possible
that some of the discrepancies noted above may relate to differing Se status between
populations investigated. The fact that development of colorectal, breast and head and
neck tumours is linked with loss of heterozygosity at GPx1 suggests that loss of GPx1
activity may increase cancer risk. Loss of heterozygosity in Sep 15 also occurs in breast
or head and neck tumours, again suggesting that ability to make this selenoprotein may
be important in reducing risk.

Though there are many fewer studies that have investigated associations between
polymorphisms in thioredoxin reductase (TXNRD1 IVS1-181C>G) and selenoprotein
P, significant effects on risk have been associated with these polymorphisms, i.e. risk of
advanced colorectal adenoma.

As a general comment, however, genetic variants in other genes at or near the loci
of the selenoprotein polymorphisms under study might co-segregate, contributing to the
effects observed. All of the genetic variants that might contribute to such an effect must
therefore be identified before disease risk can be definitely attributed to a particular
polymorphism.
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2.14.8. HYPERMETHYLATION OF PROMOTOR REGIONS SILENCE

SELENOPROTEIN GENES AND INCREASE CANCER RISK

Abnormal DNA methylation patterns are associated with neoplasia and inactivation
of tumour-suppressor genes. Hypermethylation of promoter regions of selenoprotein
genes can effectively silence the gene resulting in loss (or reduced amount) of the seleno-
protein and increasing cancer risk. Examples of an effect of promoter methylation on
cancer risk are found for GPx3 in prostate cancer and Barrett’s oesophagus and for the
selenoprotein, methionine sulphoxide reductase in breast cancer metastasis.

Down-regulation of GPx3 occurs widely in prostate cancer. GPx3 was shown to be
hypermethylated in LnCAP (lymph node metastasis) and PC3 (bone metastasis) prostate
cancer cell lines and in 93% of primary prostate cancer tumours (113). In a later study,
the GPx3 promoter was found to be 90% methylated in prostate cancer tissue samples
and its down-regulation was associated with higher rate of post-prostatectomy metasta-
sis (114). Somewhat decreased expression of GPx3 can be detected in morphologically
benign prostate tissues adjacent to cancer tissue, implying that such a decrease precedes
the development of frank malignancy. Deletions of GPx3 occurred in 39% of samples
suggesting that deletion, as well as methylation, probably plays a major role in down-
regulating the expression of this gene (114). A reduction in mortality and tumour volume
was observed when GPx3 was expressed in PC-3 xenograft mice suggesting that GPx3
has a tumour-suppressor role (114).

GPx3 was also shown to be hypermethylated in 62% of Barrett’s metaplasia, 82%
of dysplasia and in 88% Barrett’s adenoma samples (115). Consistently reduced levels
of GPx3 mRNA were seen in 91% of Barrett’s adenoma samples. Monoallelic methy-
lation was associated with partial loss of GPx3 expression in metaplasia while biallelic
methylation and severe loss of GPx3 expression were most frequently seen in Barrett’s
adenoma samples (p = 0.001) (Table 3).

Table 3
Frequency of GPx3 Promoter Hypermethylation According to Histomorphologic Diagnosis
[Lee et al. (115)]

GPx3
methylation
status

Histologic diagnosis

Normal
(n = 10)

Barrett’s
oesophagus
(n = 21)

Barrett’s
dysplasia
(n = 11)

Barrett’s
adenocarcinoma
(n = 34)

No methylation
(M–)

10 (83%) 8 (38%) 8 (38%) 4 (12%)

Monoallelic
(M+/M–)

2 (17%) 7 (33%) 8 (73%) 14 (41%)

Biallelic
(M+/M+)

0 6 (29%) 1 (9%) 16 (47%)∗

M, methylation; (–) negative; (+) positive.∗Biallelic methylation was significantly more frequent in Barrett’s adenocarcinoma (P < 0.01).
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The last example of methylation affecting transcription of a selenoprotein relates to
methionine sulfoxide reductase 1 (MsrB1), a selenoprotein linked with longer lifespan
that is highly expressed in the weakly metastatic breast carcinoma cell line MCF7 but
poorly expressed in the highly metastatic cell line MDA-MB231 (116). The promoter
of this selenoprotein is regulated by epigenetic modification as evidenced by the upreg-
ulation of the gene transcript after treatment with the demethylating agent, 5-aza-2′-
deoxycytidine (116). A CpG site within the Sp1 consensus site located 46 bp upstream
of the transcription start site was found to be hypermethylated in the highly metastatic
cell line suggesting a possible cause for the repression of transcription.

These examples clearly illustrate that functional GPx3, at least (and probablyMsrB1),
is important in reducing the risk of some cancers.

3. IN VITRO STUDIES AND ANIMAL EXPERIMENTS

Cell-culture studies have made a massive contribution to the understanding of the
multiple mechanisms by which Se acts in the prevention of the incidence and spread
of cancer. Such studies are too numerous to describe again here given that those that
have made the most significant contribution to our current knowledge have already been
covered under the appropriate mechanism sections.

There is similarly extensive experimental evidence from animal studies that indicates
that Se supplementation reduces the incidence of cancer in animals, lowering the yield
of tumours and reducing metastases (25, 59, 62, 63, 76, 117). It is difficult, however,
to generalize from such studies to the human situation, as animal studies have gener-
ally used doses at least ten times greater than those required to prevent clinical signs of
deficiency, which, on a per unit body-weight basis, are considerably higher than most
human Se intakes. In recent years, evidence from transgenic models has been most use-
ful in demonstrating that selenoproteins are important for the cancer-protective effects
of selenium as in the studies quoted below.

A unique mouse model was developed by inter-breeding transgenic mice with
reduced selenoprotein levels because of the expression of an altered selenocysteine-
tRNA (i6A-) with mice that develop prostate cancer because of the targeted expression
of the SV40 large T and small t oncogenes to that organ (C3 (1)/Tag) to give bigenic
animals (i6A-/Tag) (118). The selenoprotein-deficient mice exhibited accelerated devel-
opment of lesions associated with prostate cancer progression, suggesting that seleno-
proteins are important in reducing prostate cancer risk and development.

Transgenic mice with the same mutant selenocysteine-tRNA gene (i6A-) described
above were fed selenium-deficient diets supplemented with 0, 0.1 or 2.0 μg Se (as
selenite)/g diet (119). Compared with wild-type mice, transgenic mice had more (p <
0.05) azoxymethane-induced aberrant crypt formation (a preneoplastic lesion for colon
cancer). Se supplementation significantly decreased the number of aberrant crypts and
aberrant crypt foci in both wild-type and transgenic mice. It is clear from this study
that a lack of selenoprotein activity causes increased colon cancer susceptibility but
furthermore that low molecular weight selenocompounds were able to reduce pre-
neoplastic lesions in these animals. This important study thus provided evidence that
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both selenoproteins and low molecular weight selenocompounds are important for the
cancer-protective effects of selenium (Irons et al. (119)).

4. EPIDEMIOLOGICAL STUDIES

Numerous cohort and nested case–control studies have shown that higher Se status is
associated with a lower risk of malignancies or death from cancer (e.g. prostate, liver,
lung, colon/rectum, oesophagus, gastric cardia, bladder, pancreas and thyroid) (23, 24,
26, 28, 120–128).

Cancer mortality in relation to prediagnostic Se status was investigated in the large
US Third National Health and Nutrition Examination Survey (NHNES III) (120). Serum
Se was measured at baseline in 13,887 adult participants who were then followed up for
up to 12 years. Mean serum selenium concentration was 125.6 μg/L. The multivariate-
adjusted hazard ratios (HR) comparing the highest (≥ 130.39 μg/L) with the low-
est (< 117.31 μg/L) serum selenium tertile were 0.83 (95% confidence interval [CI]
0.72–0.96) for all-cause mortality and 0.69 (95% CI 0.53–0.90) for cancer mortality.
The association between serum Se and all-cause and cancer mortality was nonlinear,
showing an inverse association with total cancer mortality up to a serum Se concentra-
tion of around 130 μg/L (Fig. 4). While total cancer mortality began to rise again above
a serum concentration of 150 μg/L, mortality from colorectal and prostate cancers con-
tinued to decline. Similar benefits of higher Se status on cancer mortality were seen
in the smaller EVA study conducted among elderly French volunteers. There the risk
of mortality from cancer was increased four-fold in volunteers in the bottom quartile of
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Fig. 4. Hazard ratios for all-cancer and colorectal, lung and prostate cancer mortality by serum Se
concentration. The curves represent multivariate-adjusted hazard ratios based on restricted quadratic
splines with knots at the 5th, 50th and 95th percentiles of the serum Se distribution. The reference
value (hazard ratio, 1) was set at the 10th percentile of the serum Se level distribution (105.4 ng/ml).
Hazard ratios were adjusted for age, sex, race/ethnicity, education, family income, menopausal sta-
tus, cigarette smoking status, serum cotinine level, alcohol consumption, physical activity, body mass
index and vitamin and/or mineral supplement use. The p values were 0.006 for all-cancer mortality,
0.72 for colorectal cancer mortality, 0.14 for lung cancer mortality and 0.77 for prostate cancer mor-
tality. To convert Se to μmol/L, divide by 78.96. Reproduced with permission from reference 114.
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baseline plasma Se compared to those in the top quartile (relative risk, RR = 4.06; 95%
CI 1.51–10.92, p = 0.006) (129).

A few epidemiological studies have specifically investigated the association between
Se and bladder cancer. Of seven prospective studies, five found a decreased risk of blad-
der cancer with high vs. low serum/toenail Se (128). The largest of these prospective
studies, carried out in the Netherlands, included 431 cases and 2,459 sub-cohort mem-
bers. A significant inverse association between toenail Se concentrations and the risk of
bladder cancer in the highest vs. lowest toenail Se quintile (RR 0.67; 95% CI 0.46–0.97)
was reported (121). The association was most pronounced in ex-smokers and in those
with invasive transitional-cell carcinomas.

The relationship between baseline serum Se and the subsequent risk of death from
oesophageal squamous cell carcinoma (ESCC) and gastric cardia cancer (GCC) was
investigated over 15 years of follow-up of 1,103 subjects randomly selected from a
larger trial cohort of all participants in the General Population Trial (the 5-year interven-
tion did not involve Se) of Linxian, China. Compared with those in the lowest quartile
of serum Se at baseline, those in the highest quartile had a 65% significant reduction in
the risk of mortality from ESCC (RR: 0.35, 95% CI 0.16–0.81) and a 69% reduction in
the risk of death from GCC (RR: 0.31, 95% CI 0.11–0.87) (123).

The association between plasma Se concentration and subsequent risk of hepatocel-
lular carcinoma (HCC) was investigated among chronic carriers of hepatitis-B and/or
C virus in a cohort of 7,342 men in Taiwan (24). Mean baseline Se concentration was
significantly lower in the 69 men who developed HCC over 5.3 years of follow-up than
in the 139 matched, healthy HBsAg-positive controls (p = 0.01). Adjusted odds ratios
of HCC for subjects in increasing quintiles of plasma Se were 1.00, 0.52, 0.32, 0.19
and 0.62, respectively. The inverse association between plasma Se and HCC was most
striking among cigarette smokers and among those with low plasma levels of retinol or
various carotenoids.

Colorectal adenoma is closely associated with subsequent development of colorectal
cancer. Peters and colleagues have tabulated observational studies of the effect of Se
on colorectal tumours (130). Such studies have generally supported a preventive role for
selenium although not always with statistically significant effects. Jacobs and colleagues
(131) carried out a pooled analysis of data from three studies that could be considered as
prospective studies of Se and risk of colorectal adenoma. The Wheat Bran Fiber Trial,
the Polyp Prevention Trial and the Polyp Prevention Study were 3–4-year interventions
in subjects that had recently undergone adenoma removal, 1,763 of whom had baseline
serum or plasma Se measured. None of the trials affected the risk of adenoma recurrence.
Analysis of pooled data showed that those with baseline serum or plasma Se in the
highest quartile (median 150 μg/L), when compared with those in the lowest quartile
(median 113 μg/L), had significantly lower risk of adenoma recurrence (OR 0.66; 95%
CI 0.50, 0.87). These results support previous findings that are suggestive of a beneficial
effect of higher Se status on colorectal cancer risk.

In recent years, systematic reviews and meta-analyses have increasingly been used
in an attempt to summarize the evidence for an effect of Se on the risk of some com-
mon cancers: a meta-analysis of 16 studies of Se and lung cancer showed that the sum-
mary relative risk (RR) for subjects with higher vs. lower Se exposures was 0.74 (95%
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CI 0.57–0.97), suggesting a protective effect of Se against lung cancer (124). Effects
occurred primarily in populations with low-Se levels defined as serum Se < 100 mg/L or
intake < 55 mg/d. Above a certain level, increasing Se intake had little further benefit,
suggesting the existence of a threshold effect.

The strongest evidence for an effect of Se on a specific cancer site relates to its
effect on prostate cancer. Large prospective studies of Se in prostate cancer are sum-
marized in Table 4 (21, 23, 26, 28, 125, 132–135). Most interestingly, many of these
studies have examined the effect of Se separately on advanced prostate cancer (cancer
that has spread beyond the prostate) and found the effect to be greater than on local-
ized prostate cancer (23, 26, 28, 125). Recent systematic reviews and meta-analyses
have reinforced these findings. A systematic review and meta-analysis of 16 studies
(126) found that the pooled relative risk of prostate cancer for any intake of Se (aver-
age between first and fourth quintile or first and third quartile, compared to the lowest

Table 4
Large Prospective Studies of Prostate Cancer/Advanced Prostate Cancer Using
Tissue Indicators of Exposure

Study Population No. of 

cases

Indicator 

of exposure

Comparison

High vs. low

RR1 95% 

confidence 

interval

P for 

trend

Knekt et al.

1990

Finland

General population

51 Serum Quintile 1.15 – 0.71

Yoshizawa et 

al. 1998

USA Health 

professionals

181 Toenails Quintile 0.352 0.16–0.78* 0.03

Nomura et al.

2000

USA Hawaii

Japanese ancestry

Non smoker

Ex-smoker

Current smoker

Localised disease

Advanced disease

249

87

86

76

120

64

Serum Quartile 0.5 

0.8

0.5

0.2

0.8

0.32

0.3–0.9*

0.4–1.9

0.2–1.1

0.1–0.8

0.4–1.8

0.1–0.8

0.02

0.93

0.03

0.02

0.76

0.01

Helzlsouer et 

al. 2000

USA

Washington County 117 Toenails Quintile 0.58

0.383

0.29–1.18

0.17–0.85*

0.27

0.12

Goodman et al. 

2001

USA CARET Trial

asbestos workers/ 

current/ex-smokers

retinol/β-carotene arm

placebo arm

235

111

124

Serum Quartile 1.02

0.75

1.52

0.7–1.6

0.41–1.36

0.78–2.79

0.69

0.40

0.12

Brooks et al.

2001

USA

Baltimore

52 Plasma Quartile 0.24 0.08–0.77* 0.01
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Table 4
(Continued)

van den Brandt 

et al. 2003

Netherlands

Cohort Study

Never smoker

Ex-smoker

Current smoker

Localised disease

Advanced disease

540

72

300

168

189

183

Toenails Quintile 0.69 

1.19

0.46

0.97

0.72

0.622

0.48–0.99*

0.48–2.92

0.27–0.79*

0.42–2.22

0.42–1.24

0.37–1.05

0.008

0.043

0.020

Li et al.

2004

USA Physicians' 

Health Study

Baseline PSA>4

Baseline PSA<4

Localised disease

Advanced disease

586

228

293

348

171

Plasma Quintile 0.78 

0.49

0.77

0.97

0.522

0.54–1.13

0.28–0.86*

0.48–1.22

0.64–1.49

0.28–0.98*

0.16

0.002

0.59

0.91

<0.05

Peters et al.

2006

USA PLCO Trial 

High vitamin E intake 

(≥28 IU/d)

Multi-vitamin use

724

363

302

Serum Quartile 0.84

0.58

0.61

0.62–1.14

0.37–0.90*

0.36–1.04

0.70

0.05

0.06

*denotes statistically-significant effect

1RR relative risk for highest versus lowest category 

2Advanced disease

3Adjusted for BMI at age 21, education and hours since last meal

intake category) was 0.72 (95% CI 0.61–0.84) for cohort studies and 0.74 (0.61–1.39)
for case–control studies. Sub-group analysis showed a stronger protective effect among
those with advanced disease with a dose–response trend, though the results were not
significant, probably because of small sample size. Brinkman and colleagues (128)
carried out a meta-analysis of 20 studies in which the pooled standardized mean dif-
ference between serum/plasma/toenail Se in cases and controls was −0.23 (−0.40,
−0.05; p= 0.01) indicating an inverse association between Se status and risk of prostate
cancer.

The recent World Cancer Research Report (136) which systematically reviewed the
available research on diet and cancer prevention concurred with the above findings,
concluding that there is strong evidence from trials and cohort studies that Se proba-
bly protects against prostate cancer and limited evidence that it protects against lung,
colorectal and stomach cancers.

5. INTERVENTION STUDIES

A Cochrane review of randomised trials comparing antioxidant supplements with
placebo for prevention of gastrointestinal cancers (137) found that Se significantly
decreased the risk (RR 0.49, 95% CI 0.36–0.67). Notably, Se administered vs. placebo
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to high-risk groups (i.e. carriers of hepatitis-B surface antigen and members of fami-
lies with high incidence of liver cancer) for 2–4 years reduced the incidence of hepa-
tocellular carcinoma by 50% (RR 0.50, 95% CI 0.35–0.71). The Bjelakovic Cochrane
review concludes “Se alone (of antioxidant supplements) may have preventive effects
on cancer. This finding, however, is based on trials with flaws in their design and needs
confirmation in properly conducted randomised clinical trials.”

Bardia and colleagues systematically reviewed the trial evidence for the effect of
Se in primary cancer prevention (138). Se gave a pooled relative risk (RR) for can-
cer incidence of 0.88 (95% CI 0.77–1.00) from pooling four trials with considerable
heterogeneity (I2 = 52%). When the two trials that assessed Se in combination with
beta-carotene and vitamin E were excluded, heterogeneity disappeared (I2 = 0%) and
benefit increased: for incidence RR 0.69 (95% CI 0.56–0.85) and death RR 0.61 (95%
CI 0.42–0.89). The results of the Nutritional Prevention of Cancer (NPC) trial were the
major driver of the benefits found in that analysis.

The NPC trial provided compelling evidence that Se can reduce cancer incidence
and mortality (139). Of people with a history of non-melanoma skin cancer, 1,312 were
randomised to 200 mcg Se/day (as high-Se yeast) vs. yeast placebo. After 41/2 years of
treatment and 61/2 of follow-up, there was no effect on the primary end point of skin
cancer but those receiving Se had 50% lower total cancer mortality (RR 0.50; 95% CI
0.31–0.80) and 63% lower cancer incidence (RR 0.63; 95% CI 0.47–0.85) with fewer
cancers of the prostate (RR 0.37; 95% CI 0.18–0.71), colon/rectum (RR 0.42; 95% CI
0.18–0.95) and lung (RR 0.54; 95% CI 0.30–0.98). No effect on breast cancer was seen
but there were only 332 women.

In follow-up analyses, though the effects of Se were attenuated, they remained sig-
nificant for total cancer incidence (Cox proportional hazards model, HR 0.75; 95%
CI 0.58–0.97) and prostate cancer incidence (HR 0.48; 95% CI 0.28–0.80) (140) but
just missed significance for colorectal cancer incidence (HR 0.46; 95% CI 0.21–1.02;
p = 0.057). Analysis by initial Se status showed that the strongest effect of Se was
seen in those who fell into the bottom tertile (<105 μg/L) of plasma Se at baseline:
HR total cancer 0.51, 95% CI 0.32–0.81 (140); HR lung cancer 0.42, 95% CI 0.18–
0.96; odds ratio (OR) prevalent colorectal adenoma 0.27, 95% CI 0.09–0.77 (141, 142).
Furthermore, when adjustment was made for the lower rate of PSA measurement in
the Se-treated group, only those men with baseline plasma selenium <106 μg/L still
showed a lower risk of prostate cancer on Se supplementation. By contrast, participants
in the highest tertile (>122 μg/L) had a non-significant elevated incidence of total cancer
incidence (HR 1.20, 95% CI 0.77–1.86) (140).

Although follow-up analyses confirmed initial findings that Se supplementation was
not statistically significantly associated with the incidence of basal-cell carcinoma (HR
1.09; 95% CI 0.94–1.26), the extended treatment period raised the elevated risk of squa-
mous cell carcinoma and total non-melanoma skin cancer to statistically significant
levels (HR 1.25; 95%CI 1.03–1.51 and HR 1.17; 95%CI 1.02–1.34, respectively) (143).
However, it must be remembered that the subjects in the NPC Trial were all skin cancer
patients whose skin had sustained heavy sun-damage (143). In fact when subjects were
divided into tertiles according to baseline Se status, those in the bottom tertile, whose
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status resembled that found in Europe, did not have an increased risk of squamous cell
carcinoma (HR 0.87; 95% CI 0.62, 1.22). Of more concern is the fact that more recent
analysis of NPC trial data showed an increased risk of self-reported type-2 diabetes in
those supplemented with Se, though the effect was significant only in those in the top
tertile of plasma Se at baseline (144).

Overall, the trial showed that the protective effect of selenium was confined to males
(HR 0.67; 95% CI 0.50–0.89) and was most pronounced in former smokers and in those
in the bottom tertile of plasma Se at baseline (140). It is notable that most of the popu-
lation of Europe would fall into the bottom tertile of plasma Se, as defined in that study.

The later Selenium and Vitamin E Cancer Prevention Trial (SELECT) that investi-
gated the effect of Se and vitamin E on prostate cancer risk showed that giving 200 μg
Se/d (as selenomethionine) to a population of men of mean plasma Se 136 μg/L did
not reduce the risk of localized prostate cancer (145). In the light of NPC trial results,
it is unfortunate that SELECT had no subjects within the range of Se status (i.e. <106
μg/L) that had previously shown benefit from Se supplementation on prostate cancer
risk. In SELECT men, baseline serum Se ranged from 122.9 to 150.0 μg/L, which in
fact, according to the NPC trial, put them into the category of non-significant increased
risk from Se supplementation: in fact there were some potential indications of toxic
effects in terms of alopecia and grades 1–2 dermatitis in the Se group.

Furthermore, SELECT supplemented with SeMet rather than Se-yeast as used in the
NPC trial. As Se-yeast contains only some 60–70% of its total Se as SeMet (146), it
is possible that some other Se species than SeMet may have been responsible for the
beneficial effects seen in the NPC trial.

Unfortunately SELECT results tell us nothing about the effect of Se on risk of
advanced disease on which a number of studies have suggested a greater effect (9, 102)
only 1.1% of cases were non-localised – nor on men of lower Se status. Clearly while
at least one third of NPC men did not have optimal selenoprotein P or even GPx con-
centration/activity, this was not true of SELECT men, all of whose selenoproteins were
likely to have been optimised (147). Therefore if selenoproteins are important in cancer
prevention, no effect would have been seen in SELECT, as was indeed the case. Such
a trial conducted in Europe where Se status is substantially lower might have shown a
very different outcome.

6. INTERVENTION WITH SELENIUM IN CANCER PATIENTS

A number of randomized controlled trials have been initiated in men with local-
ized prostate cancer to see if supplementation with high-Se yeast can inhibit spread
beyond the prostate. Thus the Watchful Waiting Trial (148) is being conducted in the
Arizona Cancer Center in men with prostate cancer who have chosen watchful wait-
ing rather than active intervention while my colleagues and I are conducting a double-
blind, placebo-controlled, randomised phase II trial of Se supplementation in men with
localised prostate cancer in men under active surveillance for prostate cancer at the
Institute of Cancer Research, UK.

A few clinical trials have used Se supplementation in combination with DNA-
damaging chemotherapeutic agents such as cisplatin, doxorubicin and irinotecan (149).
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These agents produce bulky DNA-adducts that are repaired by nucleotide excision repair
(NER) of DNA. Se appears to be able to enhance DNA repair but only in cells with
normal p53 (13). Se supplementation elevates the expression of proteins responsible
for recognition of DNA damage, selectively protecting genetically normal cells from
DNA-damaging chemotherapeutic agents, while simultaneously offering no detectable
protection to cells either completely lacking p53 or possessing only mutant p53 (150).
It is important to note that as many as 70% of tumours have a mutant p53 phenotype.
Thus Se appears to be able to protect tissues from dose-limiting toxicity, reducing DNA
damage, the frequency of chromosomal aberrations, the number of aberrant metaphases
and the frequency of apoptotic cells and allowing delivery of higher chemotherapeutic
doses without affording protection to cancer cells (150, 151). Other mechanisms have
also been implicated in the sensitization of cancer cells to chemotherapeutic agents by
Se (152, 153).

7. TISSUE SPECIFICITY AND TOTALITY OF THE EVIDENCE

Evidence from molecular biology (selenoprotein SNPs and methylation of promoter
regions of selenoprotein genes) suggests that adequate Se intake may be able to affect
favourably the risk of prostate, lung and bladder cancers, and oesophageal and colorectal
adenomas.

Aside from that evidence, while it is safe to draw conclusions from well-run ran-
domised controlled trials, the evidence from observational or case–control studies, even
when nested within a prospective cohort study, is subject to some uncertainty owing to
the effect of inflammation (or acute phase response) on blood/plasma/serum (or perhaps
even toenail) Se concentration (154, 155). The plasma concentration of Se decreases in
proportion to the magnitude of the inflammatory response. Plasma selenoprotein con-
centration declines, most notably that of selenoprotein P, with inflammatory activity
(154, 156). Even the early stages of degenerative disease and cancer may have a sub-
clinical inflammatory component (154, 157, 158). Thus chronic low-level inflammation
may long precede the appearance of symptoms. For instance, increasing age, smoking,
symptoms of chronic bronchitis, Helicobacter pylori and Chlamydia pneumonia infec-
tions and body mass index were all associated with raised concentrations of C reactive
protein, a recognised marker of inflammation, in UK men aged 50–69 years from gen-
eral practice registers (157). Hence when interpreting plasma selenium concentrations,
a marker of the inflammatory response, such as CRP, should always be included to dis-
tinguish true nutritional depletion from the inherent effects of disease (154).

Given the caveats referred to above, and therefore summarizing only the results found
from trial evidence, for individual cancers the following conclusions can be drawn:

– Prostate cancer: There is evidence that Se probably protects against prostate cancer in
men of relatively low-Se status (baseline plasma Se < 106 μg/L) (140), but not in men
of replete Se status (i.e. serum Se >123 μg/L) (145). Se seems to have a specific role in
down-regulation of the androgen receptor which may be a key factor in its effect.

– Liver cancer: There is a likely beneficial effect of Se on the risk of hepatocellular car-
cinoma in high-risk groups (i.e. carriers of hepatitis-B surface-antigen and members of
families with high incidence of liver cancer). However, the relevant trials have flaws in
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their design and the work needs confirmation in properly conducted randomised clinical
trials (137).

– Lung cancer: There is a trend towards a reduction in risk of incident lung cancer with
Se supplementation though a significant reduction in risk occurred only in those with a
plasma Se concentration less than 106 μg/L.

– Colorectal cancer and its precursor, colorectal adenoma: Se supplementation is associated
with a trend towards a reduction in risk of incident colorectal cancer and a significant
decrease in prevalent adenomatous polyps, particularly in current smokers and subjects
with baseline plasma selenium <105.5 μg/L (140–142).

– Squamous cell carcinoma: Se supplementation was associated with a higher risk of SCC
in participants in the highest two tertiles of baseline plasma selenium, i.e. >105.6 μg/L
though there was no increased risk in participants whose plasma Se was below 105.2μg/L
(143).

In general, trial evidence for a protective effect of Se, which comes mainly from one
study, relates only to men, is most pronounced in former smokers and in those with
plasma Se <105 μg/L (140). Indeed, there is a suggestion that those with plasma Se
above 122 μg/L may have an elevated incidence of total cancer with selenium supple-
mentation (140). It is notable that data from the Third National Health and Nutrition
Examination Survey (NHANES III) show that around half of the US population fall into
this category and should probably not be exposed to additional Se (159). On the other
hand, plasma Se concentrations in Europe, New Zealand and many parts of China lie
below 105 μg/L, and those populations might benefit from an increased Se intake to
reduce cancer risk.

8. FUTURE RESEARCH DIRECTIONS

From the arguments presented above that show that chronic low-grade inflammation
can effect measures of Se status long before the appearance of disease, it is clear that
only intervention studies can give a truly reliable picture of the influence of Se on disease
risk and so we need more trials, though it should be noted that these need to be in
appropriate populations, i.e. those of low-Se status or in specific high-risk genotype
groups. Unfortunately randomised controlled trials (RCTs) are extremely expensive.

Recent studies have implicated high serum Se or Se supplementation in increased risk
of type-2 diabetes (144, 160, 161). Furthermore, it appears that high serum Se concen-
trations may be associated with high total cholesterol, LDL-cholesterol, triglycerides,
apo B and apo A1 levels (162, 163). We must therefore work towards identifying a safe
intake of Se which, while reducing cancer risk, will not increase the risk of other serious
conditions.

Given these and other considerations, we badly need a large RCT of the effect of Se
on all cancers which fulfils the following criteria:

– carried out in a population with a relatively low baseline Se intake, such as a European
population;

– includes enough women to look at the effect on risk in females as there has been no
sizeable trial of Se supplementation in women;
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– uses a lower dose of Se, e.g. 100 μg/d, as if such a dose is effective in reducing cancer
risk, it may avoid adverse effects that may appear at a higher daily dose. Furthermore, it
will be easier to implement a public-health policy to achieve that level of intake.

Trials with Se-methylselenocysteine, particularly in early prostate cancer, are also
needed and will no doubt follow on from the currently planned pharmacokinetic studies
with this small molecular weight Se compound.

Most importantly, given the data summarised above that has appeared in the last
10 years showing that selenoprotein genotype can affect cancer risk, trials in subjects
of known SNP genotype for selenoproteins (or genes in related pathways) must be ini-
tiated as we can no longer assume that each person’s Se requirement to reduce cancer
risk is the same.

Aside from trials, adjunctive therapy with Se in cancer chemotherapy has clear poten-
tial for a better prognosis from treatment as outlined above.

9. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

Given what we know about the effect of selenoprotein genotype on the ability to
make selenoproteins and on cancer risk, there will be considerable individual variation
in Se requirements for optimal health. To date, few epidemiological studies have taken
genotype into account and so the recommendations that follow cannot be prescriptive
for an individual.

From prospective studies, the mean/median level of plasma Se required for a signif-
icant reduction in cancer risk ranges from > 84 μg/L (e.g. for oesophageal and gastric
cardia cancer in China) to 147 μg/L (e.g. for prostate cancer in Hawaii) according to the
study, while from trial data, the minimum mean plasma Se for significant reduction in
cancer risk in an Eastern US population in the NPC Trial ranged from 105 μg/L (all
cancers) to 123 μg/L (prostate cancer) (164). The minimum Se intake required to
achieve these plasma concentrations ranges from just below the US RDA/UK RNI (55–
75 μg/d) level to a total intake of around 140 μg/d from dietary Se [or Se-yeast, which
is similarly absorbed and retained (146). This assertion is based on results of a UK sup-
plementation study in healthy volunteers with a baseline dietary intake of approximately
40 μg/d in which a further 100 μg Se/d as Se-enriched yeast raised plasma Se from 90.3
to 148.4 μg/L (165). To date, no cancer trial has used a level of dose that would give a
total intake of 140 μg Se/d as suggested above, all having opted for an additional 200
μg Se/d or more.

Trial evidence, which as explained above is more reliable, has only supplied infor-
mation on a supplemental dose of 200 μg Se/d. While this appeared to benefit men of
relatively low-Se status (plasma Se ≤ 105 μg/L), there was no benefit on the risk of
prostate cancer for men of replete Se status (serum Se >123 μg/L) (145). Those with
plasma Se >122 μg/L, if given 200 μg Se/d, may run the risk of developing squamous
cell carcinoma (143) and type-2 diabetes (144). The advisability of supplementing indi-
viduals of already-replete status (say 125 μg/L or more) (147) with Se must be ques-
tioned. Certainly it should be apparent that in populations that already have a mean
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baseline intake at the level associated with reduced cancer risk, e.g. the Prostate, Lung,
Colorectal and Ovarian Cancer Trial population, where mean plasma Se was 141.3 μg/L
(135), or SELECT, where mean serum Se was 136 μg/L, no significant benefit at higher
intake/status should be expected, nor indeed was seen in the higher Se status individuals
in those populations. Such populations should not be exposed to additional dietary Se
or supplementation.

Additional Se may benefit those living in regions of low-to-moderate Se status
(plasma Se≤ 105 μg/L). Good food sources of Se in such regions are scarce but include
the following:-

Brazil nuts, kidney, fish, liver and shellfish (164). However, many people rarely eat
such foods. Men in this category (e.g. Europeans), particularly if there is a family history
of prostate cancer, should be able to take an additional daily dose of up to 200 μg Se/d
without adverse effects. There appears to be no case for women of low-to-moderate Se
status supplementing with a dose higher than 100 μg Se/d, as 100 μg/d should be able
to raise plasma Se to near 150 μg/L, a level associated with decreased risk in a number
of studies (164).

Definitive guidelines on optimal intake await further research and, for individuals
rather than populations, these must ultimately be genotype related.
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20 Calcium and Cancer

Joan M. Lappe

Key Points

1. The importance of calcium and vitamin D acting together has long been recognized for skeletal
health. Evidence now suggests that calcium and vitamin D are important in the prevention of cancer.

2. Clinical studies suggest that optimal calcium and vitamin D nutrition can prevent from 30 to 77%
of various types of cancer.

3. High calcium intake has shown to have a protective effect against colon cancer. Experiments show
that unabsorbed calcium in the lumen of the colon can prevent the adverse effects of bile acids and
free fatty acids on the epithelial cells.

4. Calcium is shown to have a positive effect against cancer through its regulation of cell division,
proliferation, and differentiation. Increased calcium concentrations in cell and organ culture media
show decrease in cell proliferation and stimulate cell differentiation in numerous types of cells.

5. Numerous studies have evaluated the association between breast cancer and calcium intake. Most
of the case–control studies found an inverse association between dietary calcium intake and risk of
breast cancer. At least four cohort studies have evaluated the effect of dietary calcium on incidence
of breast cancer and found a significantly reduced risk of breast cancer associated with higher
dietary calcium.

Key Words: Calcium; cancer; colon; breast

1. INTRODUCTION

Experimental studies suggest that calcium prevents colon cancer through two poten-
tial mechanisms. The classical hypothesis holds that high calcium intakes are protective
for colon cancer because unabsorbed calcium complexes with free unconjugated bile
acids and free fatty acids in the lumen of the colon (1–5). These complexes of calcium
fat soaps have been observed (6, 7). The bile and fatty acids have been shown to have
irritating effects and to stimulate cell proliferation, thereby promoting a variety of cell
damaging effects in the colon. Subsequent repair mechanisms that involve inflamma-
tion and hyperproliferation of undifferentiated cells initiate the malignant process (8).
By complexing with these acids, unabsorbed calcium prevents the adverse effects on
epithelial cells.
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More recently, considerable attention has been given to a more complex mechanism
whereby calcium may decrease the risk of colon cancer, as well as other types of cancer.
This mechanism is based on the widely accepted view that calcium is a pivotal regulator
of numerous cell functions and modulates cell properties (9). Of particular importance
is its role in regulation of cell division, proliferation, and differentiation (9). It has been
shown that low levels of intracellular ionized calcium play a role in cell proliferation
and that increasing the calcium concentration in cell and organ culture media decreases
cell proliferation and stimulates cell differentiation in numerous types of cells (10–12).
In this paradigm, persistent calcium malnutrition leads to a decrease in calcium concen-
tration in extracellular fluid compartments, which is translated into modulation of cell
functions that can lead to initiation of cancer.

It is well established that systemic calcium homeostasis is regulated by the effects
of parathyroid hormone and 1,25 dihydroxyvitamin D (1,25(OH)2D, calcitriol) on the
intestine, kidney, and skeleton. Through this system, serum calcium is maintained
within a narrow range such that even wide variations in calcium intake cause only
slight changes in serum calcium levels. However, the concentration of calcium in other
extracellular fluid compartments, for example, the intestine, depends on the kinetics
of tissue-specific calcium fluxes and not on plasma calcium levels. The extracellu-
lar ionized calcium-sensing receptor (CaR) is thought to be a key step in the path-
way through which calcium mediates a protective effect against cancer development
(13–17). Even minute variations in extracellular fluid calcium concentrations are able to
affect cellular functions such as proliferation, differentiation, and apoptosis, via mod-
ulation of the CaR (13, 18). Studies suggest that signaling pathways involved in cell
growth and differentiation that are activated by calcium through the CaR include pro-
motion of E-cadherin expression, suppression of β-catenin–T-cell factor activation, and
activation of the p38 mitogen-activated protein kinase cascade (14, 16, 19). Persistent
calcium malnutrition leads to a decrease in calcium concentration in extracellular fluid
that affects CaR activity.

The CaR, which is a G protein-coupled type plasma membrane receptor, modifies
intracellular signaling in a cell-type-specific manner (20). Several cell types are known
to express the CaR, including osteoblasts, monocytes, and mammary, ovary, and colon
epithelial cells, to name a few (21–25). In addition to its presence on normal cells, the
CaR has been found on several malignant cells: colon, breast, ovary, and prostate cancer
cells (21–23, 26). Studies of human colon carcinomas demonstrate that CaR-positive
cells are found almost exclusively in differentiated areas within the malignant lesion
(15, 21).

Specifically, the numerous cellular effects of calcium on colonic epithelial cells sug-
gest its role in colon carcinogenesis. The proliferative compartment of epithelial cells
increases in size in colonic crypts of persons at risk for colon cancer (27). In vitro and
in vivo studies and randomized human trials have shown that calcium supplementa-
tion with calcium tablets or dairy foods decreases colonic epithelial cell proliferation
(27–34). Numerous preclinical experimental studies have demonstrated very consis-
tent calcium effects on colon cancer development and on cellular processes associated
with colon cancer. These include the following effects: (a) decreasing and normalizing
excessive proliferation of colonic epithelial cells, thereby decreasing the susceptibility
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of proliferating epithelial cells to accumulation of abnormalities in DNA; (b) decreas-
ing the cytotoxicity of fecal water; (c) increasing the maturation and differentiation of
colonic epithelial cells; and (d) reducing the development of colon cancers in animal
models (35–39).

It has been shown that, mediated by calcium, vitamin D deficiency slows apoptosis of
colonic epithelial cells at the mouths of the crypts, resulting in an abnormally long life
span of these epithelial cells (40). Thus, the resultant proliferative colonic epithelial cell
population was unusually large. In a study of human colon adenocarcinoma cells, Cross
et al. demonstrated that cell growth could be slowed by increasing the extracellular
calcium concentration in the culture medium (41, 42). Cell cycle analysis suggested
that transition from the G1 into the S phase was a crucial step in the ionized calcium
regulation of the colon cancer cell proliferation (15).

Peterlik and Cross (43) have suggested that the development of tumors from the
hyperproliferative foci of colonic adenomas into malignant lesions could be used as
a paradigm for the role of CaR in modulating growth of ionized calcium-sensitive pro-
liferating normal and malignant cells. Proliferation, differentiation, and apoptosis of
colonic epithelial cells occur simultaneously along the axis of the colonic crypt. This is
predicated on synchronization of cell division at the base with cell death at the mouth
of the crypt. A calcium gradient might play a role in this synchronization, assuming
there is a “calcium switch” in crypt cells that stimulates proliferation at low ionized cal-
cium levels and promotes differentiation and apoptosis with increasing ionized calcium
levels from the base to the mouth. The CaR, which is located at the base of the crypt,
might serve as the “switch” by setting the rate of proliferation dependent on the ambient
ionized calcium. In this paradigm, increasing ionized calcium would inhibit division of
crypt base cells and ease their progression from the proliferating to the differentiating
compartment in the upper part of the crypt. Thus in this scenario, calcium supplementa-
tion, which increases the ambient ionized calcium, could serve as an effective measure
to prevent colon cancer.

The action of calcium on cells other than colon has not been as thoroughly studied.
However, it has long been recognized that, in culture, normal human breast epithelial
cells reduce growth and become terminally differentiated when ambient ionized cal-
cium is increased within the physiological range (11). Cheng et al. demonstrated that
the CaR is present in normal as well as in malignant mammary epithelial cells (22).
Thus, it is likely that the existing clinical evidence of an inverse association between
calcium intake and breast cancer eventually may be linked to a CaR-mediated inhibition
of mammary cell growth by local ionized calcium. In vitro studies have shown that cal-
cium slows the progression of breast cancer through inhibition of secretion of proteins,
such as insulin-like growth factors and parathyroid hormone-related protein, responsi-
ble for advanced breast cancer (44, 45). Studies by Xuet et al. have found that decreased
dietary calcium and vitamin D in a high-fat diet induced hyperplasia and hyperprolifer-
ation in the mammary gland in a rodent model (46). Furthermore, these adverse changes
were reversed by increasing dietary calcium and vitamin D (37, 47).

A cancer protective effect of calcium is likely connected to vitamin D status. Most
cells in the body express vitamin D receptors (VDRs) and 1α-hydroxylase and are
thus able to locally produce 1,25(OH)2D (48, 49). Evidence suggests that 1,25(OH)2D
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within the cell stimulates vitamin D response elements (VDRE) to regulate transcription
of genes whose protein products are involved in cell proliferation, differentiation, and
apoptosis, activities that are necessary for initiation and promotion of cancer (48, 50).
VDREs are found in the promoter regions of the CaR, and this provides an intriguing
link between calcium and vitamin D at the molecular level (51). For more details on the
effect of vitamin D on cancer, see Chapter 17.

2. EPIDEMIOLOGICAL STUDIES

2.1. Colon Cancer
The association between calcium intake and cancer prevention in humans has been

reported more commonly with colon cancer than with other types of cancer. In 1980,
Garland et al. suggested that calcium and vitamin D might reduce the risk of colon
cancer (52). This was based on the observation that age-adjusted death rates of colon
cancer were nearly three times higher in males who lived in sunnier regions of the United
States than in males who lived in regions with fewer days of sunshine (52). The authors
proposed that the effect of vitamin D was through its influence on calcium metabolism.
To investigate the possibility that differences in endogenous vitamin D production and
calcium absorption might decrease the risk of colon cancer, Garland et al. conducted a
prospective study following 1,954 men for 19 years (53). The subjects had completed
detailed 28-day diet diaries between 1957 and 1959 and were followed to ascertain
diagnosis of colon cancer. Indeed, incidence of colon cancer was inversely associated
with dietary vitamin D and calcium. Those in the highest quartile of calcium intake
showed a significantly lower risk of developing colon cancer than those in the lowest
quartile (P < 0.05). Similarly, intake of vitamin D and a combined index of calcium
and vitamin D were inversely associated with risk of colon cancer (P < 0.05). This was
one of the first prospective studies to support the role of calcium intake in prevention of
colon cancer.

In a 1998 review of more than 20 epidemiologic geographical studies of calcium
and colorectal cancer, Martinez et al. (54) concluded that the epidemiologic evidence
of a calcium effect is inconsistent and inconclusive. On the other hand, more recently,
several large cohort studies and at least one case–control study from various parts of the
world suggest that higher levels of calcium intake decrease the incidence of colorectal
adenomas and cancer (55–65).

For example, researchers conducting the Multiethnic Cohort study of 85,903 men and
105,108 women reported that total calcium intake was inversely associated with colorec-
tal cancer risk in both men and women (55). Men in the highest quintile of total calcium
intake (from supplements and food) had a 30% lower risk than those in the lowest quin-
tile (RR= 0.70, 95% CI 0.52–0.93; ptrend = 0.006). For women, the risk of colon cancer
was reduced by 36% if they were in the highest quintile of intake (RR = 0.64, 95% CI
0.50–0.83; ptrend = 0.003) (55). Likewise, intake of dairy food was protective for colon
cancer, especially in persons who did not take supplemental calcium.

The Cancer Prevention Study II Nutrition followed a U.S. cohort of 60,866 men
and 66,883 women for 4–5 years to examine the relationships between calcium,
vitamin D, and dairy intake and the risk of incident colon cancer (58). During follow-up,
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683 cases of colorectal cancer were diagnosed. Calcium from supplements was associ-
ated with incident cancer (RR = 0.69, 95% CI 0.49–0.96 for ≥ 500 mg/day vs. none,
ptrend = 0.03). Calcium intake from diet and supplements combined showed a marginal
association (RR = 0.87, 95% CI 0.67–1.12, highest vs. lowest quintiles, ptrend = 0.02).

Thus, numerous large cohort studies support the preventive effect of calcium on col-
orectal cancer and suggest that risk is reduced by at least 30%.

2.2. Breast Cancer
Numerous studies have evaluated the association between breast cancer and calcium

intake. Most of the case–control studies found an inverse association between dietary
calcium intake and risk of breast cancer, although not all were statistically significant
(66–75). At least four cohort studies have evaluated the effect of dietary calcium on
incidence of breast cancer and found a significantly reduced risk of breast cancer asso-
ciated with higher dietary calcium (76–79). One of these, the Nurses Health Study of
88,691 women, found breast cancer risk to be inversely related to total calcium intake
and dietary calcium intake in premenopausal, but not postmenopausal, women (80).
The relative risk for >1 serving/day of low-fat milk compared to ≤3 servings/month
was 0.68 (95% CI 0.48–0.98). The researchers found similar associations for vita-
min D and calcium, also in premenopausal women only. In contrast, the Cancer Pre-
vention Study II studied only postmenopausal women and found inverse associations
between breast cancer and total and dietary calcium intakes (77). Women who were
in the highest quintile of total calcium intake (>1,250 mg/day) had a lower risk of
incident breast cancer than women in the lowest quintile (≤500 mg/day) (RR 0.80,
95% CI 0.67–0.95, Ptrend = 0.02). Similarly, dairy intake was inversely associated with
breast cancer. Consuming ≥2 servings/day decreased the risk of breast cancer com-
pared to intake of <0.05 servings/day (RR0.81, 95% CI 0.69–0.95, Ptrend = 0.002). In
an earlier analysis of this cohort, dairy food and calcium intake had an inverse asso-
ciation with breast cancer mortality with premenopausal and postmenopausal women
pooled (81).

Of the cohort studies that evaluated the relationship of breast cancer with vitamin D
intake as well as with calcium intake (76, 77, 82), two investigations reported an inverse
association between vitamin D intake and breast cancer incidence (76, 82). Unfortu-
nately, none of these studies reported serum levels of 25(OH)D, which is the functional
indicator of vitamin D status. The cohort study by Levi et al. found a significant inter-
action between calcium and vitamin D intake and incidence of breast cancer in pre-
menopausal women, suggesting that consuming high levels of calcium may lower risk
of developing breast cancer when vitamin D consumption is also high (69).

Mammographic breast density is strongly correlated with the risk of breast cancer (83,
84). Furthermore, mammographic breast density is associated with the extent of epithe-
lial and nonepithelial cells in the breast as well as epithelial and stromal proliferation,
which may partially account for the breast density/cancer relationship (85, 86). Thus,
mammographic density has been used as an intermediate marker for breast cancer risk in
preventive studies of breast cancer. At least two cohort studies have found that calcium
and vitamin D intake independently were negatively associated with mammographic
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breast density (87, 88). However, the combined effect of calcium and vitamin D was
greater than either of the independent effects. One study found an inverse relationship
with total dairy intake (89).

Thus, the preponderance of epidemiological evidence supports an effect of dietary
calcium in reducing risk of breast cancer, although the relationship to menopausal status
is not clearly elucidated by these observational studies.

2.3. Prostate
In contrast to reports about the benefits of calcium for preventing colon and breast

cancer, some reports suggest that calcium may increase the risk of prostate cancer.
Numerous epidemiologic studies, including both cohort and case–control studies, have
evaluated the relationship between dairy products or calcium intake and prostate cancer.
The results are somewhat inconsistent, with some studies documenting a positive asso-
ciation (90–95), whereas others finding no association (96–100). A few studies have
found calcium and dairy intake to be associated with high-grade and advanced and fatal
prostate cancer, but not with overall incident prostate cancer (91, 92, 99, 101).

In 2005, Gao et al. reported a meta-analysis of prospective studies that examined
the association between dairy product consumption and/or calcium intake and risk of
prostate cancer (102). They found that the estimated excess risk of prostate cancer in
men with higher intake of dairy products compared with those with lower intakes was
about 11%, while the estimated excess risk associated with calcium intake was about
38%. The meta-analysis found no significant association of either dairy or calcium
intake with advanced prostate cancer (102). Subsequent inclusion of a recent prospec-
tive study of 14,642 men in Australia (103), slightly decreased the pooled relative risk
from 1.11 to 1.09 (P = 0.059) for the highest to lowest dairy intake categories and from
1.38 to 1.32 (P = 0.026) for the highest vs. lowest calcium intake categories (103).
The conclusion drawn from the meta-analysis was that a high intake of dairy food and
calcium may contribute to an increased risk of prostate cancer, but the increase is small.

More recently, Huncharek et al. reported a thorough meta-analysis and found that
dairy products, dietary calcium, and vitamin D were not risk factors for prostate cancer
(104). Forty-five observational studies, both case–control and cohort, were included in
the analyses.

The mechanism by which dietary calcium might be linked to prostate cancer is
unclear. It has been hypothesized that relatively high calcium consumption promotes
prostate cancer by reducing the production of 1,25(OH)2D (105). It is well accepted
that many types of cells, including prostate epithelial cells, produce 1,25(OH)2D from
its physiological precursor 25(OH)D and that 1,25(OH)2D directly affects these cells
and tissues through its autocrine function (106). Among these effects of 1,25(OH)2D
are reducing cell proliferation and enhancing cell differentiation (107, 108). In vitro
studies show that 1,25(OH)2D reduces prostate cell proliferative activity by 50–65%
(109), and in vivo studies confirm that 1,25(OH)2D increases prostate epithelial dif-
ferentiation and inhibits growth of cancer cells (110, 111). Additionally, some clinical
studies show an inverse association between prostate cancer and sunlight exposure or
serum 25(OH)D, which is a critical substrate for production of 1,25(OH)2D (112, 113).
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However, of studies that evaluated the serum 1,25(OH)2D in relation to prostate cancer,
most found no reduced levels in patients with prostate cancer (114–120).

It is also well accepted that calcium suppresses serum parathyroid hormone (PTH)
and decreases renal 1-α-hydroxylase to result in lower renal production of serum
1,25(OH)2D. However, large variations in dietary calcium induce only minor fluctua-
tions in serum 1,25(OH)2D (113, 115, 121). Furthermore, studies show that in normal
prostatic tissue, PTH and calcium do not influence 1-α-hydroxylase and thus do not
affect local production of 1,25(OH)2D (122). Finally, there is no evidence that a high-
calcium diet results in decreased production of 1,25(OH)2D at the cellular level. Thus,
the hypothesis that dietary calcium is positively associated with risk of prostate cancer
has weak support in the epidemiological data, and the mechanisms of such a relationship
have not been clearly elucidated.

3. INTERVENTION STUDIES – INDIVIDUALIZED PREVENTION
AND/OR TREATMENT?

Preventive intervention studies with colorectal cancer as an endpoint are difficult to
conduct due to the long follow-up that is required. Because most colorectal cancers orig-
inate in adenomatous polyps and about 5% of all adenomas progress into a malignant
lesion (123), colorectal adenomas are often used as surrogate endpoints in chemopre-
ventive trials. In addition, adenomas are much more common than colorectal cancer
and can, therefore, be studied using smaller sample sizes. Adenomas are also a valuable
endpoint because they offer a logical target for prevention developing over a 20–30 year
period and evolving through many phases of abnormal cell development to malignant
colon tumors (4).

Strong evidence exists for the effect of calcium supplementation in preventing col-
orectal adenomas. Two large randomized clinical trials have demonstrated that calcium
supplementation reduces the incidence of recurrent colorectal adenomas, consistent with
a role of calcium in early stages of carcinogenesis (57, 124). In the Calcium Polyp Pre-
vention Study (CPPS), 930 men and women with at least one previous adenoma were
randomly assigned to either 1,200 mg of elemental calcium carbonate or placebo and
followed for 4 years (57). Baseline calcium intake for the treatment and placebo groups
were 889 ± 451 and 865 ± 423 mg/day, respectively. The adjusted risk ratio of having
a recurrent adenoma in the calcium group compared to placebo was 0.81 (95% CI =
0.67–0.99; P = 0.04). In subsequent analyses, risk ratios for adenoma recurrence were
determined for calcium supplementation in serum 25(OH)D subgroups (125). Calcium
supplementation decreased the risk of recurrent adenoma in the subjects who had base-
line 25(OH)D levels above the median of 29.1 ng/ml (RR= 0.71; CI= 0.57–0.89; P for
interaction 0.012). However, no association was seen in persons with 25(OH)D levels at
or below the median. Serum 25(OH)D levels were associated with a significantly lower
risk of adenoma only in subjects in the calcium supplemented group (RR per 12 ng/ml
increase of 25(OH)D = 0.88; CI = 0.77–0.99, P for interaction = 0.006).

A recent follow-up analysis of this study found that 5 years after the end of the
intervention, subjects in the calcium group continued to have a lower risk of colorec-
tal adenoma than those in the placebo group (31.5 and 43.2% respectively; RR = 0.63;
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CI = 0.46–0.87; P = 0.005). In fact, 5 years after the end of supplementation (RR =
0.63) the relative risk was lower than at the end of 4 years of intervention (RR = 0.81).
However, 10 years after the end of the intervention, the protective effect of calcium was
not detected. This study provides strong support for the long-term effects of calcium
supplementation, along with adequate vitamin D levels, on prevention of colorectal ade-
nomas.

The European Cancer Prevention (ECP) Intervention Study, a randomized double-
blind clinical trial (126) of 665 persons found a nonsignificant reduction in risk of recur-
rent adenomas for subjects given 2,000 mg elemental calcium for 3 years compared to
placebo (adjusted odds ratio = 0.66; CI = 0.38–1.17; P = 0.16). Subjects ranged in age
from 35 to 75 years, with a mean of 59 years. The mean baseline calcium intake was
918 mg/day. The findings were consistent with the Calcium Polyp Prevention Study, and
the reduction in risk was actually greater than in the CPPS (RR = 0.66 vs. 0.81, respec-
tively). However, the sample size in the ECP study was most likely too small to find
statistically significant effect. Furthermore, the intervention time was 3 years compared
to 4 years in the CPPS. When the results of the CPPS and the ECP were combined in
a Cochrane review (127), a reduction in recurrent adenomas of about 26% was found
(OR 0.74, CI 0.58–0.95) for doses of calcium supplementation ranging from 1,200 to
2,000 mg/day.

Only one calcium clinical trial was found that had colon cancer endpoints or reported
cancer outcomes. The Women’s Health Initiative (WHI) study of more than 36,000
women assigned calcium and vitamin D supplementation for an average of 7 years found
no effect on incidence of colorectal cancer (128). However, there were several limita-
tions to the study: (1) the WHI did not perform colonoscopies to determine presence of
adenomas or cancer; (2) participants had high calcium intake at enrollment; (3) a large
number of persons in the placebo group reported supplement use; and (4) the dose of
calcium (1,000 mg/d) was lower than many trials using calcium to decrease the inci-
dence of adenomas. Thus, the only trial of calcium supplementation with colon cancer
as an endpoint does not provide a definitive answer.

Intervention studies of calcium with mammographic breast density or breast cancer
outcomes are sparse. Very recently, an analysis from the WHI found that calcium and
vitamin D supplementation did not reduce the risk of invasive breast cancer in post-
menopausal women (129). The sample included 36,282 women who were randomly
assigned to 1,000 mg of calcium and 400 IU of vitamin D3. Breast cancer was a sec-
ondary outcome. Although there were fewer cases of breast cancer in the supplemented
(N = 528) vs. the placebo (N = 546) group after 7 years of follow-up, the difference
was not statistically significant.

Although this was a very large study, the results need to be considered in light of
several limitations. Baseline calcium intake levels were high in the cohort, 1,150 mg/day
(130). Thus, supplemental calcium may have provided no additional benefit to cancer
prevention. Adherence to the supplementation was less than optimal. At the end of the
trial, only 59% of the subjects were taking at least 80% of the study pills (129). Personal
use of calcium and vitamin D was allowed, and 15% of placebo subjects “dropped in” to
the active group. In addition, 58% of the participants in the supplement study were also
assigned to hormone replacement therapy (HRT). In fact, the study was stopped early
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because in an interim analysis the combination of estrogen and progesterone was found
to increase the risk of breast cancer (http://www.nhibi.nih.gov/whi/pr-02-7-9). It was
not clear from this recent report how many women in each supplement group were also
on HRT. Another limitation is that the 400 IU/day vitamin D3 dose given in this study
is low. Recent evidence suggests that doses of vitamin D as high as 1,100–2,000 IU/day
may be required to prevent cancer (131, 132).

The effect of calcium alone was not assessed in any of the WHI analyses. However,
the researchers did attempt to address the independent effect of vitamin D. To that end,
baseline 25(OH)D levels were obtained for a nested case–control study that included
895 cases and 898 matched controls who were breast cancer free. The mean baseline
level of 25(OH)D in the cases was 50.0 ± 21.0 nmol/l, while the level in the controls
was 52.0 ± 21.1 nmol/l (NS). Thus, both groups were, on average, vitamin D insuffi-
cient. However, in a multivariate analysis that included hormone therapy as one of sev-
eral independent variables, higher baseline 25(OH)D was significantly associated with
lower risk of breast cancer (P = 0.04). Furthermore, among women in the lowest base-
line quartile of vitamin D intake (from diet and supplement), fewer cancers occurred in
the supplemented group (HR = 0.79, 95% CI = 0.65–0.97, Pinteraction = 0.003). Unfor-
tunately, 25(OH)D levels were not obtained during the study to ascertain the effects of
supplement on raising serum 25(OH)D levels.

Recently, another double-blind, placebo-controlled, randomized trial of calcium and
vitamin D supplementation found that supplementation decreased the risk of all-type
cancer by 60% in a population-based sample of postmenopausal women (132). Further-
more, a sub-analysis suggested that the combination of supplements reduced the risk
of breast cancer (unpublished data). In that study, 1,179 participants were randomly
assigned to one of three interventions: (1) placebo; (2) 1,400–1,500 mg/day of calcium
(Ca group); and (3) 1,100 IU/day of calcium plus vitamin D3 (Ca plus D group) and were
followed for 4 years. Median baseline calcium intake was 1,072 mg/day (interquartile
range 697–1,530 mg/day), and mean baseline 25(OH)D level was 71.8 ± 20.3 nmol/l
with no statistically significant differences among groups. Serum 25(OH)D was mea-
sured annually.

Of 1,179 women enrolled, 1,024 (86.9%) completed the 4 years of study. Mean
adherence to supplements (defined as ≥ 80% of assigned doses) was 85.7% for the
vitamin D component of the combined regimen and 74.4% for the calcium compo-
nent. The effect of treatment on vitamin D status was reflected in the induced change
in serum 25(OH)D. The 1,100 IU/d dose of vitamin D produced an elevation in serum
25(OH)D in the Ca plus D group of 23.9 ± 17.8 nmol/l, whereas the placebo and Ca-
only groups had no significant change. Within the Ca plus D group, the rise in serum
25(OH)D was directly related to recorded compliance with vitamin D supplements
(P < 0.01).

Fifty women developed non-skin cancer over the course of the study, 13 in the first
year and 37 thereafter. The RR of developing cancer for the Ca plus D group was 0.402
(CI 0.20–0.82, P = 0.013), and for the Ca-only group 0.532 (CI 0.27–1.03; P = 0.063).
Both treatment assignment and either 12-month 25(OH)D or baseline 25(OH)D con-
centration were significant, independent determinants of cancer risk (P < 0.002 and P <
0.03, respectively, for the two serum 25(OH)D values).
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In a subsequent analysis for the group free of cancer at 1 year, the RR of all-type can-
cer for the Ca plus D group dropped to 0.232 (CI 0.09–0.60; P < 0.005). However, for
the Ca-only group, RR was essentially unchanged, at 0.587 (CI 0.29–1.21; P = 0.147).
In an analysis of specific types of cancer, the RR of developing breast cancer for the Ca
plus D group compared to placebo was 0.22 (CI 0.043–1.079, P = 0.062) (unpublished
data). Thus, this study suggests that calcium and vitamin D combined may decrease
the risk of breast cancer, while the WHI study did not find an effect. There were sev-
eral differences between the Lappe et al. and the WHI studies that possibly accounted
for different findings: (1) Lappe et al. randomly sampled the population, which better
represented the true population than a convenience sample; (2) the dose of vitamin D3
supplementation was nearly three times as high in Lappe et al. as in WHI; (3) adherence
to supplementation was considerably higher in the Lappe et al. study; (4) in the WHI,
some women in each group were randomly assigned to a trial of HRT. In the Lappe
et al. study, 46% of the subjects received estrogen on prescription from their personal
physicians for ≥6 mo during the study, but the three treatment groups did not differ
significantly in estrogen use; (5) on the other hand, the WHI was much larger than the
Lappe study, 36,282 women vs. 1,179, respectively. However, the effect of supplemen-
tation in the Lappe study was large enough to be detected with their sample size. In both
studies, cancer was an a priori secondary outcome. In the Lappe et al. study, calcium
supplementation decreased the risk of all-type cancer by nearly 50%, but the decrease
did not quite reach statistical significance. Nonetheless, the results are intriguing and
warrant further study.

Only one study has reported an intervention with prostate cancer as an outcome.
That recent randomized trial found that, as a secondary outcome, calcium supplemen-
tation did not increase the risk of prostate cancer and suggested that the risk might be
decreased by approximately half (121). In this study, 672 men were randomly assigned
to receive 1,200 mg of calcium carbonate or placebo daily for 4 years to determine the
effect on the incidence of colorectal adenomas. At baseline, there was no significant dif-
ference between calcium intake in the supplemented and the placebo groups (919 and
902 mg/day, respectively). Subjects were followed for up to 12 years. Cancer diagnoses
were ascertained and confirmed with medical records.

After 10.3 years of follow-up, there were 33 cases of prostate cancer in the cal-
cium group and 37 in the placebo group (R.R. 0.83, 95% CI 0.52–1.32). Although
this difference was not statistically significant after 10 years, there was a significantly
lower risk of prostate cancer after 6 years of follow-up in the calcium group com-
pared to placebo (R.R. 0.52, 95% CI 0.28–0.98). The cumulative incidence curves
for prostate cancer show a reduced risk in the calcium group starting about 2 years
after the beginning of treatment and continuing until about 2 years after treatment
stopped.

In a subset who had serum vitamin D concentrations measured at baseline and at the
end of 4 years of treatment (N = 483), serum 1,25(OH)2D decreased slightly in the
calcium group (42.9–41.2 pg/ml) and increased a small amount in the placebo group
(43.4–44.8 pg/ml). There was no significant association between baseline 1,25(OH)2D
or 25(OH)D and prostate cancer risk. Calcium supplementation did not result in
increased risk of prostate-specific antigen (PSA) conversion, which is considered a
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marker of preclinical cancer. This study, which provides the most rigorous test to date,
does not support a dietary calcium and prostate cancer connection. Thus, the existence
of a pathophysiological connection between higher calcium intake and reduced levels
of circulating 1,25(OH)2D that might result in prostate cancer remains a hypothesis for
which there is weak support in the clinical data.

Considerable clinical evidence shows that vitamin D and calcium work together to
decrease cancer risk. For example, a study by Grau et al. found that vitamin D and
calcium supplementation reduced recurrence of colorectal adenomas only in persons
with normal 25(OH)D levels (125). On the other hand, high 25(OH)D levels reduced
the risk of adenomas only in persons receiving calcium supplementation. More recently,
Mizoue et al. reported a case–control study of 836 cases of colorectal cancer and 861
sex-matched and age-matched controls in an Asian population (56). A lower risk of
colorectal cancer associated with a high-calcium diet was seen in those who had higher
levels of vitamin D intake or greater daily sunlight exposure. However, this association
with calcium intake was not seen in those with medium or low intake of vitamin D or
in those with decreased sunlight exposure. In another study, high intake of vitamin D-
fortified milk was associated with lower incidence of breast cancer in premenopausal
women (76). As mentioned earlier, the cohort study by Levi et al. found a significant
interaction between calcium and vitamin D intake and incidence of breast cancer (69).

The intervention studies reviewed in this chapter support the effects of calcium on
prevention of cancer. In fact, no studies were found that reported the effect of calcium
on treatment of existing malignancy. However, based on preclinical data, a treatment
effect is highly possible.

4. TISSUE SPECIFICITY AND TOTALITY OF THE EVIDENCE

Studies of the relationship between calcium and cancer have progressed from epi-
demiologic observations to clinical trials. In vitro studies have shown that increas-
ing levels of calcium decrease proliferation of epithelial cells and induce cell dif-
ferentiation and apoptosis. Studies in animal models have demonstrated that calcium
decreases carcinogen-induced colon tumor formation. Several large cohort studies also
link increased dietary calcium with a decreased risk of colon cancer. The only clinical
trial that has been conducted with colon cancer as an outcome found no effect. However,
several major limitations of that randomized trial render the findings questionable. Sev-
eral large clinical trials have found that calcium supplementation lowers risk of recurrent
colonic adenomas. The preponderance of evidence strongly supports the effect of ade-
quate dietary calcium in decreasing risk of colon cancer. Estimates are that calcium
supplementation ranging from about 1,200–2,000 mg/day reduces the risk of recurrent
adenomas by about 26%.

Regarding breast cancer, supplemental calcium decreases mammary epithelial cell
hyperplasia and hyperproliferation in vitro as well as in vivo. Most, but not all, epi-
demiological studies have found a significantly reduced risk of breast cancer associated
with higher dietary calcium. No studies were found that reported a positive association.
Three cohort studies reported that higher levels of dietary calcium or dairy food are neg-
atively associated with mammographic breast density, a surrogate for breast cancer. The
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two clinical trials that evaluated the effect of calcium and vitamin D supplementation
together on breast cancer had contrasting findings. Although the evidence for an effect
of dietary calcium in reducing breast cancer is not as compelling as the evidence for
a colon cancer effect, preclinical and clinical studies do strongly suggest that optimal
dietary calcium decreases risk of breast cancer.

Numerous epidemiologic studies have assessed the relationship between dietary cal-
cium and prostate cancer with conflicting results. A recent thorough meta-analysis found
no relationship between dairy food or dietary calcium and prostate cancer. Furthermore,
the only randomized trial of calcium and prostate cancer found no increased risk, and,
in fact, suggested that calcium may be protective of prostate cancer. The major limita-
tion of that trial was that prostate cancer was a secondary outcome. Interestingly, black
men in the USA have the highest prostate cancer incidence in the country but the low-
est calcium and dairy intakes. Taken together, a large body of research is building that
strongly suggests a combined effect of calcium and vitamin D on decreasing cancer risk,
although this chapter only briefly addressed some of those studies.

5. FUTURE RESEARCH DIRECTIONS

A large study funded by the National Cancer Institute currently is underway to deter-
mine the effect of vitamin D3 and calcium supplementation on prevention of large bowel
adenomas (http://clinicaltrials.gov/ct/show/NCT00153816?order=1). The study, which
started in 2004, is a double-blind, placebo-controlled trial of vitamin D3 1,000 IU/day
and calcium carbonate 1,200 mg/day given to four groups: (1) placebo; (2) calcium only;
(3) vitamin D3 only; and (4) calcium plus vitamin D3. Subjects will include men and
women ranging from 45 to 77 years of age and who have had at least one large bowel
adenoma removed in the 4 months prior to study entry. The estimated study completion
date is December 2017. Successful completion of this well-designed study will provide
strong evidence for the efficacy (or non-efficacy) of calcium and vitamin D3 supplemen-
tation in prevention of colon adenomas, which are precursors of colon cancer.

It is critical that future studies address the effects of calcium and vitamin D in com-
bination on cancer prevention. Well-established understanding of their interactive phys-
iologic role points out clearly that it is virtually impossible to study the effects of one
of these nutrients without the results being confounded by the other. Studies need to
address the optimal levels of intake and the variations in mean levels for different seg-
ments of the population.

Robert Heaney (133) has pointed out eloquently the challenges of studying the effects
of nutrients on chronic diseases, such as cancer, that have long latency and multifacto-
rial causation. The challenge of determining efficacy in the context of long latency is
not solved by randomized clinical trials. It is virtually impossible to randomize indi-
viduals to a pure placebo-controlled calcium intervention, since calcium is found in
drinking water and many natural and fortified foods. Furthermore, researchers cannot
ethically expose research participants to inadequate intakes based on well-established
nutrient needs (e.g., skeletal needs for calcium). Another problem is the long latency
of many cancers. For example, colon cancer develops over the course of 20–30 years,
while it is an exceptional randomized trial that continues for more than 5–10 years.
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Heaney has admonished the scientific community to “confront the difficulty of designing
investigative approaches that are sufficient to demonstrate and quantify benefit from
altered nutrient input at a population level.” (133, p. 298)

6. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

It is well established that calcium nutrition is essential for optimal skeletal devel-
opment and for maintenance of bone health. Since excess calcium cannot be stored,
adequate intake of this nutrient is required to avoid calcium being taken from the skele-
ton to support plasma calcium homeostasis. Accordingly, recommendations have been
made for levels of daily calcium intake in various age groups. The most recent Dietary
Reference Intakes (DRIs) established in 1997 by the U.S. Institute of Medicine recom-
mend that adults of 70 years of age and under ingest at least 1,000 mg/day of calcium
and those over 70 years of age take in 1,200 mg/day (134). These are levels determined
to assure optimal whole-body calcium retention and adequate development and main-
tenance of bone mass. The recommendations were not based on evidence that calcium
may decrease the risk of cancer.

Surveys indicate that calcium intake is below recommended levels in many segments
of the population. According to 2005–2006 data concerning US males ranging from 20
to 49 years of age, calcium intake averages more than 1,000 mg/day. Calcium intake for
women in the same age bracket averages only 900 mg/day compared to the 1,000 mg/day
recommendation. However, men and women over 50 years of age average less than
800 mg/day or about 66% of the Adequate Intake (AI).

Clinical studies suggest that optimal calcium and vitamin D nutrition can prevent
from 30 to 77% of various types of cancer. Furthermore, knowledge is increasing about
the mechanisms responsible for the cancer preventative effects of calcium. Waiting for
results of long, expensive randomized trials to make recommendations about the impor-
tance of calcium intake for cancer prevention is not prudent. It may be causing us to
miss a window of opportunity to obliterate cancer in a large segment of the population.
Although the optimal levels of calcium intake for prevention of cancer have not yet been
determined, it has been shown that the levels are likely at least 1,200 mg/day, at or near
the currently recommended levels. Public policy officials could do the public a great
service by emphasizing the importance of obtaining at least the currently recommended
levels of dietary calcium daily for prevention of breast and colon cancer. Considering
the lack of solid evidence for a prostate cancer–dietary calcium connection and the pro-
found benefits of adequate calcium intake for prevention of osteoporosis, encouraging
currently recommended levels of calcium intake for men seems reasonable.

Scientists are currently working within a shifting paradigm, one in which evidence
supports the effect of optimal nutrition on preventing many cancers. Less than a century
ago, scientists scoffed at the notion that not eating something could result in illness
(135). Since then, it has been accepted that nutritional deficiencies do result in short
latency diseases, such as rickets, pellagra, and beriberi. Perhaps before the end of this
century, we will be able to establish the role of calcium and vitamin D in preventing the
long latency disease of cancer.
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Key Points

1. As a transition element, iron is essential for reducing oxygen for the production of ATP by
mitochondria. It is therefore critical for normal cell function. At the same time, because of its
ability to reduce oxygen, iron is the most potent inducer of free radicals in most biological
systems.

2. Excess iron accumulation in the body can lead to increased risk of cancer, but excess accumulation
and storage of iron is usually associated with a genetic mutation or mutations.

3. Because iron is required for many normal cellular functions, an overall recommendation that peo-
ple limit iron intake due to cancer risks cannot be formulated based on available experimental
data.

4. Hemochromatosis is the disease resulting from significant iron overload in tissue, especially in the
liver. Therefore, liver cancer (hepatocellular carcinoma) is the primary cancer associated with iron
overload. There is compelling evidence, however, that carrying the HFE gene variants without the
clinical disease of hereditary hemochromatosis is associated with breast cancer, colorectal cancer,
acute lymphoblastic leukemia, and may predict outcomes in brain tumors.

5. The FDA recommended dietary allowance for iron varies with age and gender, ranging from 6 mg/d
for adult men 19–70+ years of age to 18 mg/d of iron for menstruating women 19–50 years of age.
The recommended dietary allowance of iron for infants (7–12 months), children, adolescents, and
teens is in this range. A recommended dietary allowance has not been set for infants 0–6 months
of age.
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1. INTRODUCTION

As a transition element, iron is essential for reducing oxygen for the production of
ATP by mitochondria. It is therefore critical for normal cell function. At the same time,
because of its ability to reduce oxygen, iron is the most potent inducer of free radicals
in most biological systems. Free radicals are well known to cause DNA damage that
can lead to mutations that result in a cell becoming cancerous. Once a cell becomes
cancerous its iron requirement can increase dramatically because of the characteristic
elevated metabolism observed in cancer cells. The mitotic activity of the tumor itself
can also drive iron requirements higher because enzymes such as ribonucleotide reduc-
tase, the rate-limiting step in DNA synthesis, require iron as a co-factor. The increased
iron requirements for tumors often contribute to the anemia of chronic disease seen in
cancer patients (1). Iron also has essential functions in the immune system and normal
functioning of the immune system is critical to cancer biology. A detailed review of
the role of iron in the immune system and cancer is beyond the scope of this review. In
brief, iron also modulates immune cell proliferation and host immune surveillance. Can-
cer cells disrupt the immune system through iron deficiency environment in the immune
cells (2). Inflammation also promotes tumor development (3). The host immune system
reacts against tumor-specific antigens or tumor-associated antigens. This leads to the
use of antibodies and T cells in cancer immunotherapy, immunosuppression therapy,
and cancer vaccine development (4).

1.1. Iron Consumption
Certainly, excess iron accumulation in the body can lead to increased risk of cancer,

but excess accumulation and storage of iron is usually associated with a genetic mutation
or mutations and will be discussed later in this chapter. The average amount of iron in
the human body is 2.3 g for women and 3.8 g for men. The majority of iron in the
body is absorbed from the diet. Not only is there a wide variety of the amount of iron
in food, but the amount of absorbable iron is different among different foods. This latter
point has made a direct analysis of iron consumption in foods and cancer risk difficult
to prove. Furthermore, humans absorb heme iron better than any other form of iron (5).
Foods that are enriched in heme iron include meat, pork, and fish. Foods with high iron
content in a non-heme form include breakfast cereals, cooked beans, pumpkin seeds,
and blackstrap molasses. Rice, beans, and green vegetables contain a relatively high iron
concentration; however, only 1–6% of the iron in these foods is absorbed into the body
compared to the 10–20% of iron in fish and meat. Milk and milk products are low in iron
content.

1.2. Dietary Iron Intake and Cancer
Nutritional epidemiologic studies seeking to establish a relationship between food

consumption and cancer have been inconclusive, and it is difficult to compare these stud-
ies. In general, dietary intake of iron from food sources has been associated with risks of
colorectal, lung, and other cancers. Red and processed meat consumption has been asso-
ciated with increased risk of colorectal cancer (6, 7). In a contrasting study on Canadian
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women, no association was found between intake of iron, heme iron, or iron from meat
with overall risk of colorectal cancer (8). However, individuals who were classified as
having a diet high in red meat had significantly increased nitrosyl iron and nitrosoth-
iols compared to individuals on a vegetarian diet. This increased uptake of nitrosyl iron
via red or processed meat is associated with colorectal cancer (9). In the heme sup-
plemented diet of a randomized crossover human study, there was a twofold increase
in 1,4-dihydroxynonane mercapturic acid (DHN-MA), the major urinary metabolite of
4-hydroxynonenal, indicating that the heme supplemented diet puts a person at risk
for colon cancer (10). Another study suggested that the elevated risk of colon cancer
observed with heme iron intake can be decreased by chlorophyll intake (11).

The risk of other cancers that have been associated with dietary iron intake include
hepatocellular carcinoma, breast, lung, rectal, and prostate cancer. Iron intake via the
diet was associated with increased hepatocellular carcinoma risk in an Italian popula-
tion, but this association was considerably reduced by wine (12). In Chinese women,
heme iron intake was positively associated with breast cancer risk (13). However, there
has been no association of iron or heme iron intake with overall risk of breast cancer in
Canadian women consuming ≥30 g of alcohol per day or in women who have used hor-
mone replacement therapy (8). Dietary iron may play an important role in the develop-
ment of lung cancer, especially among current smokers based on a study of 923 patients
with lung cancer and 1,125 healthy controls in Massachusetts (14). At increased trans-
ferrin saturation levels, a daily intake of dietary iron more than 18 mg is associated with
an increased risk of lung cancer (15). Consumption of fresh red and processed meat
maybe associated with an increased risk of rectal cancer in an Australian population
(16). A recent study on prostate cancer did not find an association between iron intake
and overall risk, but there was a suggestion of increased risk of clinically aggressive
prostate cancer with higher iron intake (17). As mentioned before, not all studies found
an association between dietary iron intake and cancer risk. For example, some inves-
tigations found no association between iron intake in meat or any of the other dietary
iron-related sources with risk of cancers such as endometrial cancer (18) or childhood
acute lymphoblastic leukemia (19).

Vegetarian diets have been described as being deficient in several nutrients includ-
ing iron, but they do not have a higher prevalence of iron-deficient anemia than con-
trol groups (20–22). In an English study that involved a 17-year follow-up of 11,000
vegetarians, there was reduced mortality from all combined cancers of malignant neo-
plasms, lung cancer, colorectal cancer, and breast cancer (23), but the findings did not
translate to a broader population (24). The positive findings in the initial study were
attributed to the high levels of fresh fruits consumed by this population as opposed
to the decreased amount of iron in the diet. From that standpoint, most researchers
believe that fresh vegetables are beneficial for cancer prevention. One vegetable with
relatively high iron is perilla. Perilla also has anti-cancer and anti-bacterial properties
thought to result from its high vitamin and anti-oxidant content (25). Furthermore, the
phytol and methyl 11,14,17-eicosatrienoic acid of perilla leaves inhibited the growth of
human colon, osteosarcoma, and gastric cancer cells as well as decreased DNA syn-
thesis in these cells. Other chapters in this book will review the subject of cancer and
antioxidants.
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An additional confounding variable when trying to determine iron consumption and
cancer is that the amount of iron absorbed from food is affected by what is being con-
sumed at the same time. Uptake of iron in the body is increased when it is consumed
with vitamin C and other acidic substances like tomatoes, but uptake is decreased when
accompanied by food containing tannins like red wine, phytin acid of grain flours, and
phytol from plants. The amount of iron absorbed is also affected by the iron-need in the
body. Low iron status will increase iron absorption.

The amount of iron uptake from food is tightly regulated at the level of the gut. Exces-
sive iron absorption can lead to a disease known as hemochromatosis. However, even
without the full blown disease of hemochromatosis, a number of studies have shown
that higher amounts of iron in the blood are associated with an increased risk of cancer.

1.3. Measurement of Body Iron
Measurements of serum iron status are thought to reflect total body iron status,

although serum iron itself is probably a poor indicator of total body iron (26). Thus,
measurement of transferrin (the iron mobilization protein) saturation has been used to
determine the iron status in the body. Under normal physiological conditions, transferrin
in the serum is about 30% saturated with iron, but the levels of saturation can increase
with iron overload or decrease with iron deficiency. The total amounts of transferrin in
the blood are not a good indicator of body iron status and measurements of transferrin
saturation for clinical use are not practical. The amount of ferritin, normally considered
an iron storage protein, but clearly released into the serum in significant amounts has
also been used to report on body iron stores. The concentration of this protein in the
blood can vary significantly under conditions of inflammation and normal values range
dramatically. Ferritin in the serum, as discussed later, may also be a prognostic indicator
for cancer. The most recent protein to be used as a serum marker to reflect body iron
stores is the soluble (cleaved extracellular portion) transferrin receptor. To date, this
measurement has proven the most reliable with increased soluble receptor indicating
low iron (27, 28). There is a fairly large body of literature on the use of blood markers to
determine iron status and cancer risk. Studies evaluating the relationship between serum
iron, iron proteins in the serum, and elevated iron in cancer have been summarized in
Table 1.

1.4. Iron Metabolism and Regulation in Cancer Tissue
In addition to serum iron levels, cancerous tissue itself has higher than normal iron

levels. For example, biopsies of breast cancer have shown significantly higher levels
of iron and other metals (nickel, zinc, etc.) compared to normal tissues (29). Liver iron
overload is associated with hepatocellular carcinoma in patients with end-stage liver dis-
ease (30). Hepatocellular carcinoma was also associated with patients with hepatitis B,
hepatitis C, and hereditary hemochromatosis. The cellular relationship between iron and
cancer is thought to stem from the effects of iron accumulation on enhancing oxidative
stress and subsequent damage to DNA (31–33). Compared to normal cells, cancer cells
have higher iron requirements (34–36) and exhibit greater sensitivity to iron chelators
(37, 38). This higher iron demand of cancer cells has been exploited in studies that used
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antisense ferritin oligonucleotides to limit tumor growth (39) or target the iron uptake
mechanism of tumors to deliver cytotoxins (40).

The regulation of cellular iron uptake and storage depends on several proteins. Trans-
ferrin carries iron to a cell and binds to a transferrin receptor. The transferrin receptor can
bind to two transferrin molecules at one time. Transferrin carries two atoms of iron when
it binds to the receptor so a single binding event can deliver four atoms of iron. There are
two types of transferrin receptor (TfR). The TfR1 is a primary cellular iron homeostasis
protein, and the TfR2 is an emerging key player in the regulation of iron homeostasis.
For example, mutations in TfR2 are responsible for type 3 hereditary hemochromato-
sis. The Tf-Fe and TfR complex is internalized via receptor-mediated endocytosis (41).
Iron is released from the endosome through a transport protein known as divalent metal
transporter 1 (DMT1) and joins the labile iron pool (42). Once inside the cell, if not
immediately required in the myriad of metabolic processes in which it plays a role, iron
is stored in ferritin. Ferritin is a dynamic protein made of differing ratios of two sub-
units; H and L-ferritin. The H subunit contains ferroxidase activity and is responsible for
converting soluble ferrous (Fe+2) iron to the storable (Fe+3) form. The L subunit does
not have ferroxidase activity, and thus stores iron at a very low rate compared with the
H subunit (43).

Another protein responsible for the maintenance of cellular iron homeostasis is the
iron-regulatory protein (IRP), which coordinates ferritin and Tf receptor translation in
response to iron availability. The IRP1 coordinately controls the expression of transfer-
rin receptor 1 (TfR1) and ferritin by binding to iron-responsive elements (IREs) within
their mRNAs. A second isoform of IRP, IRP2, is a mammalian cytosolic iron sensing
protein that regulates expression of iron metabolism proteins (44).

Recently a new iron regulatory protein has been discovered known as hepcidin (45).
Hepcidin is up-regulated in response to increased iron or inflammatory stimuli and
reduces serum iron by promoting iron retention in the reticuloendothelial macrophages.
Iron sequestration in macrophages is used as a defense mechanism against infection,
and it also has a beneficial effect on the control of cancer (46).

Another key protein in maintaining cellular iron homeostasis is HFE. This protein
also plays a key role in iron absorption from the gut, and variations in the gene for
this protein are associated with the iron overload disorder known as hemochromatosis
as discussed above. Normally, HFE negatively regulates transferrin receptor-mediated
iron uptake. Increased HFE expression is associated with decreased iron uptake and can
result in iron deficiency anemia (47). The two most common HFE gene variants are
H63D and C282Y. These gene variants are the most common in Caucasians. A single
mutation of G to A at nucleotide 845 results in the substitution of tyrosine for cysteine at
amino acid 282 resulting in the Cys282Tyr or C282Y polymorphism. A second mutation
of C to G at nucleotide 187 results in a substitution of aspartate for histidine at amino
acid 63. This His63Asp or H63D polymorphism does not, except in very rare instances,
occur on the same allele as C282Y (48). When the H63D allele is present, the HFE
protein will migrate to the surface, but will not sterically hinder the interaction of Tf
with the TfR. The C282Y allele causes the HFE protein to remain within the cytosol
and not migrate to the membrane (for a review see (49)). The binding of Tf to the TfR
requires that Tf be loaded with iron. Therefore, when HFE is not present or functional
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the uptake of iron into cells can not be limited once iron is bound to Tf. Consequently,
more iron will enter the cell because transferrin binds to both sites of the transferrin
receptor (50). All functions of the above discussed iron metabolism proteins have been
summarized in Table 2.

1.5. Expression of Iron Metabolism Genes and Proteins in Cancer
Because of the tight cellular regulation of iron, mutations or significant changes in

expression patterns in proteins responsible for regulation of iron uptake from the gut
and storage at the cellular level may be expected to have an impact on cancer risk.
Studies that have examined these associations are summarized in Table 3.

1.5.1. FERRITIN

Tumor initiation and/or progression can be closely associated with over-expression of
ferritin during tumor development in a number of cancers. Levels of H-ferritin mRNA
increased in a rat tumor model of hepatocellular carcinoma and were more than 10-fold
over-expressed as the tumor progressed. Thus, it was suggested that ferritin expression
level is a useful early marker for hepatocellular carcinoma (51). In addition, H-ferritin
gene expression is amplified in breast cancer patients (52). The L-ferritin gene and pro-
tein were also over-expressed in human metastatic melanoma cells and melanoma tis-
sues (53). In addition, the expression of ferritin in cancer cells correlates with their status
as migratory versus core proliferating cells (54). Furthermore, cancer cells expressed H-
ferritin in the cell nucleus (55). Although the role of nuclear H-ferritin has not been
clearly elucidated, studies have suggested it may enhance tumor cell growth. There-
fore, some studies have targeted ferritin to reduced tumor growth. For example, anti-
sense to both H- and L-ferritin oligodeoxynucleotides specifically inhibited MCF-7
breast carcinoma cell growth through increased apoptosis as well as inhibition of DNA
synthesis and gene expression (39). In a human metastatic melanoma cell line, down-
regulation of L-ferritin by antisense mRNA inhibited cell proliferation in vitro and cell
growth in vivo (53). This study also found that down-regulation of L-ferritin in human
metastatic melanoma cells enhanced sensitivity to oxidative stress and to apoptosis. We
also observed that silencing of the H-ferritin gene using small interfering RNA (siRNA)
increased sensitivity of chemotherapeutic agents in a glioma cell line (56) and limited
tumor growth (57).

1.5.2. TRANSFERRIN RECEPTOR

Transferrin receptor (TfR) is the primary mechanism for cellular iron acquisition;
thus, it is not surprising that this protein is up-regulated in diverse cancer cells includ-
ing pancreatic cancer, chronic lymphocytic leukemia, carcinomas, and sarcomas (52,
58–60). In addition, a relationship between the expression of TfR1 and the grade of can-
cer was also observed in colorectal carcinoma (61) and malignant epithelial cells (59).
Although different levels of TfR mRNA expression have been reported in lymphocytic
leukemia samples, protein expression levels appear to be nearly similar. This finding
is consistent with the evidence that the expression of TfR is post-transcriptionally con-
trolled (58).
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An additional transferrin receptor protein, transferrin receptor 2 (TfR2), is expressed
in tumor cell lines. TfR2 is normally found in liver cells, but not in normal erythroid cells
(62). It is weakly expressed in leukemia and melanoma cell lines, but more strongly
present in other types of cancer cells such as ovarian, colon, and glioblastoma (63).
In these different tumor cells, TfR2 expression was inversely related to that of TfR1
(63). However, significant correlations were noted between the transcription levels of
both TfR1 and TfR2-α (membrane form) and TfR1 and TfR2-β (non-membrane form)
in acute myeloid leukemia (42). Whereas TfR2 is mainly associated with the plasma
membrane where it promotes activation of ERK1/ERK2 and p38 MAP kinases, TfR1 is
largely distributed to intracellular organelles and spontaneously undergoes endocytosis
and recycling (64).

1.5.3. OTHER IRON PROTEINS

A few studies have examined the involvement of other proteins in iron metabolism
and reported distinct patterns of expression. For example, increased expression of
the duodenal cytochrome b (DCYTB) and divalent metal transporter 1 (DMT1) were
reported in colorectal cancers. These results would be consistent with increased cellular
iron uptake. In contrast, the total expression level of iron efflux proteins such as ferro-
portin (also known asMTP1) were decreased in colorectal tumors and closely associated
with cancer progress (65).

Increased iron deposition along with over-expression of DMT1, TfR1, DCYTB, fer-
roportin, and H-ferritin were observed in adenocarcinoma. Over-expression of DMT1
was further associated with metastatic adenocarcinoma. Like nuclear ferritin, the IRE
form of DMT1 was found in the nucleus in astrocytomas and primary and neoplastic
glial cells (66). These data support the concept that cancer cells may have unique nuclear
requirements for iron and offer potential novel targets for interference gene therapy.

Iron regulatory protein 1 (IRP1) is the protein responsible for post-transcriptional
regulation of the transferrin receptor and ferritin, and it controls the expression of TfR1
and ferritin by binding to iron-responsive elements (IREs) within their mRNAs. Exper-
imental induction of IRP1 did not affect the proliferation of the H1299 lung cancer
cells. In a solid tumor xenograft in nude mice tumor model, tumors derived from IRP1-
transfectants were 80% smaller compared to those from parent cells. The expression of
ferritin and ferroportin was not suppressed by IRP1 in tumor xenografts in nude mice
(67). These data suggest that increased expression of IRP1 could limit tumor growth.

Hepcidin, an antimicrobial and iron regulatory peptide, is over-expressed in colorec-
tal cancer, but the hepcidin expression level is not the cause of the systemic anemia
associated with colorectal cancer (68). The hepcidin level is also increased after radia-
tion therapy in prostate cancer (69). These data indicate that hepcidin level is associated
with inflammation but not cancer risk.

1.6. HFE and Cancer
The relationship between HFE gene variants and cancer has received relatively more

attention than any of the other iron-related genes. As mentioned, HFE gene variants
occur in Caucasians more frequently than any other gene variant and also occur in
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many other races. Early work focused on the relationship between the iron overload
disorder hemochromatosis and cancer. In particular, the focus was on hepatocarcinoma
because the liver was found to accumulate high quantities of iron. A strong connection
between the liver iron concentration and hepatocarcinoma was found in a number of
studies (70, 71). For some time, the paradigm was that the liver accumulated iron as a
result of the altered HFE protein and high iron in the liver was associated with DNA
damage. There was little attempt until more recently to consider that the HFE gene vari-
ants were themselves a risk factor for cancer, perhaps associated with “subclinical” iron
loading. Studies that have looked for an association of HFE gene variants and cancer
without hemochromatosis have found a positive relationship (see Table 4). Results of
human studies in this area are discussed in Section 1.8. Below, we review the limited
in vitro literature on the cellular mechanisms of HFE regulation and related cancer
phenotype.

Most of the laboratory-based studies have focused on the relationship between HFE
expression and iron metabolism (72, 73). The expression of HFE in cancer cells has not
been studied except in the context of transfecting HFE and looking at the effect on iron
metabolism. In general, the expression of wild-type HFE is linked to down-regulation of
iron uptake by cells (47, 74–79). The expression of wild-type HFE in human H1299 lung
cancer cells induced an apparent iron-deficient phenotype, characterized by activation
of iron regulatory protein, increased Tf receptor levels, and decreased ferritin expres-
sion (80). In MCF-7 breast cancer cells, transfection with wild-type HFE decreased the
growth inhibitory effects of doxorubicin (81) suggesting that iron status, and indirectly
HFE genotype, could influence treatment strategy. In the human neuroblastoma study,
we observed that the expression of HFE or the common mutant forms of HFE had a sig-
nificant, but varied impact, on the cells (82). The effect of wild-type HFE on Tf recep-
tor and ferritin in the neuroblastoma cells was consistent with those reported for HeLa
cells, but was not consistent with the changes reported for IRP activity (74, 83, 84). The
decrease in ferritin expression observed in neuroblastoma cells is consistent with that
documented in HEK293 cells (77, 85), although expression of TfR was unchanged in
the HEK293 cells, indicating the existence of cell-type specific differences. A unique
aspect of the neuroblastoma cell studies was the absence of endogenous HFE expres-
sion in these cell lines providing the opportunity to study the effect of HFE gene vari-
ants without the confounding variable of endogenous wildtype HFE. Of particular note
was that the cells carrying the C282Y allelic variant had a distinct cancer phenotype
(increased proliferation, failure to respond to differentiating agents) that included resis-
tance to treatment strategies currently in effect (86). This cancer phenotype, including
resistance to treatment, was present in commercially available human astrocytoma cell
lines (86). This prompted us to examine the effect of C282Y alleles on patient outcomes
in our brain tumor population. We found that those individuals carrying C2824 alleles
tend to have worse tumors on presentation and worse outcomes (86).

1.7. Preclinical Studies
A consistent observation in cell culture models is that iron chelation will limit pro-

liferation of a variety of tumor cell lines in culture. In addition to limiting proliferation,
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some tumor cells are exquisitely sensitive to the iron chelator desferrioxamine (DFO),
especially neuroblastoma and leukemia cells (87, 88). The mechanisms by which iron
chelation can be toxic to tumor cells reportedly involves enhanced caspase-3-mediated
apoptosis in human lymphocytes (89) and apoptosis by DNA fragmentation in the MCF-
7 human breast cancer cell line (90).

Presumably, the antiproliferative effects of iron chelators on cancer cells are mediated
by depletion of the intracellular labile iron pool that is necessary for metabolic activity.
Iron chelators have also been shown to arrest cells in the G1/S phase of the cell cycle
in a human neuronal tumor cell line (91) and in the S phase in hematopoietic cells (92).
The growth arrest by iron chelation may be mediated by cell cycle regulatory proteins
such as p53 in the breast cancer cells (93), human lymphocytes (89), and oral cancer
(94). In astrocytoma cells, iron chelation decreased energy production along with cell
cycle arrest (95).

We have shown that the neuroblastoma cells with the different HFE alleles also differ
in their sensitivity to iron chelators (82). At equimolar concentrations, the iron chela-
tor DFO had no effect on the wild-type HFE cells, provoked a modest but significant
increase in the number of H63D cells, and was toxic to C282Y cells. In addition, DFO
protected the wild-type HFE and H63D carrying cell lines from exposure to 100 μM
hydrogen peroxide but not the C282Y cell line, suggesting the genotype may impact
sensitivity to iron chelation (82).

The anti-tumor effects of iron chelation have been extended to in vivo animal studies.
DFO inhibited tumor growth and tumor size in a hepatocellular carcinoma athymic nude
mouse tumor model (96). Because significant side effects have limited the clinical use
of DFO, efforts have been made to develop other novel iron chelators. Nevertheless,
the development of an effective iron chelator has been severely hampered by trying
to differentiate between a chelator strong enough to limit the iron requirements for the
tumor cells without limiting the daily iron requirements of normal cells. One example of
a novel iron chelator that was tested against cancer is diethylene triamine penta-acetic
acid (DTPA), which had strong anti-tumor activity against neuroblastoma cells while
DFO showed moderate toxic effects to neuroblastoma cells (97).

Given some of the laboratory and clinical success of iron chelators, studies have
examined the impact of limiting the availability of dietary iron. Although this could
be a problematic approach because it may interfere with the normal body’s require-
ments for iron, in the 13762NF rat mammary adenocarcinoma model, in situ TUNEL
assays showed that both a low iron diet or intravenous injection of deferoxamine mesy-
late produced an increase in apoptotic cells in the tumor compared to rats maintained on
a normal diet (90). Combination therapies have also been attempted using monoclonal
antibodies against TfRs and the iron chelator DFO. This combination of chelator and
antibodies inhibited lymphoid tumor growth in vitro, prevented initial tumor outgrowth,
and caused regression of established tumors in the 38C13 murine lymphoma model (98).

1.8. Epidemiological Studies
In Table 4, we summarized the epidemiological studies that have addressed the role of

gene variants in iron metabolic pathways on cancer incidence. Most of the studies in this
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area have focused on the association between HFE gene variants, hemochromatosis, and
cancer. Compelling evidence supports the idea that the HFE gene variants themselves,
without evidence of clinically defined iron overload, can increase the risk of cancer.
Most of the HFE-related cancers are reportedly associated with the HFE C282Y variant.
HFE gene variants have been associated with a variety of cancers such as hepatocellular
carcinoma, breast cancer, colorectal cancer, childhood acute lymphoblastic leukemia,
and cervical neoplasia.

1.8.1. HFE POLYMORPHISMS AND CANCER

HFE polymorphism is associated with hereditary hemochromatosis. Hereditary
hemochromatosis patients have a higher probability of developing hepatocellular cancer
(99) based on the finding that increased frequency of C282Y is observed in hepatocellu-
lar carcinoma patients (100, 101). These C282Y heterozygote hepatocellular carcinoma
patients also had significantly higher levels of serum ferritin, transferrin saturation, and
iron deposition than wild-type HFE hepatocellular carcinoma patients. These data sup-
port the concept that high levels of iron enhance hepatocellular development. In contrast,
the association between HFE polymorphisms and hepatocellular carcinoma in cirrhotic
patients has not been demonstrated (102–104).

In addition to hepatocellular carcinoma, a study involving German women with
breast cancer revealed that the C282Y HFE gene variant was associated with increased
prevalence in a number of effected lymph nodes, suggesting that the HFE gene vari-
ant may effect tumor progression and prognosis (105). The H63D allelic frequencies
were increased in Turkish women with breast cancer (106). However, no association
was found between HFE gene variants and male breast cancer patients in Finland (107).

The relationship between HFE gene variants and colorectal cancer is not consis-
tent. Among colon cancer patients with HFE H63D and C282Y variations, cancer risk
increased with increasing age and total iron intake (108). In a study conducted in Boston,
women with either HFE gene variant had higher total body iron stores and higher trans-
ferrin saturations than women with wild-type HFE; however, the HFE gene variants
were not associated with colorectal adenoma (109). A gender (male)-specific effect of
the C282Y HFE gene variant was shown to be risk factor for hematopoietic malignan-
cies (110) and childhood acute lymphoblastic leukemia in Celtic populations (111). In
adult acute lymphoblastic leukemia, the association of HFE gene variants with the dis-
ease was not evident (112, 113), even though one study found an association with the
H63D variant (114).

Very few studies have examined the relationship between HFE gene variants and
brain tumors. A study conducted at the University of Milan reported that individuals
carrying the H63D allele had a high frequency of malignant gliomas (115). We are cur-
rently examining the frequency of HFE allelic variants in brain tumors. Our preliminary
results suggest an apparent trend of higher frequency of H63D alleles in brain tumor
patients than in normal subjects. In addition, it appears that the C282Y allele may be
associated with a poor outcome.

In cervical neoplasia there was a difference in the C282Y allelic frequency between
cervical neoplasia and the controls. The H63D HFE gene variant frequency was lower
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in women cervical neoplasia compared to control women. The age of onset of cer-
vical lesion was also significantly different between H63D carrier and non-carrier
(116). A higher rate of HFE gene variants has been reported in myelodysplastic syn-
drome compared to multiple myeloma patients (117). Patients with myelodysplastic
syndrome also had higher iron and transferrin saturation levels than multiple myeloma
patients.

Taken together, these studies strongly suggest that HFE polymorphisms, and specifi-
cally the C282Y and possibly the H63D gene variants, could be a risk factor for cancer.
This conclusion is not surprising given the increase in potential for cellular oxidative
stress in the presence of these gene variants and the likelihood that tumor cells that carry
these variants would acquire more iron than tumor cells with wild-type HFE. Based on
the prevalence of these gene variants in the Caucasian population, additional studies
that examine the contribution of these variants to cancer risk and outcome are clearly
warranted.

1.8.2. TRANSFERRIN RECEPTOR VARIANTS AND CANCER

Although the majority of the genetic studies on iron proteins is focused on the role
of HFE, some investigations have examined the contribution of the TfR, which is over-
expressed in some cancers. Three studies examined the relationship between expression
of the TfR S142G allele and incidence of colorectal, lung, ovarian, and breast cancer,
but none of these studies reported an association (105, 118, 119).

Given the potential role of iron as a risk factor in the cancer process, it is surpris-
ing that only a few genetic analyses have examined the links between cancer risk and
genes involved in regulation of iron metabolism. Clearly, this is an area requiring further
development.

1.9. Clinical Studies
Although many experimental chelators have been shown to be effective as anti-cancer

agents, only a few compounds , e.g., dexrazoxane, deferoxamine (DFO), and triapine,
have reached the stage of clinical testing or application (120). Desferal R© (Deferoxamine
mesylate USP) and more recently Exjade (deferasirox; ICL670) of Novartis are the only
drugs available in US to treat iron overload disease.

Treating cancer with iron chelation therapy was attempted almost 20 years ago in
patients with acute leukemia (87, 121–123). The intravenous administration of desferal
for 48 h led to immature cells that no longer expressed lymphoid antigens and became
strongly positive for myelomonocytic markers. An identical outcome was observed in
a cell culture study (121). Other chemicals have been used in combination with DFO
to increase its efficacy. For example, the effect of DFO was enhanced with low-dose
cytosine arabinoside in leukemic cancer patients (121). In another study, DFO treatment
caused dose- dependent and time-dependent cytotoxic effects on human bone marrow
neuroblastoma cells in two otherwise untreated children with stage IV Evans disease. In
the latter study, the cytotoxic effects of DFO on neuroblastoma cells were prevented by
addition of iron salts (122). In a study on recurrent neuroblastoma, DFO treatment at a
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dose of 150 mg/kg/day for five consecutive days had an anti-tumor activity without any
serious side effects (124).

Although the results of clinical studies for treating cancer with the iron chelator DFO
appear promising, the efficacy of DFO is severely limited due to its poor ability to per-
meate cell membranes and directly access intracellular iron pools. DFO also has a very
short half-life (20 min) and requires continuous infusion for 8–12 h/d to be effective
(125, 126). Finally, iron chelation by DFO is not selective to iron associated with tumors
and can limit iron availability to the immune system and other functions important for
normal oxidative metabolism.

These limitations have accelerated the development of novel and more effective
iron chelators. Desferri-exochelins, siderophores secreted by Mycobacterium tubercu-
losis, are both lipid-soluble and water-soluble and have a high binding affinity for iron.
Desferri-exochelins can enter cells rapidly and access intracellular iron (127). Exjade
(deferasirox; ICL670), another iron chelator, is the first orally administered medica-
tion for chronic iron overload due to multiple blood transfusions. It was approved
by the U.S. Food and Drug Administration in 2005. To our knowledge, there are
no clinical trial data available on the use of this pharmaceutical agent in cancer
therapeutics.

Triapine (3-AP or 3-Aminopyridine-2-carboxaldehyde thiosemicarbazone) is an iron
chelator and a potent inhibitor of ribonucleotide reductase (128). In combination with
high-dose cytarabine, advanced myeloid leukemia patients had some possible benefits in
a phase 1 trial (129). In a phase 2 consortium trial in advanced pancreatic cancer, how-
ever, there were observed toxicities of Triapine and no clinical benefit (130).Therefore,
it is clear that an area for future development is an effective and perhaps tumor selective
iron chelator. Because of the high iron requirements for cancerous cells and the strong
cell culture data suggesting that iron chelators could be effective in cancer treatment if
they were more selective for tumors, it can be argued that limiting iron utilization by
tumor cells may be an effective treatment option. The possibility of limiting iron in the
diet as a means of limiting cancer growth is addressed later.

1.10. Cancers Associated with Iron Overload
Hemochromatosis is the disease resulting from significant iron overload in tissue,

especially in the liver. Therefore, liver cancer (hepatocellular carcinoma) is the primary
cancer associated with iron overload. There is compelling evidence, however, that carry-
ing the HFE gene variants without the clinical disease of hereditary hemochromatosis is
associated with breast cancer, colorectal cancer, acute lymphoblastic leukemia, and may
predict outcomes in brain tumors. The current paradigm in which HFE is researched and
the data interpreted is that HFE gene variants have too low of a penetrability for the iron
overload to reach clinical disease. However, the cell culture data (82) show that funda-
mental differences in cell phenotype relate to expression of different HFE gene variants.
That is the variants have the same effect on cell iron status but different effects in terms
of gene expression profiles including response to cytotoxins and radiation (86). Perhaps,
given the evidence reviewed in Table 4 as well as cell culture data this paradigm should
be re-evaluated.
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2. FUTURE RESEARCH DIRECTIONS

Perhaps, the two most promising areas for future research related to iron nutrition
and cancer are to understand the impact of HFE polymorphisms and the development of
treatment strategies that limit iron availability to cancer cells. Because HFE gene vari-
ants are the most common genetic alterations in Caucasian subjects, understanding how
the mutant HFE protein impacts the cancer phenotype and treatment response would
be considerable in these populations. Due to the increased requirement for iron by can-
cer cells, treatments aimed at limiting iron availability to tumors should be expanded.
Although this approach appears promising, a concern is that treatment with iron chela-
tors or the consumption of diets with minimal iron can be associated with undesired
effects in cancer patients including depression of the immune system and decreased
iron available for hemoglobin synthesis. Methods that target cancer cells to specifically
disrupt iron metabolism are clearly needed.

3. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

Because iron is required for many normal cellular functions, an overall recommen-
dation that people limit iron intake due to cancer risks cannot be formulated based on
available experimental data. Nevertheless, it is becoming increasingly clear that carriers
of HFE gene variants associated with increased iron uptake may be at higher risk for
cancer. For these individuals, limiting iron intake or frequent blood donations may be
useful strategies. The FDA recommended dietary allowance for iron varies with age and
gender, ranging from 6 mg/d for adult men 19–70+ years of age to 18 mg/d of iron for
menstruating women 19–50 years of age. The recommended dietary allowance of iron
for infants (7–12 months), children, adolescents, and teens are in this range. A recom-
mended dietary allowance has not been set for infants 0–6 months of age. The absorp-
tion rates for iron differ among individuals and iron absorption from foods is affected
not only by the type of iron consumed, but also by interactions among foods consumed
in concert. For example, vitamin C increases absorption of non-heme iron, whereas tan-
nins found in red wines may decrease iron absorption. Any recommendation for limiting
dietary iron consumption should bear in mind that iron is required for a healthy immune
system, brain functions, growth and development, and oxidative metabolism in general.
Nevertheless, oxidative stress related to iron metabolism may damage DNA and pro-
teins and promote cancer. Thus, the recommendation would be to monitor the intake of
iron-rich foods while supplementing the diet with antioxidants. The literature indicates
the beneficial effect of vegetables, fruits, and grain against many types of cancer. Many
nutrition societies also recommend the daily consumption of 375 g of vegetables, about
250–300 g of fruit, as well as decreased consumption of red meat.
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Key Points

1. Zinc is an essential trace element required for maintaining enzyme activity, the immune system,
and the conformation of many transcription factors that control cell proliferation, apoptosis, and
signaling pathways. The role of zinc in cancer development and prevention is gaining attention.

2. Compelling evidence from epidemiological, clinical, and rodent studies shows that dietary zinc
deficiency is associated with an increased risk of developing esophageal and oral cancer.

3. Zinc has similar tumor suppressor effects in esophageal and oral tumors as well as several other
types of tumor. Additionally, zinc supplementation has beneficial effects in several diseases in the
elderly who are zinc deficiency-prone, including diseases related to dysregulation of the inflamma-
tory/immune response.

4. The concept of zinc as a tumor suppressor agent in cancer prevention is supported by abun-
dant experimental and clinical studies in esophageal, lingual, prostate, and colon cancer. Recent
data from gene profiling and immunohistochemical analyses, showing that zinc regulates the
proinflammation mediator S100A8 expression, its interaction with RAGE, and the downstream
NF-κB-COX-2 signaling pathway, provide the first evidence for an inflammation-modulating role
of zinc in early esophageal carcinogenesis and its reversal.

5. Given the recent reignited interest of researchers in the concept of an association of inflammation
and the genesis and perpetuation of cancer, the finding that zinc regulates a key inflammation path-
way and modulates miRNA expression in esophageal preneoplasia offers opportunities to conduct
studies to more precisely define the role of zinc in cancer initiation, progression, and prevention
and also to explore the possible link between microRNA expression and inflammation.

6. The finding that targeting only the COX-2 pathway in zinc-deficient animals does not prevent
UADT tumor progression strongly suggests that correcting nutritional deficiencies is necessary in
a more successful cancer treatment protocol.
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1. INTRODUCTION

Zinc is an essential nutrient. It has diverse biological functions due to its role in a
multitude of cellular components. As a constituent of more than 300 enzymes, zinc acts
as a catalytic, structural, or regulatory ion (1). As a key structural component of more
than 2,000 proteins that are mainly nuclear transcription factors, zinc ions contribute
through regulation of gene expression to control of cell proliferation, differentiation, and
apoptosis (2). In addition, zinc is capable of undergoing rapid ligand exchange reactions.
Consequently, alterations in zinc status are translated into changes in gene expression
(3). In vivo zinc levels can be used in an information-carrying role, as calcium is, in a
variety of signal transduction pathways (3). Thus zinc plays an important role in main-
taining the activities of many enzymes, signaling pathways, transcription factors, as well
as the immune system (4). On the other hand, failure to maintain and regulate a normal
cellular concentration of zinc has complex implications in a number of organs and can
contribute to the onset of many diseases and cancers (5, 6). In recent years, the role of
zinc deficiency as a cause of disease and determinant in the progression of disease is
drawing attention (7). This review examines the mechanistic role of zinc in the patho-
genesis and prevention of esophageal and oral cancer, which has been the research focus
of the author.

2. HUMAN ZINC DEFICIENCY

In 1869, Raulin first demonstrated in Aspergillus niger that zinc was essential for
the growth of living organisms (8). It took more than six decades before it was rec-
ognized that zinc was necessary for the growth of animals (9). A zinc-inadequate diet
in the rat resulted in anorexia, retarded growth, definite foci of alopecia, and testicular
atrophy. Finally in the early 1960s, Prasad et al. reported the discovery of primary zinc
deficiency in humans in Egypt and Iran (10, 11). Patients afflicted by zinc deficiency
showed clinical features of dwarfism, hypogonadism in males, rough and dry skin, and
mental lethargy, which are reminiscent of the gross anatomy of severe zinc deficiency
in the rat. These patients had negligible intake of animal protein and consumed a very
restricted diet mainly comprised of wheat flour bread. Importantly, all of these clinical
signs were corrected by zinc supplementation. At present, severe zinc deficiency is rare
in human populations, although mild to moderate deficiency is estimated to be prevalent
worldwide (12).

Except for red meat and seafood, zinc is present at low concentrations in a large
variety of foods. Whole grain and most vegetables are poor sources of zinc because of
the presence of phytates that bind zinc and inhibit its absorption. The Recommended
Daily Allowance for zinc is approximately 12–15 mg, an amount that can be obtained
in a balanced diet by consuming meat and other animal proteins. A person subsisting
on a cereal and vegetarian diet is likely to have a low intake of zinc. The elderly are
also vulnerable to zinc deficiency owing to inadequate diets and/or intestinal malab-
sorption, and as a result, they are susceptible to age-related diseases such as infections
and cancer (13). Moreover, conditioned zinc deficiency can occur in individuals with
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diseases associated with impaired intestinal absorption, chronic inflammatory bowel
diseases, rheumatoid arthritis, diabetes, alcoholism, stress, and cancer (7). Thus, zinc
deficiency is more widespread than is often assumed (14). In the United States, it is esti-
mated that the intake of zinc is less than 50% of the recommended daily allowance in
about 10% of the population (15). In the developing world, dietary zinc deficiency may
affect more than 2 billion people (16).

3. ZINC DEFICIENCY AND UADT CANCER:
EPIDEMIOLOGICAL STUDIES

Upper aerodigestive tract (UADT) cancer, including esophageal and oral cancer, is
an important cause of morbidity and mortality worldwide (17). The two main types
of esophageal cancer are esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC). ESCC is the more common type. According to the American
Cancer Society statistics, 16,470 new cases of esophageal cancer were diagnosed in the
United States in 2008, and 14,280 deaths were attributed to this malignancy (18). Sub-
jects diagnosed with esophageal cancers have a 5-year survival of∼10%. The prognosis
of oral cancer, the major site being the tongue, is equally dismal. The incidence of oral
cancer is increasing worldwide, even among young adults and individuals without the
documented risk factors of tobacco and alcohol use (19). Patients with oral cancer have
a high mortality rate because of field cancerization effects that result in second primary
tumors, particularly in the esophagus (20, 21). Thus, new chemopreventive and thera-
peutic approaches are much needed to prevent and treat these deadly cancers.

Chronic alcohol consumption and tobacco use are the major risk factors
for UADT cancer in western countries. Nevertheless, epidemiological and clini-
cal studies have long implicated exposure to carcinogenic nitrosamines such as
N-nitrosomethylbenzylamine (NMBA) (22), and nutritional deficiencies, in particular,
zinc deficiency, as causative factors for esophageal and oral cancer in several high inci-
dence areas, including northern China, Iran, India, central Asia, and the Transkei region
of South Africa (23, 24, 25, 26, 27). Since alcohol consumption is associated with a
general poor nutrition, zinc deficiency is thus a likely risk factor for UADT cancer in
western countries (28).

In 2005, Abnet et al. (29) provided the first evidence in humans of an association
between zinc deficiency and ESCC. Using x-ray fluorescence spectroscopy, these inves-
tigators measured zinc, copper, iron, nickel, and sulfur levels in paraffin-embedded sec-
tions of esophageal biopsy samples from a high ESCC incidence area in China. Subjects
were matched on baseline histology and followed for 16 years. Overall, 90% of the sub-
jects in the highest zinc quartile were alive and cancer-free after 16 years as compared
to only 65% of the subjects in the lowest quartile. There were no consistent associations
with cancer risk for any of the other trace elements studied. This study unequivocally
established that low tissue zinc concentrations are strongly associated with an increased
risk of developing ESCC.



500 Part III / Carotenoids, Vitamins, and Minerals in Cancer Prevention and/or Treatment

4. BIOLOGICAL ROLES OF ZINC

4.1. Zinc Homeostasis
The maintenance of normal cellular concentrations of zinc is crucial to the function,

growth, proliferation, differentiation, and survival of cells. Recent advances in the study
of zinc transporters and the involvement of metallothioneins (MTs) in intracellular zinc
homeostasis have provided a new understanding of how zinc levels might be maintained
in tissues under normal and cancer conditions (6).

MTs are low molecular weight proteins with high cysteine content that bind zinc as
well as other metal ions. MTs are very sensitive to dietary zinc supply and are involved
in intracellular zinc homeostasis. It is thought that MT synthesis, mediated by the metal-
responsive transcription factor 1 (MTF-1), is responsible for the intracellular regulation
of zinc concentration and detoxification of harmful heavy metals (30). In addition, MTs
act as antioxidants. The zinc–sulfur ligand is sensitive to changes of cellular redox state
and the oxidizing sites in MT induce the transfer of zinc from its binding sites in MT to
those of lower affinity in other proteins (31).

Two main families of cellular zinc transporter proteins have been identified in mam-
mals: the ZnT (CDF, cation diffusion facilitator, in eukaryotes) (SLC30) and the ZIP
(SLC39) (32, 33). These transporter proteins appear to have opposite roles in cellular
zinc homeostasis. While the ZnT transporters remove zinc from the cytoplasm by either
transporting it out of the cell or trafficking it into cellular organelles, the ZIP trans-
porters act by bringing zinc into the cytoplasm from the extracellular space. To date, 24
zinc transporters (10 ZnT and 14 ZIP) have been identified through mammalian genome
analyses, and 15 have been functionally characterized (ZnT1-8 and Zip 1-7). The zinc
transporters maintain intracellular zinc concentrations in a narrow physiologic range and
their mode of action is tissue- and cell-type specific.

Several studies have shown a correlation of zinc levels and zinc transporter protein
expression with cancer risk. For example, human breast cancer is marked by low zinc
levels in serum and scalp hair (34), but elevated zinc concentrations in cancer tissue
(35, 36). The increased zinc levels are found to be associated with high expression levels
of zinc transporters ZIP6, ZIP10, and ZIP7 (6). While ZIP6 overexpression is thought
to be a possible marker for a low-grade, non-aggressive cancer (37), elevated expres-
sion levels of ZIP10 and ZIP7 indicate the presence of a more aggressive cancer with
increased risk of metatasis (38). In human pancreatic cancer, ZIP4 overexpression and
zinc accumulation significantly contribute to the pathogenesis and progression of this
malignancy (39). On the other hand, malignant prostate cells exhibit silencing of ZIP1
gene expression, which is accompanied by depletion of cellular zinc (40).

In animal experiments, zinc accumulation in N-methyl-N-nitrosourea-induced rat
mammary tumors is attended by reduced expression of ZnT-1 and overexpression of MT
(41). Additionally, acute inflammation in ZD mouse lungs is accompanied by alterations
in zinc transporter expression, including increases in ZIP1 and ZIP14, but decreases in
ZIP4 and ZnT4 (42). Thus, alterations in zinc transporter gene expression during inflam-
mation are directed toward increasing zinc uptake as a means to counteract the local
loss of zinc in the airway and to meet an increased demand for zinc-dependent proteins.
Intriguingly, zinc supplementation restored ZIP1 and ZIP14 expression (42).
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To date, there are no published reports about the role of zinc transporter proteins
in the maintenance of zinc homeostasis in UADT cancer. Although ZnT1 protein is
abundantly expressed in the squamous epithelium of the normal mouse esophagus (43),
it remains to be determined whether dysregulation of zinc transporter protein expression
can lead to a reduced zinc level in the esophagus (44) and increase the susceptibility to
carcinogenesis (29, 45).

4.2. Zinc as an Antioxidant
Oxidative stress, which results from an imbalance between formation and neutral-

ization of free radicals, is now recognized as an important contributing factor in many
diseases, including cancer, atherosclerosis, neurodegeneration, immunologic disorders,
and the aging process (46). A free radical is defined as any species that has one or
more unpaired electrons. How zinc acts as an antioxidant is unclear. Its antioxidant role,
however, is influenced by several factors (47). For instance, zinc competes with pro-
oxidant iron for binding to the membrane, thus decreasing the production of reactive
oxygen species (48). Zinc is important in maintaining an adequate level of the zinc-
binding protein MTs, which are also free radical scavengers (13). Zinc may also act as
an antioxidant by protecting protein sulfhydryl groups against oxidation (49).

Multiple studies have shown that zinc deficit has a negative impact on the antioxidant
capacity of the cell. In vitro low intracellular zinc induces DNA damage and affects
DNA repair in a rat glioma cell line (15). In vivo, zinc deficiency causes oxidative
damage to proteins, lipids, and DNA in rat testis (50) and stimulates the production
of endogenous free radicals in rat lung microsomes by an NADPH- and cytochrome
P-450-dependent system (51). In contrast, zinc supplementation protects human cuta-
neous fibroblasts from DNA strand breakage and apoptosis, suggesting that zinc could
have beneficial effects for skin cell protection against UVA1 irradiation (52). Addi-
tionally, zinc supplementation in humans slows the progression of age-related macular
degeneration, a disease associated with increased free radical production (53).

4.3. Zinc and Immune Response
It has been long established that zinc is essential for the immune system and zinc

deficiency has profound effects on immune functions (4, 54, 55). Young adult mice on a
zinc-deficient diet showed thymic atrophy, reductions in the number of splenocytes, and
depressed responses to both thymic T-cell-dependent and T-cell-independent antigens
(56, 57). In addition, zinc deficiency reduces the activities of serum thymulin (a thymic
hormone) and natural killer (NK) cells and affects the functions of T cells by causing a
shift of the T helper (Th) cell response that leads to a decreased Th1 cell and a Th2 cell
predominance (58).

Zinc deficiency in humans leads to complex deregulated immune functions, present-
ing in its most severe form in acrodermatitis enteropathica (AE). This zinc malabsorp-
tion syndrome is an autosomal recessive disorder characterized by dermatitis, alope-
cia, and diarrhea. AE is caused by mutations in ZIP4 (59), a zinc importer required
for the absorption of dietary zinc by enterocytes and other cell types (60). The clini-
cal symptoms of AE are corrected by treatment with zinc (61). In addition to AE, oral
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zinc has been used to treat, with varying degrees of success, diseases such as diarrhea,
chronic hepatitis C, leprosy, tuberculosis, and pneumonia. The clear beneficial effects
of zinc supplementation on numerous immune parameters, including proinflammatory
cytokines and T lymphocytes, probably contribute to the positive results observed in
supplementation trials for these diseases (62).

4.4. Zinc and Intracellular Signaling in Cancer
In vivo zinc is known to undergo rapid ligand exchange reactions and thus it can be

used as an information carrier like calcium in signal transduction pathways (3). This
labile or loosely bound zinc has the potential to modulate cellular functions and influ-
ence signaling pathways. Moreover, labile zinc shows intracellular fluctuations after
stimulation, yielding a complex interaction between zinc homeostasis and signaling
(63). Bruninsma et al. (64) reported that in Caenorhabditis elegans, CDF proteins pos-
itively regulated Ras signaling by reducing the concentration of cytosolic Zn2+, and
Zn2+ inhibited Ras signaling. Since lowering the concentration of Zn2+ enhances sig-
naling and raising the concentration of Zn2+ diminishes signaling, Zn2+ is therefore
dynamically regulated to control the activity of the Ras-mediated signaling pathway.
This function of zinc is conserved because homologous mammalian ZnT1 and non-
mammalian CDF-1 zinc transporters also activate Ras by decreasing intracellular zinc
levels. As Ras is a pivotal signaling protein that regulates many cellular processes, and
mutations that activate Ras are a common cause of human cancers (65), it is likely that
zinc ions are involved in intracellular signaling in cancer. Consistent with this idea, our
recent data in an animal model of esophageal preneoplasia initiation and reversal show
that zinc deficiency enhances tumor initiation by increasing S100A8–RAGE interac-
tion and nuclear factor κB (NF-κB) signaling, and zinc replenishment reverses pre-
neoplasia by reducing this interaction and inhibiting NF-κB signaling (66). In prostate
cancer cells, zinc is reported to inhibit TNF-α-induced activation of NF-κB (67). Taken
together, these studies show that zinc affects divergent signaling pathways during cancer
development.

5. ZINC-DEFICIENT RODENT CANCER MODELS

In 1941, Follis et al. (68) first reported the histological findings of tissues from rats
fed a diet low in zinc content. The most pronounced pathological changes were found
in the esophagus and to a lesser extent in the buccal cavity and skin, and in the cornea.
The esophagus displayed hyperkeratosis, parakeratosis, and an increase in the num-
ber of epithelial cell layers (68). These early reports from epidemiological (23, 24, 25,
26, 27, 29) and animal (68) studies suggest that zinc deficiency might play a role in
esophageal carcinogenesis. In 1978, the author and her colleagues first reported that
zinc deficiency increased the incidence and reduced the induction time of esophageal
tumors in rats exposed to NMBA (69). Similar findings were later published by other
workers (44, 70) and extended to experiments in which the precursor amine and nitrite
were simultaneously administered (71).
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The zinc-deficient rodent tumor models reproduce features of human UADT cancer
and have many attractions for the study of the molecular mechanisms by which zinc,
a risk factor for UADT cancer, influences cancer development and prevention. In this
model, a deficient diet containing 3 ppm and 1.5 ppm zinc is used to induce and maintain
a sustained, increased cellular proliferation in the rat and mouse, respectively. NMBA
and 4-nitroquinoline 1-oxide (NQO) are used to induce esophageal and lingual tumors,
respectively. NMBA methylates rat esophageal DNA with a concomitant accumulation
of the promutagenic adduct O6-methylguanine (72). Interestingly, elevated levels of
O6-methyldeoxyguanosine were found in human esophageal mucosal DNA in areas
associated with a high risk for esophageal cancer (73). Both NMBA- and NQO-induced
esophageal and tongue tumors are morphologically similar to human ESCC and lin-
gual SCC, showing a histopathologic progression from hyperplasia, to mild and severe
dysplasia, carcinoma in situ, and, finally, to invasive carcinoma (74).

5.1. Initiation and Reversal of Protumorigenic Environment
Dietary zinc deficiency induces a protumorigenic environment in the rat esopha-

gus and tongue by causing a sustained, uncontrolled cell proliferation (45, 75) and
extensive changes in gene expression in the squamous epithelium (reviewed in Sec-
tions 5.6 and 5.7) (66, 76, 77). Conversely, zinc replenishment (ZR) rapidly reverses
cell proliferation, stimulates apoptosis, corrects abnormal gene expression, and inhibits
esophageal and lingual tumorigenesis (66, 75, 77, 78, 79). As an example, Fig. 1 shows
the zinc modulatory effects on lingual cell proliferation, as assessed by proliferating cell
nuclear antigen (PCNA) immunohistochemistry. PCNA is an endogenous cell prolifer-
ation marker that identifies cells in S phase (80). Tongues from pair-fed zinc-sufficient
(ZS) control rats showed very mild proliferation, with PCNA-positive nuclei largely
restricted to the basal cell layers (Fig. 1, A, D, and G). In contrast, ZD lingual epithelia
displayed abundant PCNA-positive nuclei in many cell layers and in focal hyperplastic
lesions (Fig. 1, B, E, and H). ZR reduced cell proliferation, as assayed by PCNA stain-
ing, within hours. By 48 h, PCNA-positive nuclei were mostly found in the basal cell
layers of a thinned lingual epithelium (Fig. 1, C, F, and I). In a similar manner, within
hours after ZR the hyperplastic ZD esophagus is also thinned (77, 78). As increased cell
proliferation is a hallmark of cancer, the hyperplastic protumorigenic phenotype in ZD
esophagus and tongue is highly relevant to cancer development (81).

5.2. Zinc Deficiency and Animal Tumorigenesis Studies
5.2.1. ESOPHAGEAL SQUAMOUS CELL TUMORS

Esophageal tumor induction by NMBA is very rapid in ZD esophagus. A single,
otherwise non-tumorigenic dose of NMBA in nutritionally complete rats (82) elicits a
rapid tumorigenic response in ZD esophagus as early as 3 weeks (83) and a greater
than 80% tumor incidence 14 weeks after carcinogen treatment (78, 83, 84). As early
as 24 h after a single NMBA treatment, the expanded focal hyperplastic lesions in the
esophageal epithelium showed overexpression of cyclin D1, cyclin-dependent kinase-4
(cdk4), and the retinoblastoma protein, but lack of expression of p16ink4a (83). Thus,
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Fig. 1. Effects of zinc deficiency (ZD) and zinc replenishment (ZR) on lingual cell proliferation.
Immunohistochemistry for proliferating cell nuclear antigen (PCNA) was used to identify prolifer-
ating cells. Representative pictures of tongue sections from individual rats are shown. (A, D, G) In
zinc-sufficient (ZS) control epithelia, PCNA-positive cells occurred mainly in the basal cell layer, with
occasional staining in the suprabasal layer (arrow, G). (B, E, H) In ZD epithelia, PCNA staining was
abundant in many cell layers and focal hyperplastic lesions (arrows) (E, H). (C, F, I) ZR epithelia had
fewer cell layers and fewer PCNA-positive nuclei in the still-hyperplastic epithelium 8 h after zinc
replenishment (ZR8, C) and in focal hyperplastic lesions 12 h after replenishment (ZR12, F). After
48 h, ZR48 epithelium resembled that of ZS rats, with PCNA-positive nuclei largely restricted to the
basal cell layer (I). Scale bars: 50 μm (in A–C) and 25 μm (in D–F). (Reproduced from J Natl Cancer
Inst 2005; 97:40–50).

the rapid tumor initiation is associated with an early deregulation of the p16ink4a-cyclin
D1/Cdk4-Rb pathway.

5.2.2. LINGUAL TUMORS

Continuous exposure of ZD rats to NQO resulted in the development of tumors
at multiple sites in the UADT, including lingual SCC (74%), esophageal (39%),
and forestomach (considered a dilation of the lower esophagus, 61%) tumors. In
contrast, ZS control rats showed a substantially lower incidence of lingual SCC (22%;
P = 0.015) and no macroscopic abnormalities in the esophagus or the forestom-
ach (75). These findings provide the first evidence that ZD causes substantial cell
proliferation in the squamous epithelium of the UADT, thereby producing a “field
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cancerization” effect (21) and a fertile environment for the genetic events that culmi-
nate in the development of malignant lesions at multiple sites after continuous exposure
to NQO (75).

The mechanism by which zinc deficiency increases esophageal and lingual cancer
risk is unclear. It is possible that it acts by inducing the activity of cyclooxygenase-
2 (COX-2), an enzyme that catalyzes the formation of various proinflammatory
prostaglandins from arachidonic acid. COX-2 is overexpressed in a variety of human
premalignant and malignant lesions, including esophageal and oral cancers (85, 86).
Overexpression of COX-2 enhances cell proliferation, inhibits apoptosis (87), modulates
cell adhesion and angiogenesis (88), and increases metastatic potential (89), thereby
contributing to carcinogenesis (90). Our earlier data (75) showed that esophageal and
lingual hyperplasia in ZD rats is accompanied by overexpression of COX-2 protein and
mRNA.Within hours, ZR reduced COX-2 overexpression to near control levels in ZS
animals and reversed the hyperplastic phenotypes. In addition, oral treatments with the
COX-2 inhibitors celecoxib or indomethacin led to a reduction in COX-2 activity and
cell proliferation. These data demonstrate a direct role for overexpression of COX-2 in
the increased susceptibility to esophageal carcinogenesis seen in ZD rats. Such a con-
clusion is supported by the known roles of COX-2 in carcinogenesis (90).

5.2.3. ESOPHAGEAL ADENOCARCINOMA

Guy et al. demonstrated that dietary zinc deficiency together with an increased intake
of hydrophobic bile acids led to the development of esophagitis, and Barrett’s esophagus
(BE) in C56BL/6 mice (91). BE is a premalignant lesion of EAC in which columnar
epithelium replaces esophageal squamous cells. This mouse model of esophagitis and
BE is expected to contribute to a deeper understanding of the role of zinc deficiency in
BE pathogenesis and prevention of BE progression to cancer.

5.2.4. COLON TUMORS

In vivo zinc deprivation promotes progression of 1,2-dimethylhydrazine (DMH)-
induced colon tumors but reduces malignant invasion in mice, (92) and zinc supplemen-
tation has a positive beneficial effect against chemically induced colonic preneoplastic
progression in rats induced by DMH-induced colon carcinogenesis (93).

5.3. Zinc Deficiency and Tumorigenesis Studies in Knockout/Transgenic
Models

The mouse esophagus and tongue are not sensitive to chemical carcinogenesis
(94, 95). In 1999, the development of a zinc-deficient mouse forestomach cancer model
opened the door to using transgenic and knockout mouse models to understand nutrient–
gene interactions in carcinogenesis (94). The interactions between zinc deficiency and
loss of TP53 (96, 97), overexpression of cyclin D1 (98), loss of Testin gene (TES) (99),
overexpression of antizyme (AZ) gene (100), and loss of expression of COX-2 gene
(101) were explored in transgenic/knockout mice fed a ZD diet.
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Loss of function of the TP53 tumor suppressor gene occurs in more than 50% of all
human cancers, including ESCC, EAC, and oral cancer (102). Combined deficiency of
zinc and loss of function of p53 in mice led to speedy development and progression of
esophageal and forestomach tumors by NMBA (96), as well as lingual and esophageal
tumors by NQO (97). In zinc-deprived p53–/– mice, the balance of cell proliferation
and apoptosis, two critical factors that influence the course of carcinogenesis, is tipped
toward cell proliferation, thereby unleashing a cascade of events that culminate in cancer
development with progression to malignancy in just 30 days after a single NMBA treat-
ment. Thus, it is possible that the genetic changes that lead to the rapid appearance of
cancers in the zinc- and p53-deficient mice may recapitulate those that may occur in the
same human cancers.

Cyclin D1 overexpression due to gene amplification is a critical genetic alteration
in human ESCC (103). In the rat model, overexpression of cyclin D1 was found in
esophageal papillomas and carcinomas induced by NMBA (104). Transgenic mice over-
expressing cyclin D1 fed a diet low in zinc had a high rate of cell proliferation in tar-
get tissues, setting the stage for rapid development and progression of esophageal and
forestomach tumors by NMBA (98). Without the added proliferation provided by ZD,
however, NMBA was unable to initiate esophageal tumorigenesis or to mount a vigor-
ous tumorigenic response in the forestomach of transgenic mice overexpressing cyclin
D1 (98).

AZ is a multifunctional regulator of polyamine metabolism that inhibits ornithine
decarboxylase activity and restricts polyamine levels (105) and thereby inhibiting cell
proliferation (106). In contrast to cyclin D1 overexpressing mice, the inhibition of tumor
development in ZD mice by AZ overexpression was associated with suppression of
cell proliferation and stimulation of apoptosis (100). Consistent with this finding, in
AZ overexpressing mice, α-difluoromethylornithine, the irreversible ODC inhibitor and
an anticancer agent, reverses zinc deficiency-induced esophageal cell proliferation by
stimulation of apoptosis, and thereby inhibiting esophageal tumor induction by NMBA
(107, 108).

Deletion of the COX-2 gene in Apc knockout mice greatly reduces intestinal polyp
formation, a result that provides the genetic evidence that COX-2 plays a key role in
tumorigenesis (109). Consistent with the intestinal and skin tumor studies (109, 110),
COX-2-deficient mice on a ZS diet had a lower incidence of forestomach tumors than
wild-type controls (101). Instead of being protected, zinc-deficient COX-2-null mice
developed significantly greater tumor multiplicity and forestomach carcinoma incidence
than wild-type controls. Additionally, zinc-deficient COX-2–/– forestomach displayed
strong leukotriene A4 hydrolase (LTA4H) immunostaining, indicating that alternative
pathways such as the 5-LOX/LTA4H pathway may be stimulated under ZD conditions
when the COX-2 pathway is blocked (101).

Together, these studies in transgenic/knockout mouse models highlight the divergent
tumorigenic outcome brought about by the cooperativity between zinc deficiency and
loss of function or overexpression of various genes, and at the same time, demonstrate
the influence of zinc deficiency on the stimulation and repression of these different car-
cinogenic pathways.
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5.4. Prevention of Esophageal Carcinogenesis by Replenishing Zinc
Nutritional zinc deficiency in rats increases esophageal cell proliferation and the inci-

dence of NMBA-induced esophageal tumors. Replenishing zinc with a zinc-sufficient
diet reduces these effects in ZD rats (79). Importantly, zinc replenishment initiated
within hours rather than days after NMBA treatment is more effective in preventing the
development of esophageal tumors by stimulating apoptosis in the esophageal epithe-
lium (78). Thus, replenishment initiated at 1 (ZR1), 24 (ZR24), 72 (ZR72), and 432 h
(ZR432) after NMBA treatment reduced esophageal tumor incidence from 93% in ZD
rats, to 8, 14, 19, and 48%, respectively. Figure 2 illustrates events of apoptosis in the
ZR1 rat esophageal epithelia at 24 and 30 h after NMBA treatment and zinc replenish-
ment. About 10% of cells in the ZR1 esophagi were undergoing apoptosis as compared
with ∼2.9% in ZD esophagus (Fig. 2, E and F vs. A and B; M and N vs. I and J). There
was a surge in Bax expression (Fig. 2, G vs. C and O vs. K) and a reduction in Bcl-2
expression (Fig. 2, H vs. D and P vs. L) in cells undergoing apoptosis, compared with
ZD esophagi at similar times after NMBA treatment. Within 48 h, the ZR1 epithelium
was 3–5 cell layers thick compared with 10–20 layers before zinc replenishment, with
PCNA-positive nuclei mostly found in the basal cell layer (24 h: Fig. 2, R vs. Q; 48 h:
Fig. 2, T vs. S). These findings identify a cell death program that is dependent on mem-
bers of the Bcl-2 gene family (111, 112). In the highly proliferative ZD esophagus, the
Bax/Bcl-2 immunoreactive ratio was 0.5 and remained at this level throughout the exper-
iment. In contrast, the Bax/Bcl-2 ratio increased to 1.3 at 24 h after zinc replenishment in
ZR1 esophagus and remained at an elevated level throughout the experiment. Thus, zinc
replenishment increases Bax expression and reduces Bcl-2 expression, which increases
the Bax/Bcl-2 ratio. This in vivo study demonstrates for the first time that apoptosis is
triggered in the esophageal epithelium shortly after NMBA-treated ZD rats are given
a zinc-sufficient diet and, as a result, NMBA-induced esophageal tumor formation is
stopped in the very early stages of the tumorigenesis pathway.

5.5. Inefficacy of Molecular Targeting of COX-2 in Cancer Prevention
in Zinc-Deficient Rodents

Targeted molecular intervention and therapies have been used in attempts to pre-
vent or cure cancer. The rationale for targeting the COX-2 pathway for cancer preven-
tion is supported by numerous preclinical and human studies, culminating in use of
the selective COX-2 inhibitor celecoxib with Food and Drug Administration approval
for cancer prevention in patients with familial adenomatous polyposis (113). COX-2
selective inhibitors are actively being tested in clinical trials for the prevention of sev-
eral cancers, including colorectal, esophageal adenocarcinoma, and head and neck SCC
(114, 115, 116).

Results from two ZD rodent cancer models show that without correcting nutritional
zinc deficiency targeted disruption of the COX-2 pathway by the celecoxib or by genetic
deletion does not prevent UADT carcinogenesis (101). First, tongue cancer prevention
studies were conducted in ZD rats previously exposed to the tongue carcinogen NQO
by celecoxib treatment with or without ZR, or by ZR alone. Celecoxib alone at 500 ppm
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Fig. 2. Apoptosis and cell proliferation in zinc-deficient (ZD) and zinc-replenished (ZR) esophagi at
24 (A–H, Q, and R), 30 (I–P), and 48 (S and T) H after treatment with N-nitrosomethylbenzylamine
(NMBA). Hematoxylin–eosin (H&E) staining, terminal deoxynucleotidyltransferase-mediated
deoxyuridine triphosphate end labeling (TUNEL) analyses, and immunohistochemistry for Bax, Bcl-
2, and proliferating cell nuclear antigen (PCNA) were used. Panels A–D, I–L, Q, and S: rats in the
ZD group. Panels E–H, M–P, R, and T: rats in the ZR group (ZR1, replenished 1 h after NMBA
treatment). H&E-stained esophageal sections from ZD rats (A and I) show hyperplastic epithelium
with mature differentiated suprabasal cells. ZR1 esophagi (E and M) had suprabasal cells undergoing
apoptosis. TUNEL analysis shows sporadic apoptotic cells in the proliferative ZD esophageal epithe-
lia (B and J), but numerous apoptotic cells in the basal and suprabasal layers in ZR1 esophagi (F and
N). Apoptotic bodies are intensely stained by 3,3′-diaminobenzidine tetrahydrochloride and counter-
stained with methyl green. Bax in a ZD esophagus showing hyperplasia is weakly detected in the cyto-
plasm (C and K), but strongly detected (3,3′-diaminobenzidine tetrahydrochloride) in suprabasal cells
of ZR1 esophagus, showing apoptotic activities (G and O). Bcl-2 in the ZD esophagus with hyper-
plasia is strongly detected in the cytoplasm (D and L), but Bcl-2 in the ZR1 esophagi is weakly and
diffusely detected in suprabasal cells (H and P). Panels Q–T: PCNA immunohistochemistry detects
many cells in S phase and G1–S/G2 phase in the basal and suprabasal layers of the proliferative esoph-
agus from rats in the ZD group (24 h: Q; 48 h: S), but detects few of these cells, mainly in basal layer
of the restored esophageal epithelium, in the ZR1 group (24 h: R; 48 h: T). PCNA-positive nuclei were
stained by 3-amino-9-ethylcarbazole substrate-chromogen and counterstained with hematoxylin. Pan-
els A–P and T: scale bar= 25 μm; panels Q–S: scale bar= 50 μm. (Reproduced from J Natl Cancer
Inst 2001; 93:1525–33).
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levels significantly decreased lingual tumor multiplicity by 25% (P < 0.001), but had no
effect on the incidence of large tumors or carcinomas. Nevertheless, zinc replenishment
significantly reduced tumor multiplicity by 58%, incidence of large tumors by 40%, and
squamous cell carcinoma by 32%. Combination of celecoxib plus ZR had an additive
effect over ZR alone, but the result was not statistically significant. In addition, celecoxib
alone slightly reduced overexpression of the three biomarkers COX-2, NF-κB p65, and
LTA4H in tumors, compared with intervention with ZR. Thus, the data document the
similar ability of ZR to inhibit esophageal carcinogenesis in ZD animals (78, 79). The
lack of efficacy of celecoxib in curbing lingual cancer progression indicates its inabil-
ity to block other cancer pathways that may be stimulated under nutritional ZD condi-
tions. In this regard, in animals with complete nutrition the COX-2-specific inhibitors,
nimesulide, etodolac, and celecoxib, inhibited NQO-induced lingual SCC development
in rats (117, 118). Second, instead of being protected, zinc-deficient COX-2-null mice
developed significantly greater tumor multiplicity and forestomach carcinoma incidence
than wild-type controls. Additionally, zinc-deficient COX-2–/– forestomachs displayed
strong LTA4H immunostaining, indicating activation of an alternative pathway under
zinc deficiency when the COX-2 pathway is blocked.

Given that zinc deficiency causes extensive alterations in gene expression in the pro-
tumorigenic esophagus and tongue (reviewed in Sections 5.6 and 5.7) (66, 76, 77), it
is not surprising that genetic deletion or pharmacological inhibition of COX-2 alone
does not lead to cancer prevention in zinc-deficient animals. In contrast, zinc prevents
both esophageal and lingual carcinogenesis in ZD animals. This finding strongly sup-
ports that zinc supplementation should be more thoroughly explored in human clinical
trials for cancer prevention. Interestingly, in vivo zinc supplementation in humans led
to downregulation of inflammatory cytokines and inhibition of induced NF-κB activa-
tion (119). In vitro zinc supplementation inhibited NF-κB activation and suppressed the
tumorigenic potential of human prostate cancer cells (120). Since many cancer patients
present symptoms of nutritional zinc deficiency at the time of diagnosis (121), it might
prove to be beneficial to include zinc in combination therapy.

5.6. Modulation of Gene Expression
DNA microarray analysis provides a powerful tool to understand how bioactive com-

pounds modify genetic events in the onset, progression, and prevention of cancer. To
date, several array studies have investigated the effects of zinc deficit and supplemen-
tation on gene expression in cells and rodent tissues. These studies were performed in
cell lines such as human prostate epithelial cells (122), THP-1 mononuclear cells (123),
colon adenocarcinoma cell line (124), and leukocyte subsets (125), and in vivo in rodent
tissues such as esophagus (66, 77), small intestine (126), liver (127, 128, 129), jejunum
(129), and thymus (130). These array analyses show that alterations in cellular zinc sta-
tus can affect hundreds of different target genes and that the effects of zinc on gene
expression are tissue and cell-type specific.

Blanchard et al. (126) first reported in vivo in rat intestine the effectiveness of using
cDNA array to compare the global changes in expression of genes during the early
stages of dietary zinc deficiency. The genes that were expressed differentially in ZD rat
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intestine included those that influence growth, redox, and energy utilization. On the
other hand, liver from ZD rat showed a set of differentially expressed genes that partici-
pate in growth, signal transduction, and in metabolism of xenobiotics, nitrogen, and lipid
(127, 128, 129).

Our earlier study using bioarray chips with ∼8,000 genes identified 33 differen-
tially expressed genes in hyperplastic ZD vs. control ZS esophagus, including upregula-
tion of the zinc-sensitive gene metallothionein MT-1 and the esophageal tumorigenesis
biomarker keratin 14 (KRT 14) (77). This profile in the hyperplastic ZD rat esopha-
gus is different from those reported for the small intestine or the liver, which are not
known to become hyperplastic during dietary ZD (126, 127, 128, 129). In particular,
the cysteine-rich metal-binding protein MT expression that is upregulated in ZD esoph-
agus was reported to be downregulated in liver and kidney from growing and adult rats
under conditions of dietary zinc deprivation (126, 128, 129, 131). High MT levels can
arise from the inability of MT to release zinc, resulting in low intracellular free zinc
ion availability for other biological functions (13). This concept provides an explana-
tion for the observed MT overexpression under conditions of inflammation and cancer,
including precancerous ZD rat esophagus (77), ZD rat lungs with pulmonary edema and
inflammation (42, 132), aged human liver and brain (13), human inflammatory bowel
disease (133), as well as a variety of human cancers such as ESCC (134) and tongue SCC
(135). Additionally, MT overexpression in ESCC is often positively correlated with the
metastatic and proliferative activities of the cancer (134).

Our recent global transcriptome profiling analysis (66), using an expanded rat
genome array (Affymetrix Rat Genome 230 2.0 GeneChip) containing >30,000 tran-
scripts and variants from ∼28,000 rat genes, has discovered novel candidate genes
involved in the pathogenesis of esophageal preneoplasia that were not previously
reported (77). The hyperplastic ZD rat esophagus has a distinct molecular signature
of 103 differentially expressed genes with ≥4-fold differences in expression levels
as compared with ZS esophagus (Fig. 3). This signature of preneoplasia included
upregulated genes such as S100A8, SERPINB3, AREG, DNMT3A, CDKN1A, BIRCA,
EGF, GADD45A, S100A9, JUNB, ZFP36, and PTGES, as well as downregulated genes
P2RX2, TPM1, G0S2, and TRDN. Within hours after ZR the altered expression of 29
genes, including the proinflammation gene S100A8 (up 57-fold) and its heterodimer
S100A9 (up 5-fold) reverted to control ZS levels, accompanied by the reversal of the
hyperplastic phenotype. Importantly, S100A8 is a member of the seven genes that
belong to the only significantly overrepresented pathway “response to external stimu-
lus” among the upregulated genes (EASE score = 0.02), as identified by the Expres-
sion Analysis Systematic Explorer (EASE) pathway analysis. This finding strongly
suggests that S100A8 is a relevant marker belonging to a causal pathway that drives
esophageal preneoplasia rather than simply an epiphenomenon of esophageal preneo-
plasia or of nutritional zinc deficit. Consistent with this conclusion, a positive correla-
tion was found between S100A8 and S100A9 mRNA expression and esophageal tumor
incidence/burden in NMBA-induced carcinogenesis in ZD and ZR rats. The respective
increase and decrease in expression of these two proteins are associated with the high
and low tumorigenic outcome in ZD and ZR rats. Together, these data demonstrate that
S100A8/A9 plays an important role in ZD-driven esophageal tumorigenesis (66).
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Fig. 3. Expression profiling of zinc-modulated rat esophageal mucosa. A and B, Dendrogram and
color plot illustrating clustering of genes in zinc-modulated rat esophageal mucosa. Average linkage
clustering was performed by uncentered correlation metric after log2 transformation and normaliza-
tion. Columns represent four individual esophageal epithelial samples from zinc-deficient (ZD, no.
1–4), control zinc-sufficient (ZS, no. 5–8), and zinc-replenished (ZR, no. 9–12) rats. Rows represent
genes with upregulated (black), or downregulated (gray) expression. A, Dendrogram and color plot
illustrating clustering of 30,000 transcripts in 4 ZD, 4 ZR, and 4 ZS esophagi. B, Dendrogram and
black-gray plot illustrating clustering of 103 genes that were differentially expressed in 4 ZD vs. 4 ZS
esophagi (cutoff: q value <5% and expression fold changes ≥4). Gene symbols are presented; details
including gene symbol, title, and function are presented in Table 1. C, Scatter plot. The data points
show the expression mean (log 2 scale) on the variable ZS samples plotted against ZD samples. The
size of each point represents the fold changes (ZD vs. ZS), whereas the gray scale shows the score
(t-value) correlated with significance of a gene (q-value). The most upregulated and downregulated
genes are shown in black and dark gray, respectively. D, Hematoxylin and eosin-stained esophageal
tissue sections that show a normal ZS epithelium with 2–3 cells thick, a hyperplastic ZD epithelium,
and a restored ZR epithelium at 48 h after oral zinc replenishment. Scale bar: 25 μm. (Reproduced
from Gastroenterology, 2009; 136:953–66).
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S100A8 and S100A9 have emerged as important mediators in inflammation and
may play a key role in inflammation-associated cancers (136). They encode the S100
family member of calcium and zinc-binding proteins. S100A8/A9 form heterodimers
and are frequently co-expressed. Overexpression of these two proteins occurs in a
variety of human cancers (136), including skin SCC (137), ESCC (138), and Bar-
rett’s esophagus, a precancerous condition of EAC (139). RAGE (the receptor for
advanced glycation endproducts) is the putative receptor of these two proteins. In vitro
engagement of the receptor RAGE by S100A8/A9 activates NF-κB signaling in vari-
ous tumor cells (140, 141). In a multistage mouse skin carcinogenesis model, Gebhardt
et al.(142) provided direct genetic evidence that S100A8/A9 binds to RAGE and the
RAGE–S100A8/9 signaling mediates sustained skin inflammation and promotes tumor
development. Additionally, blockade of RAGE suppresses tumor growth and metastasis
(142, 143).

The immunohistochemical data on archived near serial sections of esophageal
sections (Fig. 4) further showed that RAGE and S100A8 proteins were overexpressed
in the hyperplastic ZD rat esophagus that evidenced overexpression of NF-κB p65 and
COX-2 proteins (101). In addition, ZR reduced the overexpression of all four proteins,
thereby suppressing RAGE/S100A8 signaling, and reversed esophageal preneoplasia
(Fig. 4). The data demonstrate for the first time that zinc regulates S100A8 mRNA and
protein expression in vivo, providing evidence for an inflammation-modulating role of
zinc in esophageal preneoplasia initiation and its reversal. Moreover, the data estab-
lish a link between zinc and RAGE/S100A8 interaction and NF-κB COX-2 activation in
early esophageal carcinogenesis and prevention. Most importantly, our unpublished data
on global transcriptome profiling of mouse forestomach mucosa showed that S100A8
and S100A9 are highly upregulated in COX-2-null mice on a ZD diet as compared
with COX-2-null mice on a ZS diet. This finding demonstrates that in the presence
of genetic COX-2 deletion zinc deficiency activates the S100A8 signaling pathway,
thereby enhancing instead of reducing NMBA-induced forestomach tumorigenesis in
zinc-deficient COX-2-null mice.

5.7. Modulation of MicroRNA Expression
MicroRNAs (miRNAs) are short non-coding RNAs of ∼21 nucleotides that regulate

the translation of many genes through imperfect pairing with target mRNA of protein-
coding genes or by destroying messenger RNA (144, 145, 146). The predicted number
of miRNA in humans is ∼1,000 and each of these miRNAs is thought to have hundreds
of targets, regulating a variety of cellular processes, including cell proliferation, differ-
entiation, and apoptosis (147). Recent data have shown that miRNAs expression levels
were altered in most tumor types (148) and led to the conclusion that miRNAs may
play a causal role in carcinogenesis. In tumors, miRNAs may play significant roles as
oncogenes or tumor suppressors (149, 150, 151).

To date, there are only two reports that link altered expression of miRNA in cancer
with nutritional deficiencies. The overexpression of miR-222 was identified in vitro in
human lymphoblastoid cells grown under folate-deficient conditions and confirmed in



Chapter 22 / Zinc in Cancer Development and Prevention 519

Fig. 4. Spatial and temporal localization of S100A8 and RAGE protein in near serial sections of
archived formalin-fixed, paraffin-embedded esophageal tissues from zinc-modulated rats that overex-
pressed NF-κB p65 and COX-2. S100A8 (A, E, and I) and the putative receptor of S100A8, RAGE (B,
F, and J), were intensely and abundantly co-expressed in near serial sections of zinc-deficient (ZD)
esophagus and occurred in similar spatial patterns as those of NF-κB p65 (C, G, and K: reproduced
from Int J Cancer 2007) and COX-2 (D, H, and L: reproduced from 2005, J Natl Cancer Inst 97,
40–50). 100A8 (M) and RAGE (N) expression was greatly reduced at 48 h after zinc replenishment,
as was NF-κB p65 (O) and COX-2 (P). Zinc-sufficient (ZS) esophagi showed sporadic and moderate
expression (arrows) of 100A8 (Q) and RAGE (R) and weak or absent staining of NF-κB p65 (S) and
COX-2 (T). S100A8 and RAGE localization was visualized by incubation with 3-amino-9-
ethylcarbazole substrate-chromogen. Expression of NF-κB p65 proteins was localized by incubation
with 3,3′-diaminobenzidine tetrahydrochloride. Scale bars: 100 μm (in A–D and Q–T); 50 μm (in
I–P); 25 μm (in E–H, higher magnification of bracketed area in A–D). (Reproduced from Gastroen-
terology, 2009; 136:953–66)

vivo in human peripheral blood from individuals with low folate intake (152). miR-122,
an abundant liver-specific miRNA, was reported to be downregulated in liver tumors
from rats fed a folic acid-methionine-choline deficient diet (153).
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Our unpublished data show that miRNAs expression levels in rat esophagus and
tongue are modulated by dietary zinc (76). The precancerous ZD esophagus has a dis-
tinct miRNA expression signature as compared with control ZS esophagus, including
upregulation of miR-31 (up ∼ 6-fold) and miR-183 (up 4-fold) and downregulation of
miR-100 (down 2-fold). Interestingly, upregulation of miR-31 was also found in the
hyperplastic tongue mucosa, (75) but not in liver, kidney, spleen, brain, prostate, or lung
from ZD rats. In human cancers, miR-31 upregulation was reported in human colorectal
cancer (154) and squamous cell carcinoma of tongue (155) and miR-100 downregula-
tion in ESCC (156).

While ZR rapidly reversed the abnormal expression of many genes within hours (77),
it is less effective in reversing the abnormal expression of miR-31. After 5 weeks of zinc
treatment, miR-31 overexpression in ZD esophagus was reduced by approximately 50%.
Importantly, miR-31 overexpression was sustained during NMBA-induced esophageal
carcinogenesis in ZD rats with a high tumorigenic outcome but it was suppressed in
NMBA-treated ZR rats with a low tumorigenic outcome. These data demonstrate that
zinc regulates miR-31 expression in vivo in esophageal carcinogenesis and preven-
tion. The influence of zinc on miR expression provides a novel mechanism by which
zinc elicits its protumorigenic and antitumorigenic effects in cancer development and
prevention.

6. ANTITUMOR EFFECTS IN OTHER TUMOR CELLS

In addition to esophageal and oral cancer, zinc exhibits antitumor effects in other
types of tumor, in particular, prostate cancer. The pathogenesis of prostate cancer
involves transformation of normal prostate epithelial cells that accumulate zinc to malig-
nant prostate cells that do not accumulate zinc (157). The inability to accumulate zinc
is, at least in part, probably due to the downregulation of the zinc uptake transporter
ZIP1 in malignant prostate cells (40). Although the precise role of zinc in the prostate is
unclear, numerous studies support the concept that zinc has antitumor effects in prostate
cancer (157). Yan et al. (122) showed that zinc deficiency in prostate epithelial cells
resulted in DNA damage and altered expression of genes involved in cell cycle, apopto-
sis, DNA damage, and repair and transcription, thus compromising DNA integrity in the
prostate. Uzzo et al. (120) demonstrate that physiological levels of zinc inhibit activa-
tion of the transcription factor NF-κB in human prostate cancer cells, thereby suppress-
ing the tumorigenic potential of these cells and sensitizing malignant cells to apoptosis
induced by the chemotherapeutic agent paclitaxel. Conversely, paclitaxel-induced apop-
tosis was reduced in prostate cancer cells from zinc-deficient compared to zinc-replete
conditions (158).

One of the major antitumor effects of zinc is its inhibition of cancer cell growth by
inducing apoptosis. In this regard, several studies have reported inhibitory effects of
zinc on apoptosis when high concentrations of zinc (500–1,000 μM) were used and
stimulatory effects of zinc with zinc being depleted by metal chelators (159, 160). With
lower or more physiologic concentrations of zinc, however, Fraker and Telford (54)
demonstrated that zinc could actually induce death in such cell types. In prostate cancer
cells, Feng et al. (161) reported that physiological levels of zinc-induced apoptosis by
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facilitating a Bax-associated pore formation process, providing evidence that Bax is
implicated in the zinc induction of mitochondrial apoptosis and prevention of prostate
cell growth (162, 163).

Finally, zinc also elicits apoptotic antitumor effects in human epithelial ovarian cancer
(164), choriocarcinoma (165), and human hepatocellular carcinoma HEP-2 cells (166),
and inhibits cell proliferation in colon cancer cells (167). Together, these reports lend
support to the idea of zinc as a tumor suppressor agent in cancer therapeutic strategies
and prevention.

7. HUMAN INTERVENTION STUDIES

7.1. Esophageal Cancer
To date, only a limited number of nutrition intervention trials have been conducted

in populations with a high incidence of esophageal cancer to determine whether com-
bined nutrient treatments that include zinc could lower the prevalence of lesions of the
esophagus. The Chinese Linxian trials (168, 169, 170, 171) were conducted in popu-
lations that were nutritionally inadequate, whereas the SU.VI.MAX French trial (172)
was performed in an apparently healthy population.

A randomized double-blind intervention trial in Huixian showed that a once-a-week
treatment with retinol, riboflavin, and zinc (50 mg) for 1 year had no effect on the
prevalence of precancerous lesions of the esophagus (169). However, a statistically
significant reduction (P = 0.04) in the prevalence of micronuclei in esophageal cells
was observed in the treatment group as compared to the placebo (168). In a Linxian
intervention study, subjects who were given supplemental multiple vitamins and min-
erals, including zinc, for 30 months to prevent the progression of esophageal dysplasia
to cancer appeared to have reduced esophageal proliferation (171). In the randomized,
placebo-controlled Linxian nutrition intervention trial, no significant reductions in the
prevalence of esophageal or gastric dysplasia or cancer were seen with any of the four
vitamin and mineral supplement groups taken for 5.25 years at daily supplement levels
that ranged from one to two times the United States Recommended Daily Allowance
(retinol and zinc (22 mg); riboflavin and niacin; vitamin C and molybdenum; and B-
carotene, vitamin, and selenium). However, the prevalence of gastric cancer among par-
ticipants receiving retinol and zinc was 62% (P = 0.09) lower than those subjects not
receiving supplements, a finding that suggested the potential benefits of such an inter-
vention (170).

The SU.VI.MAX French study was designed to determine the efficacy of a daily sup-
plement of antioxidants (vitamin C, vitamin E, β-carotene, selenium, and zinc (22 mg))
for the primary prevention of cancer. The French trial found that the supplement reduced
the rate of total cancer incidence and all-cause mortality by 31% in men but not in
women who had higher serum levels of antioxidants (172).

On the other hand, Limberg et al. (173) reported a possible beneficial effect for
selenomethionine (a synthetic form of organic selenium) against ESCC in a random-
ized controlled trial among residents in Linxian China. In the latter trial, subjects with
histologically confirmed mild or moderate esophageal squamous dysplasia at baseline
received selenomethionine (200 μg daily) and/or celecoxib (200 mg twice daily for
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10 months). Neither selenomethionine nor celecoxib inhibited ESCC carcinogenesis for
high-risk subjects, but selenomethionine showed a protective effect among subjects with
mild esophageal squamous dysplasia. This study represents the first report of a possible
beneficial effect for any candidate chemopreventive agent.

In summary, data from intervention studies with multivitamin/mineral supplements
that included zinc indicate that such interventions may prevent cancer in persons with
poor nutritional status (172, 174). To date, there are no studies that report controlled
clinical trials of the efficacy of zinc treatment against cancer. Results of animal studies
support the use in humans of zinc as a potential chemopreventive agent for esophageal
and oral cancer prevention (78, 101), particularly among subjects with preexisting nutri-
tional zinc deficit. The requirement for zinc replenishment in chemoprevention of tongue
tumors in ZD rats suggests that the nutritional status of patients should be considered in
cancer treatment protocols (101).

7.2. Prostate Cancer
Despite evidence from experimental studies pointing to a protective effect of zinc

against prostate cancer development and progression (120, 122, 158), epidemiological
reports have produced conflicting and divergent results. The efficacy of zinc supplement
against prostate cancer ranged from no effect of zinc (175, 176), a protective effect
of zinc (177, 178), to a moderate increased risk with high doses of zinc supplement
prescribed over a long period (179). The increased risk of prostate cancer associated with
high doses of zinc supplement might be due to possible contaminants such as cadmium
in commercial zinc supplement products (180). In view of these conflicting data, further
epidemiological studies are necessary to resolve the issue of whether zinc has efficacy
against prostate cancer (157).

7.3. Colon Cancer
In 2004, the Iowa Women’s Health Study provided epidemiological evidence that a

high dietary zinc intake is associated with a decreased risk of both proximal and distal
colon cancer (181).

8. CONCLUSIONS

Based on the myriad of biological functions of zinc and its tumorigenic effects in
rodent cancer models, the role of zinc deficiency as a causative factor for cancer and a
deciding factor in the progression of cancer is beginning to take root. Of equal impor-
tance, the concept of zinc as a tumor suppressor agent in cancer prevention is sup-
ported by abundant experimental and clinical studies in esophageal, lingual, prostate,
and colon cancer. Recent data from gene profiling and immunohistochemical analy-
ses, showing that zinc regulates the proinflammation mediator S100A8 expression, its
interaction with RAGE, and the downstream NF-κB-COX-2 signaling pathway, pro-
vide the first evidence for an inflammation-modulating role of zinc in early esophageal
carcinogenesis and its reversal. Consistent with this notion, NF-κB is recognized as
a link between inflammation/immunity and cancer development and progression. The
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IkB kinase/NF-κB activation pathway is a target for cancer prevention (182). Thus, zinc
supplementation might have important implications in cancer prevention, predominantly
through suppression of S100A8–RAGE interactions and downstream NF-κB signaling.

Given the recent reignited interest of researchers in the concept of an association of
inflammation and the genesis and perpetuation of cancer (183, 184), the finding that zinc
regulates a key inflammation pathway and modulates miRNA expression in esophageal
preneoplasia offers opportunities to conduct studies to more precisely define the role of
zinc in cancer initiation, progression, and prevention and also to explore the possible
link between miR expression and inflammation (183).

Despite convincing experimental evidence, limited effort has been directed toward
clinical investigations to determine efficacy of zinc for the prevention of human cancers.
In particular, the finding that targeting only the COX-2 pathway in zinc-deficient animals
does not prevent UADT tumor progression strongly suggests that correcting nutritional
deficiencies is necessary in a more successful cancer treatment protocol. More broadly,
zinc supplementation should be thoroughly explored in human clinical trials for the
prevention of UADT cancer, especially in the aged (185) and people with zinc deficiency
in high-risk populations.
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Key Points

1. Recent studies have shown that vegetables of the Brassica species can contribute to the prevention
of cancer. The Brassica vegetables include broccoli, bok choy, cabbage, and Brussels sprouts, to
name a few.

2. Brassica-derived compounds tend to induce the expression of batteries of genes involved in cyto-
protection, repress the expression of genes involved in carcinogenesis, improve access to DNA, and
induce apoptosis.

3. Cruciferous vegetables are known to contain bioactive compounds that activate Nrf2, a possible
tumor suppressor, in various cellular models.

4. Isothiocyanates have been found to inhibit the activity of oncogenic transcription factors such as
activator protein-1 (AP-1) and nuclear factor kappa B (NFκB). AP-1 is a protein dimer consisting
of either Jun-related proteins or heterodimers of Jun and Fos-related proteins. In its active state,
AP-1 can bind to the TPA-response element (TRE). Once bound to the TRE, AP-1 recruits fac-
tors to regulate the transcription of genes involved in proliferation, differentiation, apoptosis, and
angiogenesis.

5. Researchers have started to explore the ability of isothiocyanates and indoles to inhibit COX-2
activity and inflammation in general. In particular, sulforaphane (SUL) has been noted to block
inflammatory responses in both cultured RAW264.7 macrophages (via NFκB inhibition) and mouse
BV-2 microglial cells.

6. Cruciferous vegetables intake appears to reduce the risk for colorectal, prostate and possibly renal
cancers. To date the available evidence is not as strong for lung, breast, and oral cancers.
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1. INTRODUCTION

One class of vegetables that is of particular importance in the prevention of cancer
is the vegetables of the Brassica species. Brassica vegetables are a group of vegetables
from the mustard family, Cruciferae, and includes numerous vegetables ranging from
broccoli to bok choy to condiments such as wasabi. Recently, other varieties including
broccolini and broccoli sprouts have also been cultivated, largely in an effort to enhance
the concentration of health-promoting bioactive food components in the human diet.
Table 1 lists the most commonly consumed cruciferous vegetables by genus and species.
Although there is a paucity of human intervention trials focusing on the chemopreven-
tive effects of cruciferous vegetables consumed as whole foods, cell culture models, ani-
mal studies, and small feeding studies with select bioactive components found in these
plants, such as indole-3-carbinol (I3C) and diindolylmethane (DIM), suggest there is
significant potential to favorably modify cancer risk through increased consumption.
This chapter will begin by describing our current understanding of the molecular effects
of Brassica-derived compounds, isothiocyanates, and indoles on the cell, as well as
recent work with animal models using these compounds to prevent or delay various
forms of cancer. We will then describe intake patterns as well as intake levels associated
with reduced cancer risk, discuss exposure estimates, and review the current epidemi-
ological data, which examine the hypothesis that constituents of cruciferous vegetables
protect against cancer.

2. MOLECULAR MECHANISMS OF CANCER PREVENTION
BY ISOTHIOCYANATES AND INDOLES: CELL CULTURE MODELS

Numerous studies have investigated the effects of Brassica-derived compounds on
models of cancer in cell culture (Fig. 1). These studies often find that there are differ-
ences in dose–response and specific reactivity when using the same natural product on
different cancer cell lines. However, there are definite trends of response, which have
been noted between the various compounds tested: Brassica-derived compounds tend
to induce the expression of batteries of genes involved in cytoprotection, repress the
expression of genes involved in carcinogenesis, improve access to DNA, and induce
apoptosis. These and other effects of cruciferous vegetable-derived chemicals will be
described in detail below.

2.1. Cytoprotection via the Keap1/Nrf2 Pathway
One transcription factor that has been under recent scrutiny as a possible tumor sup-

pressor is nuclear E2-factor related factor 2 (Nrf2). To date, three members of the Nrf
family have been identified. Nrf1 is ubiquitously expressed and is essential for embry-
onal development (1). Nrf3 is primarily active in placental tissue (2). Nrf2 is also ubiq-
uitously expressed, but is induced significantly when cells are exposed to stimuli such
as oxidative stress, electrophiles, or xenobiotics (3) (4). Nrf2 is normally held in the
cytoplasm by its repressor, Keap-1, which recruits a Cul3 ubiquitin ligase to ubiqui-
tinate Nrf2 and present it to the proteasome for degradation. Thus, low steady-state
levels of Nrf2 are maintained via continual turnover of the protein. Certain stimuli,
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Isothiocyanates
and

Indoles

Deacetylace (HDAC)

Nrf2 activity/phase II metabolism
p21
Apoptosis
Proteasome

AP-1
NFκB
Cox-2/inflammation
Phase I metabolism
Cell Cycle
Angiogenesis
Histone
H. pylori infection

(inhibit)

(induce)

Result:
Inhibition of 
carcinogenesis

Target:

Fig. 1. Schematic representation of the chemopreventive actions of isothiocyanates and indoles.
Molecular activities of each compound are unique depending upon the dose and cell type.

such as electrophiles, sulfhydryl-modifying agents, and activated protein kinases cause
an inhibition of the degradation of Nrf2, either through release of Keap-bound pro-
tein or through inhibiting the degradation of the currently bound substrate (5). Free or
newly translated Nrf2 may then translocate to the nucleus, heterodimerize with bind-
ing partners (traditionally small Maf proteins), and bind to the Antioxidant Response
Element (ARE, consensus sequence: 5′-G/ATGAG/CnnnGCG/A-3′). The ARE is a cis-
acting element present in many phase II metabolism antioxidant and detoxification-
related genes, such as hemeoxygenase-1 (HO-1), glutathione S-transferases (GSTs),
and NAD(P)H quinone oxidoreductase-1 (NQO1). Nrf2 activation has, therefore, been
linked to cytoprotective events, especially as relates to protection from oxidative stress.
Nrf2 knockout mice are viable, but cannot induce expression of certain phase II enzymes
when challenged with acetaminophen and carcinogens (6, 7). Functional Nrf2 has been
implicated in many physiological functions including protecting neurons from oxida-
tive stress, fighting Helicobacter pylori infections in the stomach, and regulating the
defenses that protect against cellular and DNA damage that lead to cancer (4). Although
the exact mechanism is not clear, it is thought that by increasing GST activity, and boost-
ing levels of enzymes such as NQO1 and SOD1(8), Nrf2 provides increased defenses
against oxidants and xenobiotics that would normally damage the cell or play a role
in carcinogenesis. It is therefore apparent that agents that activate Nrf2 (without harm-
ing the cell) may prove useful in preventing human cancer. Many agents (bioactives)
found in cruciferous vegetables, such as sulforaphane (SUL), phenethylisothiocyanate
(PEITC), benzylisothiocyanate (BITC), and indole-3-carbinol (I3C), have been found
to activate Nrf2 in various cellular models (9, 10, 11). However, it should be noted that
overactivation of Nrf2 in certain tumor types may, in fact, lead to decreased sensitivity
to anti-tumorigenic agents. Nrf2 activity has, therefore, been labeled a “double-edged
sword,” which can protect against carcinogenesis in many cases, but may also offer
selective advantages in others (12, 13).
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2.2. Inhibition of AP-1 and NfκB Transcription Factors
In addition to activation of cytoprotective transcription factors, isothiocyanates have

been found to inhibit the activity of oncogenic transcription factors such as activator
protein-1 (AP-1) and nuclear factor kappa B (NFκB). AP-1 is a protein dimer consisting
of either Jun-related proteins (c-Jun, JunB, or JunD) or heterodimers of Jun and Fos-
related proteins (c-Fos, FosB, Fra1, or Fra2). In its active state, AP-1 can bind to
the TPA-response element (TRE), a cis-acting element with a consensus sequence of
TGA(G or C)TCA. Once bound to the TRE, AP-1 recruits factors to regulate the tran-
scription of genes involved in proliferation, differentiation, apoptosis, and angiogenesis
(14). Therefore, overactivity of AP-1 may lead to a differential growth advantage in pre-
cancerous cells (15). The upstream signaling pathways involved in AP-1 activation have
been well studied, and include the mitogen-activated protein kinases (MAPKinases)
p38, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK), as
well as the phosphoinositol-3 (PI3) kinase/Akt pathway. Due to these diverse signaling
mechanisms, AP-1 can be activated by a variety of extracellular stimuli, including UV
light, cytokines, growth factors, stress, and various tumor promoters (16). The effect of
isothiocyanates on AP-1 activity appears to depend upon both the cell type and the dose
of the compound. For example, SUL inhibits AP-1 luciferase activity and in vitro DNA
binding in HaCaT human keratinocytes after UVB stimulation (17). However, when
tested in HT-29 human colon cancer cells, SUL slightly induced AP-1 luciferase when
stimulated by TPA treatment, while high doses of PEITC inhibited this activity (18). The
mechanism of AP-1 activity by these compounds is also quite diverse. SUL may inhibit
AP-1 directly by binding to a key cysteine residue in its DNA-binding domain, or may
also inhibit AP-1 by changing the redox status of the cell through Nrf2 activation (17).
Paradoxically, isothiocyanates are often found to increase the activity of MAPKinases
upstream of AP-1 (reviewed in (19)).

As was mentioned above, NFκB is also a frequent target of isothiocyanates and
indoles. The NFκB transcription factor is made up of combinations of members from
either the Rel or NFκB families. There are three Rel proteins (RelA/p65, RelB, and
c-Rel) and two NFκB proteins (NFκB1/p50 and NFκB2/p52). All family members may
form homo or heterodimers and bind to DNA, although only Rel proteins contain tran-
scription activation domains. The most common dimer found in activated cells contains
p65/p50 (RelA/NFκB1). The transcription factors are typically retained in the cyto-
plasm by inhibitor IκBalpha proteins. Stimulation of resting cells by various agents
(UV light, cytokines, oxidative stress) results in phosphorylation of IκBalpha, result-
ing in its subsequent ubiquitination and degradation by the proteasome. The removal of
IκBalpha exposes a nuclear localization sequence in NFκB, which results in transit into
the nucleus and activation of target genes. In general, activation of the NFκB signaling
pathway is associated with inhibition of apoptosis (reviewed in (20)). Several human
cancer cell lines, from prostate (21), breast (22), pancreas (23), to leukemia donors
(24), have been shown to constitutively express NFκB. Thus, NFκB has been flagged
as a potential chemopreventive target, and certain studies have found that inhibiting this
pathway can sensitize tumors to further treatments with chemotherapeutic drugs, pre-
sumably through the activation of apoptotic signaling (25).
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Compounds found in cruciferous vegetables have been found to inhibit NFκB signal-
ing in several ways. SUL and PEITC were found to dose-dependently inhibit NFκB–
luciferase reporter activity when exposed to LPS-induced HT-29 human colon cancer
cells (26). SUL was shown to reduce the ability of LPS-stimulated NFκB to bind to
DNA in macrophages (27). The inhibition of NFκB/DNA binding by SUL was pos-
tulated to be a result of SUL interacting with redox-sensitive cysteine groups in the
DNA-binding domain of the transcription factor, or the result of modulations of activity
of redox effectors such as Ref1 or thioredoxin. This postulated mechanism of action for
SUL on NFκB is remarkably similar to that proposed for the activity of SUL on AP-1
DNA binding (17). SUL has also been shown to reduce NFκB expression in malignant
glioblastoma (28). The indole I3C has also been extensively studied for its effects on
NFκB. I3C-related inhibition of NFκB was noted in multiple cell lines, and after activa-
tion with multiple inducers (29). In contrast, others have found that the isothiocyanate
BITC-enhanced binding of NFκB to DNA in unstimulated HT-29 cells (30), suggest-
ing that differences in NFκB activity may be influenced by cell type, dose, and type of
bioactive compound.

2.3. Inhibition of COX-2 and the Inflammatory Response
Cyclooxygenase-2 (COX-2) is the inducible form of the two known cyclooxygenase

enzymes in the cell. Also known as prostaglandin H synthases, COX enzymes catalyze
the oxidation of arachidonic acid to prostaglandin H2 (PGH2). Signaling events initiated
by the formation of prostaglandins can lead to inflammatory responses, epithelial cell
growth and invasion, and survival responses, thus linking COX activity to overstimula-
tion of the immune response and tumor promotion (31–33). Such overactivity has been
linked to cancer promotion in several model systems (34, 35). It should be noted as well
that COX-2 levels are regulated in part by NFκB and AP-1 transcription factors (36).
Although COX-1 is constitutively expressed, COX-2 expression is induced by several
types of stimuli, including UVA/UVB irradiation, oxidative stress, TPA, and cytokines.
COX-2 has been found to be overexpressed in human colon adenomas and colon cancer,
and COX-2 knockout mice have a reduced incidence of UV-induced skin cancer (37).
In fact, inhibition of COX-2 has been shown to protect against several forms of cancer
in both rodents and humans (38–41).

Only recently have researchers started to explore the ability of isothiocyanates and
indoles to inhibit COX-2 activity and inflammation in general. In particular, SUL has
been noted to block inflammatory responses in both cultured RAW 264.7 macrophages
(via NFκB inhibition) and mouse BV-2 microglial cells (27, 42). Another recent study
examined the response of mouse peritoneal macrophages to immune stimulation and
determined that Nrf2 activity was required for SUL to inhibit COX-2 and other inflam-
matory responses in these cells (43). In rats, diet containing PEITC was found to inhibit
the activation of COX-2 after inhalation of the tobacco-specific lung carcinogen 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), and also to significantly inhibit
lung carcinogenesis after NNK exposure (44). BITC was also found to suppress COX-2
activation in macrophages, via stabilization of IκB, thus preventing the accumulation
of NFκB after stimulation (45). To date, there have been no studies regarding the direct
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action of the indole I3C on COX-2 activity or inflammation, although one group fed I3C
to Apc(Min+) mice and reported significant reduction in the number of aberrant crypt
foci (46).

2.4. Regulation of Apoptosis and Cell Cycle Arrest
The regulation of apoptosis (programmed cell death) is one of the key factors deter-

mining the fate of a cancer cell. In brief, there are two primary means of activating
apoptosis. First, the intrinsic pathway in which activation of mitochondrial factors leads
to cytochrome c release and activation of caspase 9. Second, the extrinsic pathway in
which binding of external factors to cell surface receptors results in activation of caspase
8. The stimulation of the initiator caspases (8 and 9) ultimately leads to the activation of
executer caspases (3, 6, 7) which will cleave specific targets leading to the irreversible
initiation of cell suicide. Therefore, as initiated cells divide and progress toward forming
tumors, they must develop mechanisms to help to evade the normal apoptotic signals,
which would typically result in their death. Many effective chemopreventive agents have
a direct or net effect of re-sensitizing tumor cells to apoptosis, or of blocking the cell
cycle. Both of these effects would have the overall result of slowing clonal expansion of
initiated cells and inhibiting promotion.

Isothiocyanates, and SUL in particular, have been shown to induce apoptosis
through multiple pathways in multiple cell types. Studies have found that SUL induces
mitochondrial-based activation of apoptotic cascades, in some cases by increasing the
ratio of Bad and Bax proteins relative to Bcl-2 and activation of p53 (reviewed in (19,
47, 48)). SUL treatment often results in release of cytochrome c from the mitochondrial
membrane and activation of caspase 3 (48). Recently, Singh et al. (49) reported that SUL
treatment also resulted in caspase 8 cleavage, thus indicating that the extrinsic pathway
had been activated. The same authors reported that the apoptotic death and cell cycle
arrest noted after SUL treatment in prostate cancer cells were strongly linked to the pro-
duction of reactive oxygen species (ROS). They suggested that SUL could act in three
ways to inhibit prostate cancer in their system: (1) ROS generation causing the release of
cytochrome c, resulting in apoptosis; (2) triggering of a signaling cascade that leads to
the phosphorylation and inhibition of cyclin-dependent kinase 1 (Cdk1); and (3) by con-
jugation and, therefore, depletion of the baseline cellular levels of glutathione (GSH).
It was postulated that reductions of free GSH could sensitize the cell to other apoptotic
signals (49, 50). ROS production has also been linked to apoptosis after SUL treatment
in colon cancer cells (51). Other work with colon cancer cells revealed that treatment
with SUL induced cell cycle arrest and several markers of apoptosis (48). NFκB may
act upstream of some inducers of apoptosis. Therefore, the treatment with SUL may
work through regulation of this transcription factor, as well as through the MAPKinase
and AP-1 signaling pathways. It should be noted, however, that SUL treatment is also
linked to protection against ROS due to induction of the Nrf2 transcription factor/phase
II response (52, 53). There is evidence that cells may switch their responses from pro-
tective (Nrf2/phase II induction) to apoptotic depending on the dose of SUL used in
human hepatoma cells (54). SUL treatment has also been shown to induce apoptosis
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in many other cell lines, including human MCF-7 breast cancer cells, lymphoblastoid
cells, medulloblastoma cells, and pancreatic cancer cells (reviewed in (55)).

PEITC, BITC, and I3C have all also been linked with induction of apoptosis, and
exerted similar dose- and tissue-specific effects. I3C has been shown to induce caspase
3, down-regulate Bcl-2, and up-regulate/redistribute Bax in Her-2/neu overexpressing
breast cancer cells (56). The latter study reported that growth inhibition through induc-
tion of apoptosis was apparent in tumorigenic breast cancer models treated with I3C,
but not in non-tumorigenic breast cell lines (57). Some researchers have found that
the apoptosis-stimulating ability of PEITC is linked to its ability to activate the JNK
MAPKinase (58, 59). This activation has been linked to the ability of PEITC to block
JNK-specific phosphatases in prostate cancer cell lines (60). Also, PEITC was found to
induce apoptosis through activation of caspase 8 (extrinsic pathway) in leukemia cells
(61), but through the intrinsic pathway in Hela cells (62). BITC was also found to induce
JNK, which in this case was linked to phosphorylation and inactivation of Bcl-2, thus
contributing to apoptosis (63). Mitochondrial cytochrome c release and apoptosis after
BITC treatment was also shown in rat hepatocytes. This was postulated to be due to
ROS-related mechanisms (64). Recently, it has been shown in breast cancer cells that
the induction of ROS after BITC treatment was due to inhibition of complex III of the
mitochondrial respiratory chain. In addition, it was documented that BITC caused JNK
and p38 MAPKinase activation, and that a normal human mammary epithelial cell line
did not produce ROS as it underwent apoptosis after exposure to BITC (65).

2.5. Additional Molecular Methods of Chemoprevention
As may be apparent from above, the chemopreventive activity of isothiocyanates and

indoles is multifaceted. Each of the above compounds hits multiple targets in the cell,
with specificity depending upon dose and cell type involved. Additional effects of SUL,
PEITC, BITC and I3C include inhibition of histone deacetylases, leading to opening
of the chromatin structure and increased expression of p21, which in turn, can block
progression through the cell cycle (66, 67); inhibition of microtubule formation, thus
halting the cell cycle (68, 69); inhibition of phase I enzymes, therefore reducing the
rate of conversion of xenobiotics to carcinogens and protecting cells from DNA dam-
age (70); eradication of H. pylori infections (71, 72); and possibly stimulation of pro-
teasome activity (73, 74). Excellent reviews are available on the molecular effects of
isothiocyanates and indoles in cancer cells (19, 47, 55, 75–78).

2.6. Effects in Animal Models
Isothiocyanates and indoles have been shown to exert preventive effects in various

animal models. The specific effects of I3C have been examined in HPV16-transgenic
mice, which are prone to developing cervical cancer after treatment with estradiol.
Studies documented that dietary I3C increased the rate of apoptosis in the cervical
epithelium. Rahman et al. (79) found that I3C blocked breast cancer cells from metas-
tasizing into bone in a SCID mouse model. Other studies have examined the effects
of intraperitoneal (I.P.) injection of I3C (20 mg/kg) on the growth of subdermally
injected mouse prostate cancer cells (80). The latter treatment significantly inhibited
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the growth of tumors, activated apoptosis, and reduced proliferation and angiogenesis.
The supplementation with I3C has also been shown to significantly inhibit UV-induced
skin carcinogenesis in hairless mice (81). Feeding a diet containing 0.05% PEITC to
Apc(Min/+) mice for 3 weeks resulted in significant reductions in size and number
of polyps when compared to mice on a standard diet (82). The same group reported
a similar effect in Apc (Min/+) mice fed SUL at 300 or 600 ppm for 3 weeks (83).
Studies have examined the preventive efficacy of N-acetyl cysteine (NAC) conjugated
forms of BITC and PEITC against lung tumors initiated by feeding A/J mice a carcino-
genic dose of benzo(a)pyrene [B(a)P]. Both NAC-conjugated forms of BITC and PEITC
significantly reduced lung tumor multiplicity 140 days after dosing with B(a)P. In the
isothiocyanate-treated groups, the tumor inhibition was linked to increased MAPKinase
activity, especially JNK, as well as to marked activation of AP-1 and increased markers
of apoptosis (84). The same group reported that SUL and PEITC reduced the incidence
of lung adenocarcinomas, but not adenomas, in mice exposed to tobacco carcinogens
(85). The effects of BITC have been examined in mouse skin after treatment with TPA.
The treatment with BITC reduced both the oxidative damage caused by the carcino-
gen and subsequent infiltration by leukocytes (86). SUL has been shown to inhibit skin
carcinogenesis in mice when used against both UV-induced and chemically induced
cancer models (87, 88). The chemically induced skin carcinogenesis response to SUL
was linked to the activity of Nrf2 (88). Experimental evidence from in vivo models
suggests isothiocyanates and indoles may inhibit carcinogenesis and be effective cancer
prevention agents.

Finally, recent studies have explored whether combinations of natural products may
exert synergistic effects against cancer. For example, one group reported that the combi-
nation of SUL+PEITC or SUL+curcumin led to a more efficient inhibition of inflamma-
tion compared to individual treatments (89). The same study indicated that the combined
treatment with SUL+EGCG synergistically activated AP-1 in human colon cancer cells,
and that SUL+DBM (dibenzoylmethane, from licorice) completely blocked colon ade-
nocarcinomas in Apc/Min+ mice. The latter inhibition was more pronounced and seen
following treatment with SUL or DBM alone (90, 91). Therefore, strategies based on
combinations of two or more isothiocyanates and/or indoles may prove more powerful
in the fight against cancer.

3. INTAKE ESTIMATES

Using data from the USDA 1994–1996 Continuing Survey of Food Intake (CSFII),
cruciferous vegetable intake among US adults is estimated to be 0.2 servings or 18–
20 g/day or just over a single serving per week. An estimated 20% of Americans were
reported to consume any cruciferous vegetable during a 2-day diet reporting period (92).
Intake estimates from case–control and cohort studies vary widely depending on the
population studied and the dietary assessment approach employed. In fact, food fre-
quency questionnaires, the standard dietary instrument used in collecting dietary data
for epidemiological studies, are limited in terms of the number of cruciferous vegeta-
bles listed. Table 2 lists the cruciferous vegetable items included in the most commonly
employed FFQ used in the USA for epidemiological research.
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Table 2
Cruciferous Vegetable Items Included in Food Frequency Questionnaires Commonly Used in
the USA

Block Food Frequency Questionnaire (brief) (Block 2000 Brief; ©2000; BDDS)
Broccoli
Spinach or greens like collard
Coleslaw, cabbage

Block Food Frequency Questionnaire (Standard) (Block 98.2; ©1998; BDDS)
Broccoli
Mustard greens, turnip greens, collards
Coleslaw, cabbage
Chinese food, Thai, or Asian food

Brigham and Women’s Food Frequency Questionnaire (©1991; Brigham and Women’s
Hospital)
Broccoli
Cabbage, cauliflower, Brussels sprouts
Spinach or collard greens

Fred Hutchinson Cancer Center Food Frequency Questionnaire
Broccoli
Cauliflower, cabbage, Brussels sprouts
Cooked greens (spinach, mustard greens, collards)
Coleslaw

University of Hawaii Food Frequency Questionnaire (©1998; Epidemiology Program,
Cancer Research Center of Hawaii, University of Hawaii)
Stir fried beef or pork and vegetables or fajitas
Stir fried vegetables
Pork and greens
Coleslaw
Broccoli
Cabbage
Mustard
Cauliflower
Dark green leafy vegetables (spinach, collards, mustard greens, turnip greens, bok
choy, watercress, chard)
Oriental salad or pickled vegetable

National Cancer Institute (NCI) Diet History Questionnaire (ver.
EW-213950-3-654321; National Institutes of Health)
Broccoli (fresh or frozen)
Cooked greens (spinach, turnip greens, collard greens, mustard greens, chard, kale)
Raw greens (spinach, turnip greens, collard greens, mustard greens, chard, kale)
Coleslaw
Sauerkraut or cabbage
Cauliflower or Brussels sprouts (fresh or frozen)
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Willet Food Frequency Questionnaire (©1996; President and Fellows of Harvard
College)
Broccoli
Cabbage or coleslaw
Cauliflower
Brussels sprouts
Kale, mustard greens, chard

Reprinted with permission, J Amer Diet Assoc, 2007.

The majority of these questionnaires include the most commonly consumed cru-
ciferous vegetables. In the USA, broccoli is the most commonly consumed crucif-
erous vegetable, intake is threefold greater than cauliflower and cabbage, followed
by mustard, kale, related greens, sauerkraut, and Brussels sprouts. In contrast, other
sources are infrequently consumed. However, select foods such as wasabi or horseradish
may contribute significantly to cancer prevention due to the higher concentration of
isothiocyanate and indole compounds. The intake is also variable across ethnic groups.
For example, Seow et al. estimated daily cruciferous vegetable intake among Singapore
Chinese adults (N = 246) to be 40.6 g or approximately one-half serving/day with choi
sum, bok choi, and cabbage contributing greater than 50% of the daily intake (93). Evi-
dence from the European Prospective Investigation of Cancer (EPIC) – Spain estimated
intakes even lower than the USA averaging 11.3 g/day. In this population, the intake of
cruciferous vegetables was also associated with body mass index, physical activity, and
education level achieved (94).

3.1. Assessment of Intake and Exposure
Food frequency questionnaires (FFQ) are the primary tool used to assess the relation-

ship between dietary intake and the relative risk or odds ratio for cancer. Repeated 24 h
recalls are an additional approach to improve intake assessments. A report comparing
intake estimates for cruciferous vegetables using both FFQ and repeat recalls suggested
significantly correlated intake of broccoli, cauliflower, and cabbage/sauerkraut/coleslaw,
but poor correlations for intake of greens (95). However, no data are currently available
to estimate the number of days of recall required to have a valid assessment of usual
exposure in a population. Moreover, recalls are also more costly and time-intensive to
collect and analyze than FFQ. An option may be to utilize a focused FFQ that specifi-
cally assesses the intake of a comprehensive list of cruciferous vegetables with informa-
tion on preparation/cooking methods, which may alter the efficacy of specific bioactive
food components of cruciferous vegetables. A cruciferous vegetable FFQ (CVFFQ) has
been developed and validated at the University of Arizona (95) for this purpose.

Metabolism of cruciferous vegetables generates several intermediate and end prod-
ucts depending on the specific vegetable consumed. Figure 2 illustrates common bioac-
tive metabolic products of cruciferous vegetables that are of interest in relation to cancer
prevention. Broccoli and broccoli sprouts are a source of both SUL and I3C. Both com-
pounds exert significant anticancer activity in cell culture models. Brussels sprouts also
contain I3C. Watercress is a primary food source of PEITC, which has been investigated
for its apoptotic activity.
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Glucosinolate
Myrosinase (plant, human gut) ↓ β-thioglucosidase (gut)

 _______________________↓_______________________                  

↓ ↓

Indoles Isothiocyanates

Diindolymethane(DIM) Glucoraphanin→sulforaphane(SUL)

Ascorbigen(ASG) Glucopaeolin→benzylisothiocyanate(BITC)

glucobrassin→indole-3-carbinol(I3C) Gluconasturtin→phenethylisothiocyanate (PEITC)

neoglucobrassin→indolylcarbazole

Fig. 2. Bioactive metabolic end products of cruciferous vegetables.

Paired-ion chromatography (96) and cyclocondensation reaction assays can be used
to reliably quantitate glucosinolates in cruciferous vegetables (97). Although an inter-
national database has been developed, there is a lack of information in the form of a
well-described USDA database for glucosinolates or isothiocyanates content of specific
cruciferous vegetable (98). Applying such a database to more accurately estimate dietary
exposure to glucosinolates will allow for more precise assessment of glucosinolate–
cancer associations in population studies. Even with improved estimates of cruciferous
vegetables and glucosinolates exposure, the true concentration of bioactive food com-
ponents in the actual plant foods consumed may be variable depending on plant age (99,
100), variety in relation to accessions (101, 102), and preparation and storage (103, 104).
The distribution of glucosinolates within the Brassica plant also varies widely across
plant organs (seeds, stems, sprouts, roots, and leaves). For a comprehensive review of
the topic, readers are referred to Fahey, 1999 (100). An additional limitation is the lack
of specific information on the plant variety consumed, which introduces significant vari-
ations in the content of bioactive food components and may account for some of the
variability in glucosinolates exposure observed among different ethnic groups and geo-
graphical regions (98). Furthermore, the specific varieties available for purchase fre-
quently differ by geographic region of sale as well as season of purchase. While USDA-
sampling approaches reduce this error for foods listed in the USDA database, other data
sources would not.

The anticancer activity of bioactive compounds found in cruciferous vegetables is
influenced by cooking procedures and/or myrosinase activity. Myrosinase is the enzyme
required for metabolism of glucosinolates in cruciferous vegetables to their bioactive
isothiocyanates. Myrosinase is activated within the plant food matrix when cell mem-
branes are severed either during food preparation or during the mastication process.
Although cooking has been shown to destroy myrosinase, human feeding studies have
demonstrated some, although less, cancer-preventive biological activity even for cooked
cruciferous vegetables (105–107) likely due to β-thioglucosidase in the gut microflora,
which serves as an alternative source of enzymatic activity associated with hydrolyza-
tion of glucosinolates (108, 109). Even with ample hydrolysis, glucosinolates are



Chapter 23 / Cruciferous Vegetables, Isothiocyanates, Indoles, and Cancer Prevention 547

predominantly hydrophilic and as such are lost in cooking water during boiling or steam-
ing (110). Defrosting of frozen vegetables (111) and ascorbic acid (104) has been pos-
tulated to release myrosinase leading to an enhancement of the bioavailability of glu-
cosinolates (111). Exposure estimates have been improved through the development
and validation of reliable biomarkers of dietary intake. A valid and reliable HPLC-
based assay has been developed to quantify total isothiocyanates and dithiocarbamates
in human urine using a cyclocondensation reaction that generates 1,3-benzodithiole-2-
thione (97, 108). In general, peak urinary excretion of the majority of isothiocyanates is
within 8 h of intake and excretion is 80% complete within 24 h (112). The half-life of
isothiocyanates found in cruciferous vegetables has been estimated to range from 2.1 to
3.9 h (113). At minimum, in studies designed to assess the relationship between urinary
metabolites and disease outcomes urine samples should be collected overnight since
the highest intake of cruciferous vegetables in humans occurs during lunch and evening
meals. Laboratory assays have been developed to quantify phenethyl (114), allyl isothio-
cyanate (115). More recently, a liquid chromatography–tandemmass spectrometry assay
has been used to quantify PEITC in human plasma and urine after intake of a standard
dose of watercress (116). The cyclocondensation assay also has been applied in quan-
tifying plasma ITC and dithiocarbamates pre-post exposure to Cruciferous vegetables
(117). More recently a controlled feeding trial with two doses of cruciferous vegetables
(80 g vs. 320 g) following a 4-day washout suggested that the HPLC cyclocondensation
assay quantifying 1,2-bezenedithiol could recover 69–74% of isothiocyanates consumed
with correlations between diet and metabolic measures of 0.9 (118). These biomarkers
have also been employed in epidemiological research. Measures of isothiocyanates in
stored urine collected from Chinese elderly living in Singapore were shown to correlate
significantly with reported dietary intake (93). Further, Fowke and colleagues demon-
strated that measurement of cyclocondensation products from isocyanates was effective
in subjects who regularly consumed approximately 100 g/day (one serving) of crucifer-
ous vegetables. Interestingly, isothiocyanates analysis was shown to be less accurate dur-
ing periods of very low or sporadic intake and when intake was greater than 200 g/day
(119). Raw vegetable intake was more strongly associated with urinary isothiocyanates
than cooked vegetable intake (r= 0.23 vs. 0.07, respectively). Similar correlations were
shown in healthy US adults consuming, on average, 50 g/day of cruciferous vegetables.
However, US estimates were similar for raw (r = 0.27) and cooked (r = 0.23) crucif-
erous vegetables possibly related to duration of cooking and/or the use (or non-use) of
water-based cooking (95).

4. EPIDEMIOLOGICAL EVIDENCE FOR CANCER PREVENTIVE ROLE
OF CRUCIFEROUS VEGETABLES

The 2007 AICR/WCRF report suggests that an inverse, protective relationship exists
between cruciferous vegetable intake and cancer risk (120) although for several can-
cer sites the evidence is inconsistent and may vary depending on the study design
(case–control vs. cohort). Although a few intervention trials on cruciferous vegeta-
bles are available, no specific intervention trials have targeted increased cruciferous
vegetables intake with cancer outcomes (Table 3). Epidemiological evidence limited to
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case–control studies is generally strongest for prostate (aggressive disease), colorec-
tal, and renal cancers. Based on the paucity of studies available, cruciferous vegetables
intake appears to reduce the risk for less common cancers including multiple myeloma
and non-Hodgkins lymphoma. To date the available evidence is not as strong for lung,
breast, and oral cancers. Effect modifiers that have been identified include raw vs.
cooked vegetables and specific type of cruciferous vegetables consumed. For exam-
ple, a recent case–control study identified a protective association between raw, but
not total cruciferous vegetables intake and bladder cancer (OR 0.64, 95% confidence
interval, 0.42–0.97) (121). Another study suggested a reduced risk for thyroid cancer
related to cruciferous vegetables intake in the USA, but elevated disease risk for high
consumers in Japan possibly related to the common practice of pickling these vegeta-
bles in Asian countries, thus increasing exposure to carcinogens (148). These studies
support the need to collect more detailed information regarding cruciferous vegetables
preparation and intake for future epidemiological research. Confounders that have been
identified include age, gender, and menopausal status.

Polymorphisms in glutathione-S-transferase genes also influence associations
between cruciferous vegetables intake and cancer outcomes. Using breast cancer as an
example, it has been postulated that among those women carrying deletions in GSTM1,
GSTT1, or both, exposure to isothiocyanates may be prolonged due to reduced phase II
enzyme induction, increasing availability of isothiocyanates in target tissue and reducing
breast cancer risk. In a case–control study among 337 breast cancer cases and 337 con-
trols residing in Shanghai, China, urinary measures of isothiocyanates were inversely
associated with breast cancer risk (OR, 0.5, 95% CI, 0.3–0.8) when comparing the low-
est to the highest quartile of isothiocyanates exposure. This association persisted regard-
less of menopausal status; it may be modified by GST genotype since women with the
GSTP1 val/val genotype who also reported low cruciferous vegetables intake had a sig-
nificant elevation in breast cancer risk (OR, 1.74, 95% CI, 1.13–2.67). Conversely, risk
was not elevated in women with Ile/Ile or heterozygous genotype (150). A case–control
analysis by Ambrosone et al. among 740 breast cancer cases and 810 controls showed
that GST genotype did not modulate breast cancer risk nor was there a significant inter-
action between cruciferous vegetables intake and GST genotype and breast cancer risk
(124). A case–control report of renal cancer suggested that low intake of cruciferous
vegetables was associated with an increase in risk among individuals null for GSTT1
(OR, 1.86, 95% CI, 1.07–3.23) or GSTT1 and GSTM1 (OR, 2.49, 95% CI, 1.08–5.77).
A controlled broccoli feeding study among healthy adults documented that the “protec-
tive” polymorphism in terms of enhancing exposure to bioactive compounds found in
broccoli may actually be the GSTM1 present genotype and that there may be variability
in the “responsive” genotype across ethnic groups (151).

Finally, data are very limited as to the role of cruciferous vegetables in modulat-
ing the risk for cancer recurrence. One prospective cohort study conducted among 609
women diagnosed and treated for invasive epithelial ovarian cancer in Australia (152)
suggested greater intake of CV was associated with a 25% reduction in the adjusted haz-
ards ratio for recurrent disease (HR, 0.75, 95% CI, 0.58–1.01). Breast cancer patients
taking tamoxifen have also demonstrated a significant survival advantage when con-
suming, on average, 1 serving of cruciferous vegetables daily (153). In this study, the
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protective association for cruciferous vegetables was found for a population of over
3,000 breast cancer survivors, but was most pronounced among those women taking
tamoxifen. These findings suggested that bioactive compounds in cruciferous vegeta-
bles may synergize with tamoxifen reducing the risk of estrogen-associated recurrent
disease.

5. CLINICAL STUDIES OF CRUCIFEROUS VEGETABLES
AND RELATED BAFC

Few intervention trials with cruciferous vegetables or bioactive constituents of crucif-
erous vegetables have been completed and those available are pilot in nature enrolling
less than 50 subjects (Table 4). Further, no intervention trials have assessed cancer end-
points. Generally, outcome measures include biomarkers of plausible chemopreventive
activity such as modulation of oxidative stress or lowering of estrogen levels in sub-
jects at risk for hormone-related cancers. A study of 20 healthy adults randomized to a
Brassica-rich diet vs. vitamin–mineral–fiber supplement used a cross-over design with
4-week interventions separated by a 2-week washout period. The Brassica interven-
tion was associated with a 22% reduction in lipid peroxidation as assessed by urinary
F2-isoprostane levels (154). Similar reductions (28%) in oxidative stress (urinary 8-oxo-
7,8-dihydroxy-2′-deoxyguanosine) were demonstrated among healthy males assigned to
cruciferous vegetable free diet vs. 300 g/day of cooked Brussels sprouts for a 3 week
intervention period (106). Cruciferous vegetables have also been shown to enhance uri-
nary mutant excretion among subjects exposed to fried meat (n= 4 fried meat with cru-
ciferous vegetables; n = 4 with fried meat and non-cruciferous vegetables intake daily
for 6 weeks) (155). Furthermore, a larger study among 200 healthy adults residing in
China showed that randomization to glucoraphanin beverages (broccoli sprouts) nightly
for 2 weeks, while not associated with lower aflatoxin–DNA adduct formation over-
all, did demonstrate significantly higher excretion of these adducts among subject con-
currently demonstrating high urinary dithiocarbamate levels. These results suggest that
the protective effects are likely related to the ability of cruciferous vegetables to induce
phase I/II enzymes including NAT and GST. One study with heavy smokers documented
a significant reduction in DNA adducts in exfoliated bladder cells after 12 months of a
high Cruciferous vegetables diet (P = 0.02), with cauliflower and cabbage as the major
food sources of BAFC (156).

6. CONCLUSIONS

There is significant and compelling mechanistic evidence that cruciferous vegetables
and the component bioactive food compounds therein can modulate human risk for can-
cer. The epidemiological evidence, while inconsistent, also supports a protective role
for cruciferous vegetables for several cancer types. Current dietary intake of crucifer-
ous vegetables in the US population is well below estimates thought to be associated
with reduced cancer risk. While intake levels associated with protection vary, broccoli
and cabbage may afford unique protection, possibly related to the presence of specific
BAFCs. Well-designed, prospective cohort studies and even more relevant, clinical tri-
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als, are needed to advance our understanding of the role of Cruciferous vegetables in
cancer prevention.
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24 Garlic and Cancer Prevention

John A. Milner

Key Points

1. Research during the past decade has provided a wealth of evidence that links garlic intake and its
associated sulfur compounds as an important deterrent to cancer.

2. Both water- and lipid-sulfur allyl sulfur compounds appear to account for much of garlic’s anticar-
cinogenic and antitumorigenic properties.

3. Some of the strongest evidence comes from preclinical models where garlic and its constituents
have been found to retard chemically induced cancer at multiple sites as well as to inhibit prolifer-
ation and induce apoptosis of established human and murine cell lines.

4. The molecular site of action of the active allyl sulfur compounds accounting for the reduction in
cancer risk and/or a change in tumor behavior remains an area of active investigation but clearly
multiple cellular processes are likely being modified simultaneously.

5. Evidence exists that the response is related to garlic’s ability to influence carcinogen bioactivation,
DNA repair, cell division, apoptosis, angiogenesis, and immunocompetence.

Key Words: Garlic; allyl sulfur; antioxidant; carcinogenesis; proliferation; apoptosis; angiogenesis

1. INTRODUCTION

Garlic (Allium sativum) is cherished worldwide as for its savory characteristics and
for its possible medicinal benefits. Historically, it has surfaced in many parts of the
world as an intriguing functional food with the potential to reduce the risk of an array
of diseases, admittedly with varying degrees of support (1–6). Regardless, similarities
in belief emphasize that folk wisdom should not always be ignored since it can provide
important clues about dietary habits that can maintain or improve health.

Evidence continues to point to garlic and associated sulfur constituents to mod-
ify several physiological processes that may influence heart disease and cancer risk
(7–10). Overall, this information serves as a solid foundation for considering garlic
and its constituents as a dietary factor with pleiotropic characteristics; however, the
magnitude of the response appears to vary from individual to individual. The poten-
tial usefulness of garlic, yet variability in response in the scientific literature, continues
to fascinate, intrigue, and confuse scientists, legislators, and consumers worldwide.
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2. GARLIC: A COMPLEX FOOD

Garlic is not simply a spice, herb, or vegetable, but a combination thereof. It along
with onions, shallots, leeks, and chives constitutes the major Allium foods that are con-
sumed by humans. The garlic bulb consists of several individual pieces, also known as
bulblets or cloves, each weighting about 3 g. The unique flavor and odor characteristics
of garlic come from its sulfur constituents. Since about 1% of its dry weight is sulfur it is
certainly unique in its composition (11–13). While it does not generally serve as a major
source of essential nutrients, garlic can contribute to a variety of different dietary fac-
tors that may influence health including selenium, arginine, and fructo-oligosaccharides
(14). Fructo-oligosaccharides and its content of arginine-rich protein may be particularly
important as modifiers of gastrointestinal flora and/or gastrointestinal function includ-
ing immunocompetence (15–17) and may account for some of garlic’s health benefits.
Admittedly, the influence of arginine can be positive or negative depending on multiple
circumstances (17). Likewise, the presence of selenium and flavonoids may influence
the magnitude of the response to garlic (6).

The principal sulfur-containing constituents in garlic bulbs are γ-glutamyl-
S-alk(en)yl-L-cysteines and S-alk(en)yl-L-cysteine sulfoxides. The range of S-
alk(en)ylcysteine sulfoxide content in garlic varies between 0.53 and 1.3%, with
alliin (S-allylcysteine sulfoxide) the largest contributor (18). Alliin concentra-
tions can increase during storage as a result of γ-glutamylcysteine transforma-
tion. In addition to alliin, garlic bulbs contain small amounts of (+)-S-metyl-
L-cysteine sulfoxide (methiin) and (+)-S-(trans-1-propenyl)-L-cysteine sulfoxide,
S-(2-carboxypropyl)glutathione, γ-glutamyl-S-allyl-L-cysteine, γ-glutamyl-S-(trans-1-
propenyl)-L-cysteine, and γ-glutamyl-S-allyl-mercapto-L-cysteine (11, 12).

The method used to process garlic can also influence the sulfur compounds that pre-
dominate (19, 14, 13). Table 1 provides a list of some of the allyl sulfur compounds in
commercially available garlic preparations. Allicin is the major thiosulfinate compound
(allyl 2-propenethiosulfinate or diallyl thiosulfinate) occurring in garlic and several of

Table 1
Sulfur Compounds in Garlic with Potential Health Benefit
Properties

E-Ajoene
Z-Ajoene
Allicin
Allixin
Allyl mercaptan
Allyl methyl sulfide
Diallyl disulfide
Diallyl sulfide
Diallyl trisulfide
S-Allyl cysteine
S-Allylmercaptocysteine
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its extracts (20). The characteristic odor of garlic arises from allicin (thio-2-propene-1-
sulfinic acid S-allyl ester) and oil-soluble sulfur compounds formed when the bulb is
crushed or damaged. Crushing or chopping garlic releases allinase, an enzyme in the
outer membrane, which converts alliin to form the odiferous alkyl alkane-thiosulfinates,
including allicin. Allicin is unstable and further decomposes to sulfides, ajoene, and
dithiins (21, 22). Tamaki and Sonoki (22) reported that strong garlic flavor and scent
were linked to a higher content of volatile sulfur. Heating garlic is associated with a
denaturing of allinase and a reduction in allyl mercaptan, methyl mercaptan, and allyl
methyl sulfide and a reduction in smell (22).

Processing, including steam-distillation, of garlic can produce garlic oil which
also has several different allyl sulfur constituents (20). Garlic oils can contain about
26% diallyl disulfide (DADS), 19% in the trisulfide form (DATS), 15% as the allyl
methyl trisulfide, 13% allyl methyl disulfide, 8% diallyl tetrasulfide, 6% allyl methyl
tetrasulfide, 3% dimethyl trisulfide, 4% penta sulfide, and 1% hexa sulfide. The oil-
macerated garlic oil contains the vinyl-dithiins and ajoenes. Storage of garlic in ethanol
for several months produces aged garlic extract (AGE). This process substantially
reduces the amount of allicin and increases the occurrence of S-allyl cysteine (SAC),
S-allylmercaptocysteine, and allixin (14).

The pharmacodynamics of allyl sulfur compounds remains largely unexplored. Nev-
ertheless, allicin likely does not occur to any significant extent once garlic is processed
and consumed. If it does exist, it would be rapidly transformed in liver to diallyl disul-
fide (DADS) and allyl mercaptan as suggested by studies of Egen-Schwind et al. (23).
Teyssier et al. (24) concluded diallyl disulfide might be reconverted to diallyl thiosul-
finate (allicin) in tissues by oxidation via cytochrome P450 monooxygenases and to a
limited extent by flavin-containing monooxygenases. Liver monooxygenases are also
probably responsible for the oxidization of S-allyl cysteine (SAC), among many other
sulfur compounds (25). The importance of this conversion of allyl sulfur compounds in
humans remains unknown. Since DADS is recognized to cause an autocatalytic destruc-
tion of this cytochrome P450 IIE1, it is unclear to what extent allicin would be formed
by this process under conditions of physiological relevant exposures. Recently, Ger-
main et al. (26) provided evidence that DADS is absorbed and transformed into allyl
mercaptan, allyl methyl sulfide, allyl methyl sulfoxide (AMSO), and allyl methyl sul-
fone (AMSO2). Allyl methyl sulfone predominated in tissues. Both the sulfoxide and
sulfone have been found in urine.

3. GARLIC EXPOSURES – RANGE AND SAFETY

The intake of garlic has been reported to vary from region to region and from indi-
vidual to individual. Unfortunately, absolute intakes are not known with any degree
of certainty because of the lack of compositional analysis of foods and the dearth of
information collected as part of eating behavior surveys. The USDA reports that on any
typical day, about 18% of Americans consume at least one food containing garlic. There
is some evidence that average intakes in the United States are approximately 0.6 g/week
or less (27), while intakes in some areas of China reach 20 g/day (28). In a recent usage
patterns evaluation published by Block et al. (29), about 50% of the long-term multiple
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dietary supplement users, both men and women, were daily taking 1 g supplemental
garlic. As might be expected, garlic supplements were being taken to reduce the risk of
various diseases. Unfortunately, the amounts needed to produce a desired effect appear
to vary widely and thus many inconsistencies exist in the literature.

It is unclear if a response to garlic increases proportionally with intakes and at what
point that a threshold is reached. Hsing et al. (30) provided evidence that 10 g/day was
more protective against prostate cancer risk than 2.2 g/day or less, suggesting that the
threshold response may be rather large. While the intake may depend on several factors,
it is not clear that intakes above 3 g/day are typically required to influence a physiologi-
cal process and therefore a disease outcome; admitted considered debate surrounds this
topic (6).

Exaggerated intakes, such as those occurring in many parts of China, appear to
occur basically without ill consequences. However, not all individuals consuming large
amount are without some complication. Case reports have highlighted the possibility
that garlic use may cause allergic reactions (allergic contact dermatitis, generalized
urticaria, angiedema, pemphigus, anaphylaxis, and photoallergy) and burns (when fresh
garlic is applied on the skin, particularly under occlusive dressings) (31, 32). The inci-
dence of the spectrum of adverse allergic reactions is very low (33). In a recent study
involving 132 children, garlic was linked with only 1 case (3%) (34). Excessive garlic
may also cause bleeding abnormalities depending on the quantity consumed and blood
clotting homeostasis. Alterations in platelet function and the process of coagulation may
account for the bleeding problems (32). While this may not be a significant problem in
most circumstances (35), it may be more of an issue postoperatively (36). Animal stud-
ies provide additional evidence that some of the allyl sulfides can foster hemolysis by
enhanced free radical generation (37). Although there appear to be few, if any reports of
hemolysis in humans following consumption of Allium vegetables, the potent hemolytic
activity of the trisulfides and tetrasulfides in rodents indicates that caution should be
given if garlic is to be given in large quantities.

Tyrosinase-related protein-1 (TRPA1) is an excitatory ion channel targeted by pun-
gent irritants including mustard and garlic. It has been proposed to function in diverse
sensory processes, including thermal (cold) nociception, hearing, and inflammatory
pain. Using TRPA1-deficient mice, Bautisa et al. (7) concluded that this enzyme was a
primary target for garlic. DADS and allicin are able to excite an allyl isothiocyanate-
sensitive subpopulation of sensory neurons and induce vasodilation by activating
capsaicin-sensitive perivascular sensory nerve endings (Bautisa et al. 2008). It remains
to be established whether this mechanism contributes to the systemic hypotensive activ-
ity that has been reported for some consuming garlic. It is also unclear if ill conse-
quences might arise because of interactions with hypotensive drugs and garlic.

Garlic may enhance the pharmacological effect of anticoagulants (e.g., warfarin,
fluindione) and reduce the efficacy of anti-AIDS drugs (i.e., saquinavir) (38, 32). Case
reports suggest the combination of garlic and warfarin leads to episodes of bleed-
ing. However, in vitro and in vivo evidence is less compelling. In a recent study by
Mohammed Abdul et al. (39), garlic supplied as Garliplex 2000 enteric-coated garlic
tablets and containing the equivalent to 3.71 mg of allicin per tablet, and given one
tablet twice daily, had no effect on warfarin pharmacokinetics or pharmacodynamics
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and no effect on platelet aggregation induced by ADP, arachidonic acid, collagen, or
ristocetin. These results are consistent with a randomized, placebo-controlled study by
Macan et al. (40) using an aged garlic extract preparation. It should be noted that the
significance of the proposed adverse effects of garlic on saquinavir efficacy also has
been challenged (41). Again the quantity and type of garlic used as well as the genetics
of the individuals may determine the magnitude of any interaction.

4. IMPLICATIONS IN CANCER PREVENTION

The literature contains numerous studies that showcase the ability of garlic and sev-
eral associated allyl sulfur compounds to alter cellular processes that are associated with
cancer prevention and therapy (Fig. 1). While long-term intervention studies are lacking,
a variety of preclinical and epidemiological investigations support that key molecular
targets involved with cancer risk and tumor behavior are modified by garlic or its active
constituents.

Fig. 1. Garlic, sometimes referred to as the stinking rose, has been reported to influence a number of
cellular processes associated with cancer prevention and therapy. It is likely that more than one of these
cellular events are being influenced simultaneously. The amount of garlic or allyl surfur component
required to bring about a change in these processes remains an active area of investigation.

Scientists and consumers are becoming increasingly aware that several foods, includ-
ing garlic, may be involved in reducing cancer risk (42–48, 6). Although major limita-
tions exist in defining the precise role that garlic has in the cancer process, the likelihood
of its significance is underscored by a relatively large number of epidemiological and
preclinical studies (49–52).

Undeniably, preclinical studies employing a variety of models provide some of the
most compelling evidence that garlic and its related sulfur components are able to
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suppress cancer risk and tumor behavior. Below is a brief account of some of the current
beliefs about possible mechanisms by which this protection occurs.

4.1. Antimicrobial Response
Garlic is one of several plants with bioactive components which can serve as antimi-

crobial agents. Garlic has been historically recognized for its antimicrobial activity
against several spoilage and pathogenic bacteria (53, 54). A range of Gram-negative and
Gram-positive bacteria can be inhibited by garlic extracts (55, 56). Addition of garlic to
butter enhanced the rates of inactivation of three pathogens (Salmonella, Escherichia
coli o157 H7, and Listeria monocytogenes) when incubated at 21 and 37◦C (56). Fried-
man et al. (57) have recently reported the antimicrobial benefits of wine marinades con-
taining garlic and thus a reduction in foodborne illnesses.

The antimicrobial properties associated with garlic arise from several of its allyl
sulfur components. In addition to allicin, compounds including diallyl sulfide (DAS),
DADS, E-ajoene, Z-ajoene, E-4,5,9-trithiadeca-1,6-diene-9-oxide (E-10-devinylajoene,
E-10-DA), and E-4,5,9-trithiadeca-1,7-diene-9-oxide (iso-E-10-devinylajoene, iso-E-
10-DA) have been suggested to contribute to these antimicrobial properties. Although
differences in efficacy among these compounds exist, relatively small amounts appear to
be effective microbial growth deterrents (54, 58). Nevertheless, not all microorganisms
are equally sensitive to garlic extracts or allyl sulfur compounds (56). It is unclear if
rates of uptake or metabolism within an organism may determine to degree of the over-
all response to the allyl sulfur compounds. However, membrane fluidity appears to be a
site of action and thus may be a predictor about the quantity of allyl sulfur compounds
needed to bring about a response (58).

Helicobacter pylori colonization of the gastric mucosa is increasingly recognized
as a factor leading to gastritis, and ultimately gastric cancer. Cellini et al. (59) pro-
vided evidence that aqueous garlic extracts (2–5 mg/ml) inhibited H. pylori prolifera-
tion. Reduced effectiveness occurred when the garlic was heated prior to extraction (59)
suggesting that allicin or a breakdown product was likely responsible for the response.
Since both DAS and DADS are recognized to elicit a dose-dependent depression in
H. pylori proliferation in cultured (60), a reduction in their formation may have
accounted for this heat-induced loss of effectiveness. Canizares et al. (61) examined
water, acetone, ethanol, and hexane extracts of garlic to inhibit Helicobacter. While all
were protective, acetone and ethanol were the most effective. The efficacy of various
garlic preparations to inhibit H. pylori in humans was predicted since the minimum
inhibitory concentration occurred between 10 and 17.5 mg/ml raw garlic extracts and
with three commercially available garlic tablets (62). The recent report by the World
Cancer Research Fund identified garlic as a potentially important modifier of gastric
cancers, possibly by altering the proliferation of Helicobacter. While it is clear that
Helicobacter is a risk factor it is only one since gastric cancer is rather low in infected
individuals. Overall, it is becoming increasing apparent that significant interactions exist
between diet, microflora, and gastrointestinal genomics (63).

Unfortunately, few clinical studies have been undertaken with garlic or specific
allyl sulfides to examine its antimicrobial benefits. Until this is accomplished the
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physiological important will remain an area of considerable debate and controversy. The
strongest evidence about benefits comes from the ability of several garlic preparations
to serve as antifungal agents in humans and can reduce otitis (64, 65).

The antimicrobial response to allyl sulfurs may reflect fluctuations in thiols in various
enzymes and/or a change in the cell’s overall redox state. A change in thiol homeosta-
sis has been proposed as one mechanism by which garlic and related sulfur compounds
may suppress tumor proliferation (6, 66). Both alliin and allicin have antioxidant prop-
erties in a Fenton oxygen-radical generating system [H2O2–Fe(II)] (67). DADS, but not
diallyl sulfide, dipropyl sulfide or dipropyl disulfide, also has been found to inhibit liver
microsomal lipid peroxidation induced by NADPH, ascorbate, and doxorubicin (68).
Water-soluble SAC has also been shown to possess antioxidant activity (69, 70). Thus
multiple compounds arising from processed garlic may contribute to its antimicrobial
properties. While a change in redox status is a logical explanation, the data to prove this
mechanism of action are inadequate.

4.2. Multiple Cancer Risk Processes Are Influenced
Animal models provide rather compelling evidence that garlic and its associated sul-

fur components can reduce the incidence of breast, colon, skin, uterine, esophagus, and
lung cancers (6, 47, 71). The ability to inhibit tumors arising from different inducing
agents and in different tissues suggests the mechanism of action may be a general cel-
lular response rather that tissue-specific change. Collectively, the protection appears to
relate to fluctuations in several processes associated with cancer including suppressed
carcinogen formation and bioactivation, enhanced DNA repair, depressed tumor cell
proliferation, increased apoptosis and possible retarded angiogenesis. It is likely that
several of these cellular changes are occurring simultaneously. The quantity of allyl sul-
fur needed and temporality relationships remain an area of active investigation.

Carcinogen Formation and Bioactivation. Suppressed nitrosamine formation contin-
ues to surface as a likely mechanism by which garlic may reduce cancer risk. Allyl
sulfur compounds are recognized for their ability to retard the spontaneous and bacterial
mediated formation of nitrosamines (72). Since most nitrosamines are carcinogens in
a variety of biological systems this particular response likely has physiological impor-
tance. Chung et al. (73) noted that a garlic extract was more effective in blocking in
vitro chemical nitrozation than was strawberry or kale extracts. Dion et al. (74) demon-
strated that all allyl sulfur compounds were not equal in retarding nitrosamine formation.
The ability of S-allyl cysteine (SAC) and its nonallyl analog S-propyl cysteine to retard
NOC formation, but not diallyl disulfide (DADS), dipropyl disulfide, and diallyl sulfide
reveal the critical role that the cysteine residue has in the inhibition. The reduction in
the formation of nitrosamines may actually arise secondarily to increase formation of
nitrosothiols. Williams (75) proposed about 25 years ago that several sulfur compounds
may reduce nitrite availability for nitrosamine formation by enhancing the formation of
nitrosothiols. Since it is known that the allyl sulfur content can vary among garlic prepa-
rations, it is reasonable to assume that all commercial preparation will not be equivalent
in their ability to retard nitrosamine formation.
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Some of the most compelling evidence that garlic depresses nitrosamine formation
in humans comes from studies conducted by Mei et al. (76). Their studies demonstrated
that providing 5 g garlic/day completely blocked the enhanced urinary excretion of
nitrosoproline resulting from exaggerated nitrate and proline intakes. Since nitrosopro-
line is predictive of the capacity to form all nitrosamines these findings may be particu-
larly important (77). Evidence that garlic inhibits the formation of multiple nitrosamines
comes from data of Lin et al. (78) and (74).

Garlic’s anticancer attributes are also associated with its ability to suppress
nitrosamine bioactivation. Evidence from multiple sources points to the effectiveness
of garlic to block DNA alkylation, an initial step in nitrosamine carcinogenesis (79–81).
Consistent with this reduction in bioactivation both water-soluble S-allyl sulfide and
lipid-soluble diallyl disulfide retarded nitrosomorpholine mutagenicity in Salmonella
typhimurium TA100 (74).

A block in nitrosamine bioactivation possibly arises from changes in phase I enzy-
matic activity. In particular cytochrome P450 2E1 (CYP2E1) appears to be involved
with this depression (82, 48). An autocatalytic destruction of CYP2E1 may account for
some of the chemoprotective effects of diallyl sulfide and possible other allyl sulfur com-
pounds (83, 48). Diallylsulfide and allylmethylsulfide are the most significant modifiers
of activity (48). Hernandez and Forkert (84) suggest that garlic may also be effective
in blocking vinyl carbamate-induced mutagenicity by inhibiting CYP2E1. Variation in
the content and overall activity of P450 2E1 may be an important variable in the degree
of protection provided by garlic and associated allyl sulfur components. To date only
one study appears to have examined gene polymorphisms in CYP2E1 as a factor in the
response to garlic. According to data from Gao et al. (85) the RsaI polymorphism of
CYP2E1 did not appear to influence the response to garlic in terms of changing the
impact of garlic on esophageal or stomach cancer.

Bioactivation and Response to Other Carcinogens. Garlic and several of its allyl
sulfur compounds are also effective blockers of the bioactivation and carcinogenic-
ity of a host of carcinogenic compounds (Table 2). This protection which traverses a
diverse array of compounds and in cancers occurring in multiple sites suggests an over-
arching biological response. Since metabolic activation is required for many of these
carcinogens used in these studies there is likelihood that phase I and II enzymes are
involved (48). Cytochromes P450 1A1 and 1A2 (CYP1A1 and CYP1A2) are phase
I enzymes considered to be important in establishing human cancer risk. Specifically
these enzymes are responsible for the metabolic activation of heterocyclic amines and
polycyclic aromatic hydrocarbons. Interestingly, little change in cytochrome P-450 1A1,
1A2, 2B1, or 3A4 activities have been observed following treatment with garlic or
related sulfur compounds (86, 87). However, this lack of response may relate to the
quantity and duration of exposure, the quantity of carcinogen administered, or the meth-
ods used to assess cytochrome content or activity. Wu et al. (88) using immunoblot
assays found that the protein content of cytochrome P450 1A1, 2B1, and 3A1 was
increased by garlic oil and each of several isolated disulfide compounds. Their data
demonstrated as the number of sulfur atoms in the allyl compound was inversely related
to the depression in these cytochromes. Davenport and Wargovish (89) reported that
some but not all allyl sulfur compounds were effective in stimulating P450 1A1 and 1A2.
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Table 2
Garlic and Allyl Sulfur Compounds Influence the Response to Multiple
Carcinogensa

Compound Site Host

1,2-Dimethylhydrazine Colon Rat
2-Amino-3,8-dimethylimidazo[4,5-f]
quinoxaline

Liver Rat

3-Methylcholanthrene Cervix Mouse
4-(Methylnitrosamino)-1-(3-pyridyl)-1-
butanone

Nasal Rat

7,12-Dimethylbenz(a)anthracene Mammary Rat
7,12-Dimethylbenz(a)anthracene Skin Mouse
7,12-Dimethylbenz[a]anthracene Forestomach Hamster
7,12-Dimethylbenz[a]anthracene Buccal pouch Hamster
Aflatoxin B1 Liver Toad, rat
Azoxymethane Colon Rat
Benzo(a)pyrene Forestomach Mouse
Benzo(a)pyrene Lung Mouse
Benzo(a)pyrene Skin Mouse
Benzo[a]pyrene Bone marrow Mouse.
Methylnitronitrosoguanidine Gastric Rat
N-methyl-N-nitrosourea Mammary Rat
N-nitrosodiethylamine Colon Rat
N-nitrosodiethylamine Nasal Rat
N-nitrosodimethylamine Liver Rat
N-nitrosodimethylamine Nasal Rat
N-nitrosodimethylamine Skin Mouse
N-nitrosomethylbenzylamine Esophagus Rat
Vinyl carbamate Skin Mouse

aThe overall response to garlic and/or specific allyl sulfur components depends on
the quantity provided and the amount of carcinogen administered.

CYP3A enzymes are the most abundant in mammalian liver and intestines, and since
they metabolize such a large number of xenobiotics, maybe very important in carcino-
genesis and determining the response to drugs. Davenport and Wargovich (89) reported
that several allyl sulfur compounds were effective in stimulating CYP3A2 activity. Over-
all, change in phase I enzyme activity changes may account for some of the anticancer
properties attributed to garlic, however, additional studies are needed to clarify their
overall importance in modifying cancer risk.

Changes in bioactivation resulting from a block in cyclooxygenase and lipoxygenase
may also partially account for the reduction in tumors following treatment with some
carcinogens (90, 91). Ajoene has also been demonstratred to interfere with the COX-2
pathway by using lipopolysaccharide (LPS)-activated RAW 264.7 cells as in vitro mode
(92). Ajoene lead to a dose-dependent inhibition of the release of LPS (1μg/ml)-induced
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prostaglandin E(2) in RAW 264.7 macrophages (IC(50) value: 2.4 μM). The response
was thought to be linked to an inhibition of COX-2 enzyme activity by ajoene. Ajoene
did not reduce COX-2 expression, but rather increased LPS-induced COX-2 protein
and mRNA expression compared to LPS-stimulated cells only. In the absence of LPS,
however, ajoene was unable to induce COX-2. The nonsteroidal anti-inflammatory drug
indomethacin behaved similarly. These data suggest that ajoene works by a mechanism
of action similar to that attributed to nonsteroidal anti-inflammatory drugs. Youn et al.
(93) recently reported that an ethyl acetate garlic extract directly inhibits the toll-like
receptors (TLRs) by blocking dimerization of TLR4, which resulted in the inhibition of
NF-kappaB activation and the expression of cyclooxygenase 2 and nitric oxide synthase.

While limited, there is some evidence that garlic and associated sulfur components
can inhibit lipoxygenase activity (94). Fifteen lipoxygenase activity has been impli-
cated in the biotransformation of DMBA and probably several other carcinogens (95).
Camargo et al. (96) provided a set of models to describe why different organosulfur
compounds may inhibit soy lipoxygenase based on bulkiness, hydrophobicity, and elec-
tronic features. Collectively, these intriguing studies pose interesting questions about
the role of both cyclooxygenase and lipoxygenase in explaining not only forming
prostaglandins, but also their involvement in the bioactivation of carcinogens. Clearly,
additional attention is need to clarify what role, if any, these bioactivation enzymes
have in determine the biological response to dietary garlic and its allyl sulfur compo-
nents.

Enhanced removal of carcinogenic metabolites may also be key to the protec-
tion offered by garlic. Singh et al. (97) provided evidence that a suppression in
NAD(P)H:quinone oxido-reductase activity is correlated with the ability of garlic prepa-
rations to inhibit benzo(a)pyrene tumorigenesis. Subsequent studies suggest the activa-
tion of the antioxidant responsive element and Nrf2 protein accumulation correlated
with phase II gene expression induction (98).

Garlic or its constituents do not appear to influence estradiol metabolism. However,
a change in the biological response to diethylstilbestrol (DES), a synthetic estrogen
known to increase mammary cancer in animal models, has been demonstrated (99).
Part of the effects of DES may stem from its ability to increase lipid hydroperoxides in
mammary tissue. Recent studies demonstrate that this increase in ROS can be attenuated
by providing DAS in the diet. This reduction was also related to a depression in DNA
adducts (99).

Changes in glutathione concentration and the activity of specific glutathione-S-
transferase, both factors involved in phase II detoxification, may be important in the
protection provided by garlic (48). Garlic powder feeding increases both rat liver and
mammary GST activity (86, 100). Hu et al. (101) provided evidence that the induction
of glutathione (GSH) S-transferase pi (mGSTP1-1) may be particularly important in the
anticarcinogenic properties associated with garlic and allyl sulfur components. The allyl
portion of the DADS molecular may be particularly important in GST induction since
Bose et al. (102) demonstrated that mGSTP1 mRNA expression was either unaltered in
liver or moderately increased in forestomach following treatment with dipropyl disulfide
(DPDS).



Chapter 24 / Garlic and Cancer Prevention 577

4.3. Antitumorigenic Response to Garlic
Several of the lipid- and water-soluble organosulfur compounds have been examined

for their antiproliferative efficacy (103–108). Some of the more frequently tested lipid-
soluble allyl sulfur compounds include ajoene, diallyl sulfide (DAS), diallyl disulfide
(DADS), and diallyl trisulfide (DATS). A breakdown of allicin appears to be necessary
for achieving maximum tumor inhibition but there is considerable confusion in the lit-
erature. A host of tumor cells, both human and murine, have been shown to be inhibited
by one or more allyl sulfur compounds during the past 5 years (Table 3).

Table 3
Neoplasms that Are Reported to Be Inhibited by Garlic or Its Allyl Sulfur
Components During the Past 5 Yearsa

Tumor cell line

I. Human
Bladder – T24 cells
Breast – MCF-7 and MCF-7ras, MDA-MB-231, MDA-MB-435
Intestinal – Caco-2, Colo 205, Colo 320 DM, HCT-15 HT 29, HCT-116, HT29,
SW480, SW620

Esophageal – CE 81T/VGH
Gastric – MGC803, BGC823, SNU-1
Glioblastoma – T98G, U87MG
Leukemic – HL60
Liver – J5, HepG2
Lung – A549
Lymphatic leukemia – CCRF CEM
Neuroblastoma – SH-SY5Y cells
Prostate cancer – LNCaP, LNCaP-C81, LNCaP-C4-2, PC-3, and DU145

II. Murine
Leukemia – WEHI-3
Mammary – Ehrlich ascites tumor cell
Melanoma cells – B16/BL6
Myeloma cells – Sp2/O-Ag14-
Skin – NIH3T3 fibroblasts

aInformation obtained from Medline search from 2003 to 2008.

Previous studies reported that lipid-soluble DAS, DADS, and DATS (100 μM) were
more effective in suppressing canine tumor cell proliferation than isomolar water-
soluble SAC, S-ethyl cysteine, and S-propyl cysteine (109). However, some water-
extracted preparations also appear to be effective in retarding tumor proliferation
(107, 110). Sundaram and Milner (109) reported SAC was ineffective in altering the
proliferation of canine mammary or human colon cells; others have demonstrated that it
inhibits the growth of melanoma, prostatic, and neuroblastoma cells (111, 112). Whether
these differences in efficacy are related to cell type or the amount of agent added needs
to be resolved. Tissue culture studies provide evidence that allyl sulfur compounds, in
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particular S-allylmercaptocysteine (SAMC), enhance testosterone disappearance from
the medium and presumably account for part of the antitumorigenic properties (113).
Collectively, SAMC treatment causes a response similar to androgen deprivation. The
importance of the diminished effects of testosterone in accounting for the ability of allyl
sulfur compounds to inhibit tumors remains uncertain.

Evidence exists that these allyl sulfur compounds preferentially suppress neoplas-
tic over nonneoplastic cells (114, 115). Adding DATS (10 μM) in vitro to cultures of
A549 lung tumor cells inhibited their proliferation by 47%, whereas it did not influence
nonneoplastic MRC-5 lung cells (115). Likewise, normal prostate cells do not appear to
respond like neoplastic prostatic cells (116). The antiproliferative effects of allyl sulfides
are generally reversible assuming that apoptosis is not extensive (104, 115).

Allyl sulfur compounds from garlic largely increase the percentage of cells blocked
within the G2/M phase (117, 104). The ability of garlic to block the G2/M phase is not
limited to in vitro studies. Kimuray and Yamamoto (118) observed an increased number
of metaphase-arrested tumor cells in MTK-sarcoma III xenographs in rats receiving an
aqueous extract of garlic (1–10 mg/100 g body wt) for 4 day compared to those not
receiving the extract.

p34cdc2 kinase is a complex that governs the progression of cells from the G2 into the
M phase of the cell cycle (119, 120). This complex is controlled by the association of the
p34cdc2 catalytic unit with the cyclin B1 regulatory unit. Activation is governed both by
the cyclin B1 protein synthesis and degradation and by the phosphorylation and dephos-
phorylation of threonine and tyrosine residues on the p34cdc2 subunit. DADS causes a
doubling in cyclin B1 protein expression in cultured HCT-15 cells after a 12-h expo-
sure to DADS (104). Overall, the ability of DADS to inhibit p34(cdc2) kinase activation
appears to occur as a result of a decreased p34(cdc2)/cyclin B(1) complex formation
and a change in p34(cdc2) hyperphosphorylation (104). Singh and colleagues reported
that DATS inhibited the proliferation of PC-3 and DU145 human prostate cancer cells by
causing G(2)-M phase cell cycle arrest in association with inhibition of cyclin-dependent
kinase 1 activity and hyperphosphorylation of Cdc25C at Ser(216) (121). Similar types
of results were obtained using human promyelocytic leukemia cells (HL-60) and with
Z-ajoene as the modifying agent (122).

One of the mechanisms by which allyl sulfur compounds may cause apoptosis is by
inducing free radical generation, rather than serving as an antioxidant. These reactive
oxygen species trigger signal transduction culminating in cell cycle arrest and/or apop-
tosis. These investigations suggest that the source of the increased radical formation
is via a release of iron from ferritin (70, 123). Interestingly the ability of allyl sulfur
compounds to induce radicals appears to be tumor cell specific since it is not observed
in normal cells (123). Sriram et al. (124) have reported that apoptosis of Colo 320 DM
human colon cancer cells caused by DAS may also relate to increased radical formation.

Recent studies using cellular and animal models indicate that garlic and its com-
ponents can influence tumor angiogenesis and metastasis. Taylor et al. (125) provided
evidence that injecting ajoene (5–25 μg/g body weight) inhibited pulmonary metastasis
in C57BL/6 mice injected with B16/BL6 melanoma cells. Another compound, SAMC,
administration (300 mg/kg) to CB-17 SCID/SCID mice orthotopically implanted with
PC-3 cells caused a 90% reduction in lung metastasis without toxicity (126). However,
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there was no effect on local metastasis (126). DAS administered to C57BL/6 mice
injected with B16F-10 melanoma cells increased circulating levels of anti-angiogenic
factors, tissue inhibitor of metalloproteinase, and interleukin-2 levels compared with
the untreated animals (127). DATS has also been reported to reduce the migration of
human umbilical vein endothelial cell in vitro and that this was accompanied by suppres-
sion of vascular endothelial growth factor (VEGF) secretion, down-regulation of VEGF-
receptor 2 expression, inactivation of Akt, and activation of ERK 1/2 (128). Water-soluble
allyl sulfur compounds also appear effective in retarding angiogenesis since Matsuura
et al. (110) reported aged garlic extract (AGE) reduced the invasiveness of the endothe-
lial cells by about 20–30% as assessed by the Matrigel chemoinvasion assay. Thejass
and Kuttan (127) suggest that the response to DADS and DAS might occur as a result
of a reduction in matrix metalloproteinases 2 and 9. While these findings are intriguing,
it remains less clear if the response will occur through dietary treatment or if this is a
pharmacological response.

5. GENETIC AND EPIGENETIC EVENTS INFLUENCE GARLIC
RESPONSE

Genetic polymorphisms appear to influence to response to at least some foods and
their components. Unfortunately a dearth of information exists about the role of spe-
cific genetic polymorphisms in determining the response to garlic. However, given find-
ings about the importance of gene polymorphisms in determining drug metabolism and
tumor proliferation an association with garlic is likely. A search of the current litera-
ture only revealed one publication that focused on the RsaI polymorphism of CYP2E1
and the risk of esophageal and stomach cancers, which was not influenced by garlic
intake (85).

Cancer progression is also dependent on epigenetic changes (129). Two extensively
examined mechanisms for epigenetic gene regulation are (i) patterns of DNA methyla-
tion and (ii) histone acetylations/deacetylations. Lea et al. (130) reported that at least
part of the ability of DADS to induce differentiation in DS19 mouse erythroleukemic
cells might relate to its ability to increased histone acetylation. The depression in acety-
lation likely arises from a depression in histone deacetylase (HDAC) activity, possibly
by the transformation of DADS to S-allylmercaptocysteine and related intermediates
which would then provide a spacer ending with a carboxylic acid functional group as a
necessary inhibitor of this enzyme (131). Diallyl disulfide caused a marked increase in
the acetylation of H4 and H3 histones in DS19 and K562 human leukemic cells. Simi-
lar results were also obtained with rat hepatoma and human breast cancer cells. In 2001,
Lea and Randolph provided evidence DADS administered to rats could also increase his-
tone acetylation in liver and a transplanted hepatoma cell line. The evidence suggested
an increase in the acetylation of core mucosomal histones and enhanced differentiation.
More recently, Druesne-Pecollo et al. (132) provided evidence that intracaecal perfusion
or gavage with DADS increased histone H4 and H3 acetylation in rat colonocytes. More-
over, they provided evidence this may have resulted in the modulation of the expression
of a subset of genes. These findings need to be confirmed through controlled intervention
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studies with appropriate dietary intakes of garlic or its intermediates to truly assess their
physiological importance.

The anticarcinogenic and antitumorigenic response to garlic likely is manifested
by changes in gene expression patterns. DADS treatment has been reported to down-
regulated the expression of aggrecan 1, tenascin R, vitronectin, and cadherin 5,
whereas it up-regulated 40S ribosomal protein stubarista protein (SA), platelet-derived
growth factor-associated protein, and glia-derived neurite-promoting factor levels (133).
Changes in matrix expression of protein may reflect the ability of garlic and related sul-
fur compounds to suppress adhesion. Franz et al. (134) reported that the increase in
HT-29 cell detachment by aqueous garlic extracts is related to an increase in epidermal
growth factor receptor and integrin-α6 mRNA expression. Additional studies are needed
to characterize in greater detail which changes in patterns of gene expression are critical
to explaining the likely multiple targets involved with the anticancer and antitumori-
genic properties attributed to garlic and its related sulfur constituents. Zhou et al. (135)
found that adding DATS to HepG2 cells up-regulated peroxisome proliferator-activated
receptor alpha (PPAR-alpha) and hepatocyte nuclear factor 4alpha (HNF-4alpha) and
down-regulated CYP7A1.

6. DIETARY MODIFIERS

The influence of garlic on the cancer process cannot be considered in isolation since
many dietary components may influence the response. Among the factors recognized
to influence the response to garlic are total fat, selenium, methionine, and vitamin A
(136). Amagase et al. (136) and Ip et al. (137) reported that selenium supplied either
as a component of the diet or as a constituent of the garlic supplement, respectively,
enhanced the protection against 7,12 dimethylbenz(a)anthracene (DMBA) mammary
carcinogenesis over that provided by garlic alone.

Combination prevention approaches using multiple diet-derived agents may offer
advantages. Part of the benefits of a combined approach may arise from the lower quan-
tity that is needed to provide a positive response as suggested by Davis and Hord (138).
There is suggestive evidence that several foods can influence the response to garlic. Vel-
murugan and Nagini (139) examined the combined effects of SAC and lycopene, a major
carotenoid present in tomatoes, against N-methyl-N ′-nitro-N-nitrosoguanidine (MNNG)
and saturated sodium chloride (S-NaCl)-induced gastric carcinogenesis in Wistar rats.
Although SAC and lycopene alone significantly suppressed the development of gas-
tric cancer, administration of SAC and lycopene in combination was more effective in
inhibitingMNNG-induced stomach tumors and modulating the redox status in the tumor
and host tissues. In similar types of studies using azoxymethane induced aberrant crypt
foci in the colon, Sengupta et al. (140) found benefits of combining garlic and tomatoes.
They proposed that part of the synergistic benefits arose from a reduction in cyclooxy-
genase 2 activity.

Dietary fatty acid supply can also influence the bioactivation of DMBA to metabo-
lites capable of binding to rat mammary cell DNA. Chen et al. (141) provided evidence
that garlic oil and fish oil modulated the antioxidant and drug-metabolizing capacity of
rats and that the combined effects of both on drug-metabolizing enzymes were additive.
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Interestingly, co-administration of garlic with fish oil was found to be well tolerated in
humans and had a beneficial effect on serum lipid and lipoprotein concentrations by
providing a combined lowering of total cholesterol, LDL-C, and triglyceride concentra-
tions, as well as the ratios of total cholesterol to HDL-C and LDL-C to HDL-C (142).

Tsuchiya and Nagayama (58) recently proposed a novel action of garlic, namely that
it interacts with membrane lipids to modify the membrane fluidity. Allyl derivatives
were found to influence the rigidity of tumor cell and platelet model membranes con-
sisting of unsaturated phospholipids and cholesterol at 20–500 nM with the potency
being diallyl trisulfide (DATS) > diallyl disulfide (DADS) by preferentially acting on
the hydrocarbon cores of lipid bilayers.

7. CONCLUSIONS

Garlic may well have significance in promoting personal health. Since it has relatively
few side effects there are few disadvantages associated with its expanded use, except for
its lingering odor. However, odor does not appear to be an absolute prerequisite for its
anticancer benefits since preclinical studies with chemical carcinogenesis models indi-
cate water-soluble S-allyl cysteine provides comparable benefits to those compounds
that are linked to odor. It is probable that garlic and its associated sulfur compounds
influence several key molecular targets involved with cancer prevention. Interestingly,
these compounds appear to have both antioxidant and oxidative potential depending on
the quantity provided. While most can savor the culinary experiences identified with
garlic, some individual because of their gene profile and/or environmental exposures
may be particularly responsive to more exaggerated intakes. While a wealth of evidence
points to the anticancer benefits of garlic, there is a crying need for controlled interven-
tion studies to truly assess its physiological importance for specific individuals.
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1. INTRODUCTION

Cancers of the breast and prostate are two of the most prevalent types of malignancies
in the United States and throughout the world. It is estimated that this year in the United
States, there will be more than 184,000 new cases of breast cancer and 186,000 new
cases of prostate cancer (1). There will also be more than 41,000 and 28,000 deaths
attributed to breast and prostate cancers, respectively. Interestingly, genetic factors such
as BRCA mutations in breast cancer account for a small percentage (5–10%) of the
overall incidence. Genetic factors that play a major role in prostate cancer have not
been well defined to date. It has become increasingly clear that environmental factors,
especially dietary exposures, can have a significant impact on one’s risk of breast or
prostate cancer.

Despite significant advances in novel therapies and screening methods, breast and
prostate cancers remain widespread in the United States and throughout the world. Both
breast and prostate cancers are considered diseases of the aging and cancers that can
take up to decades to develop. Often times, even with a prolonged tumor latency, can-
cers are not detected until late stages, at a point when the tumors are aggressive, motile,
and can be resistant to commonly used cancer therapeutics, which themselves are highly
toxic to the body. An attractive alternative to treating an aggressive cancer is to begin
the fight before tumor onset and advancement. With the slow growth of some breast
and prostate tumors, delaying tumor onset or tumor progression could have significant
clinical impact in terms of morbidity (quality of life) and mortality. Chemoprevention
involves the administration of natural or synthetic agents designed to suppress the devel-
opment or progression of cancer. Over the past 25 years, the National Cancer Institute’s
chemoprevention program has tested hundreds of compounds and currently has approx-
imately 60 ongoing clinical trials testing agents for differing types of cancers. Thus,
preclinical testing of agents that can prevent breast and prostate cancers can lead to
human trials, which ultimately could lead to a reduction in the incidence and mortality
of these deadly cancers.

As stated above, hundreds of agents, both natural and synthetic, have and are being
tested for cancer chemopreventive activities. In this chapter, we will focus on two natu-
ral polyphenols that have shown promise in preventing cancer, including cancers of the
breast and prostate. Genistein (a major isoflavone found in soy) and resveratrol (a phy-
toalexin found in red grape skins and red wine) have both attracted interest in the fields
of breast and prostate cancer chemoprevention. Our aim is to discuss epidemiological
data, in vitro, and in vivo chemoprevention experiments using these polyphenols, alone
and in combination to suppress development of cancers of the breast and prostate.

2. GENISTEIN

Genistein (4,5,7-trihydroxyisoflavone) is a naturally occurring isoflavone found in
soy (Fig. 1), which has attracted a lot of attention in the cancer chemoprevention field. It
is a planar molecule with an aromatic A-ring, a second oxygen atom 11.5 Å from the one
in the A-ring, and a molecular weight similar to that of steroidal estrogens. Genistein
has shown promise in preventing breast and prostate cancers in both in vitro and in vivo
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Genistein Resveratrol

Fig. 1. Chemical structures of genistein and resveratrol.

experiments. There is also epidemiology data supporting the idea that soy consumption
can inversely affect one’s risk of developing breast or prostate cancers, with an emphasis
placed on the timing of exposure.

2.1. Genistein and Breast Cancer: In Vitro Results
It has been demonstrated that genistein binds to the estrogen receptor-alpha (ERα)

and beta (ERβ), with a higher affinity for the latter (2). The biochemical mechanisms
of genistein and the inhibition of carcinogenesis in vitro have been thoroughly reviewed
in the literature (3–5). Genistein is reported to be an in vitro inhibitor of protein tyro-
sine kinases, topoisomerases I and II, and 5-alpha reductase. The inhibition of tyrosine
kinases may help to explain the inhibition of growth in many cancer cell lines, including
breast and prostate. Genistein can also induce cell cycle arrest and apoptosis in cancer
cell lines, including breast cancer cells, as well as inhibit the activation of transcription
factors such as NF-κB and growth stimulating pathways such as the Akt andMAP kinase
pathways. Drawbacks to these in vitro studies have been the use of high polyphenol con-
centrations (∼50 μM) and conflicting data with the use of low and high concentrations
of genistein. The plasma level of genistein in people on a soy-rich diet was reported to
be ∼276 nM (6). Differences derived from in vitro experiments created the need for in
vivo experimentation with nutritionally relevant doses of soy and genistein.

2.2. Genistein and Breast Cancer: In Vivo Chemoprevention
In 1990, dietary soy was reported to protect against chemically induced mam-

mary cancers (7, 8). In 1995, pure genistein isolated from soy and administered via
subcutaneous injections to Sprague-Dawley rats was shown to suppress dimethyl-
benz(a)anthracene (DMBA)-induced mammary tumorigenesis (9). In later studies that
used a physiologically relevant protocol, dietary supplementation with chemically syn-
thesized genistein was also shown to be protective against DMBA-induced mammary
cancer (10). In these experiments, rats were exposed to increasing concentrations of
genistein in the diet from conception to 21 days postpartum. Then, the offspring were
treated with 80 mg DMBA/kg body weight at 50 days postpartum to induce mammary
cancer. With dietary concentrations of 0, 25, and 250 mg genistein/kg AIN-76A diet
(phytoestrogen-free), there was a dose-dependent protection against mammary tumor
multiplicity, as measured by the number of tumors per rat (Fig. 2). These mammary
chemoprotective effects of genistein administered in the diet have since been confirmed
by other labs (11, 12).
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Fig. 2. Ontogeny of palpable mammary tumors in female Sprague-Dawley CD rats exposed perina-
tally to genistein in the diet from conception until 21 days postpartum. After weaning, the offspring
were fed AIN-76A only. On day 50 postpartum, all animals were treated with 80 mg DMBA/kg body
weight. Adapted from (10) with permission.

Serum total genistein concentrations in lactating dams fed 25 and 250 mg genis-
tein/kg AIN-76A diet were 40 and 418 pmol/ml, respectively (10). In 7-day-old rats,
serum genistein concentrations were 86 and 726 pmol/ml. In 21-day-old female rats,
serum genistein concentrations were 54 and 1,810 pmol/ml. It is important to note that
the 25 and 250 mg genistein/kg diet resulted in serum genistein concentrations similar
to those found in Asian men (276 pmol/ml) eating a traditional diet high in soy (6).

Several other developmental periods have been tested for mammary cancer protec-
tion (Table 1). In utero only administration of 250 mg genistein/kg diet failed to pro-
tect the female offspring against chemically induced cancer, but importantly it did not
enhance DMBA-induced mammary tumorigenesis in the adult offspring (13, 14). The
effects of genistein on tumor promotion were also investigated. Female rats were gav-
aged with DMBA at 50 days postpartum. Starting at 7 weeks after exposure to the
carcinogen (about the time to first palpable tumor), animals were fed 250 mg genis-
tein/kg diet. There were no observed differences in tumor formation or adenocarcinoma
development compared to animals that did not receive genistein. These results sug-
gested that in this cancer model, genistein ingested after tumor development did not pro-
mote mammary cancer. These data are consistent with epidemiology data demonstrat-
ing that Asians eating a traditional diet high in soy have a reduced incidence of breast
cancer.

Another experiment looked at exposure to genistein in the diet both prepubertally and
in adults. Rats that received genistein at both time points were protected further than
those that only received genistein before puberty (Table 1). Based on these results, we
concluded that early prepubertal exposure to genistein was the critical time for the initial
mammary protective effects. Furthermore, it appears that genistein exposure early in life
sets the biochemical blueprint for which the ensuing adult responds to future carcinogen
exposure whereby it is less susceptible for cancer.
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Table 1
Dietary Genistein, Timing of Exposure, and Mammary Cancer Chemopreven-
tion. All Exposures to Genistein Were at 250 mg/kg AIN-76A Diet. At 50 Days
Postpartum, All Female Offspring Were Treated with DMBA (80 mg/kg of Body
Weight) to Induce Mammary Tumorigenesis. Adapted from (14) with Permission
from the American Society for Nutrition Sciences

Exposure period
Relative mammary tumor
multiplicity

No genistein 8.9
Prenatal (in utero) genistein (throughout gestation) 8.8
Adult genistein (starting at 100 days postpartum) 8.2
Prepubertal genistein (days 1–21 postpartum) 4.3
Prepubertal + adult genistein (days 1–21 and 100+) 2.8

A few studies have reported no effect or a stimulating effect of genistein on mam-
mary tumorigenesis (15). The majority of these studies looked at adult exposures or
exposures after the induction of tumorigenesis to soy or genistein. However, the animals
were not treated prepubertally with genistein, an important aspect of this novel approach
to chemoprevention. Studies have also been carried out in ovariectomized mice that were
immuno-compromised and implanted with transformed human breast cancer cells. Giv-
ing genistein to this model has resulted in a promotional effect on cancer cell growth
(16–19). On the other hand, in another mouse model of breast cancer in which the
ovaries were left intact, genistein prevented the appearance of mammary tumors (20)
or increased the latency period before tumors appeared (21). These studies highlight the
importance of the model system and timing of exposure to soy or genistein.

Another area of investigation with soy isoflavone exposure is protection against can-
cer metastasis. The spread of malignant cells to distant organs that results in secondary
tumors is a devastating aspect of cancer and responsible for many deaths. Soybean
isoflavones including genistein have been reported to reduce metastasis. Vantyghem
et al. demonstrated that genistein administration in the diet could reduce metastatic bur-
den to the lungs by 10-fold after implantation of the human breast cancer cells, MDA-
MB-435/HAL (22). Soy isoflavones, including genistein, have also shown protection
against the spread of other primary tumors in rodent models such as melanoma (23),
bladder cancer (24), and prostate cancer (25).

2.3. Genistein and Breast Cancer: Mechanisms of Action
Our lab and others have clearly shown that genistein administered prepubertally in

the diet can protect against chemically induced mammary cancer. We have looked at
mammary gland maturation as a potential mechanism for chemoprevention. Rats treated
prepubertally with genistein in the diet were killed at 50 days postpartum (time of car-
cinogen administration in the tumorigenesis studies) to observe changes in mammary
maturation and architecture. At 50 days postpartum, there was a significant decrease
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in the number of terminal end buds (TEB) present in mammary gland whole mounts,
consistent with a more mature mammary gland (10). Prepubertal injections of genistein
resulted in significantly fewer terminal end buds and more mature lobule structures at 50
days postpartum (Fig. 3) (26). Russo et al. have previously shown that mammary TEB
contain highly proliferative cells that are the most susceptible to carcinogenic insult,
while the more mature lobules are less susceptible terminal ductal structures (27). Thus,
with pharmacologic or dietary genistein treatments there are fewer structures that may
be susceptible to a carcinogen such as DMBA. This is akin to an explanation by which
early pregnancy may protect a woman against breast cancer later in life (28). The mat-
uration associated with pregnancy and lactation results in a gland that is biologically
more mature (different genomic signature and different ability to respond to insult) than
that of a nulliparous woman.

Also, cell proliferation was inhibited in the mammary terminal ductal structures and
there was a significant decrease in the protein expression of the epidermal growth fac-
tor receptor (EGFR), which could help to explain the decreased cell proliferation (29).
Increased apoptosis in mammary glands of rats exposed to genistein early in life has
been reported with a significant increase in the tumor suppressor protein PTEN (phos-
phatase and tensin homolog deleted in chromosome 10) (30). Cabanes et al. demon-
strated that prepubertal exposure to genistein or estradiol (both via subcutaneous injec-
tion) up-regulated the mRNA expression of BRCA-1, a known tumor suppressor gene
(31). Thus, prepubertal exposure to genistein may protect against mammary cancer by a
host of mechanisms including enhanced mammary maturation, decreased cell prolifera-
tion, increased apoptosis, and increased expression of tumor suppressors such as PTEN
and BRCA1.

More recently, our lab has used proteomic technologies to investigate novel mecha-
nisms of genistein chemoprevention (32). Rats were treated with or without genistein
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at days 16, 18, and 20 postpartum. At 21 days postpartum, mammary glands were
subjected to 2D polyacrylamide gel electrophoresis. This discovery technique allows
a system-wide resolution of proteins that are differentially expressed between groups.
Six proteins were differentially expressed, with one, GTP-cyclohydrolase 1 (GTP-CH1),
confirmed by immunoblot analysis. Further investigation of the downstream pathway of
GTP-CH1 revealed that tyrosine hydroxylase was up-regulated and vascular endothelial
growth factor receptor 2 (VEGFR2) was down-regulated in the mammary glands of 50-
day-old rats treated with genistein in the prepubertal period. This result was consistent
with, and could help to explain, the mammary gland maturation and cell proliferation
data that had been observed previously. This report demonstrated the importance of
using new, “systems biology”, approaches to look for novel mechanisms of action after
treatment with phytochemicals.

2.4. Genistein and Prostate Cancer: In Vitro Results
In vitro prostate cancer studies have demonstrated the anti-proliferative and pro-

apoptotic properties of genistein (14, 33–35). Genistein inhibits topoisomerases I and
II (36), 5 alpha-reductase (37), and the NF-κB and AKT signaling pathways (38, 39) in
cell culture. It can act as an antioxidant (35) and inhibit angiogenesis (40) and metasta-
sis (41). Using LNCap prostate cancer cells, genistein was able to limit prostate cancer
growth by trans-differentiating neuroendocrine cells (42).

2.5. Genistein and Prostate Cancer: In Vivo Chemoprevention
Pollard and Luckert showed that high-isoflavone-supplemented soy diet fed to

Lobund-Wistar rats reduced the incidence of N-methyl-N-nitrosourea (NMU)-induced
prostate-related cancer and the disease-free period was prolonged by 27% compared
with rats fed the same diet, but low in isoflavones (43). Soy has been found to
have a protective effect against prostatic dysplasia (44) and to inhibit the growth of
transplantable human prostate carcinomas and tumor angiogenesis in mice (45). Our
lab has shown that genistein suppresses NMU-induced prostate cancer in Lobund-
Wistar rats (46), reduces the incidence of poorly differentiated prostatic adenocar-
cinomas in transgenic adenocarcinoma of the mouse prostate (TRAMP) mice (47,
48). Wang et al. have shown that dietary genistein suppresses the formation and
progression of poorly differentiated prostate cancer by a 35% decrease compared
with the control group in castrated TRAMP mice (48). This is related to down-
regulation of proliferation of cell nuclear antigen and SV40 Tag protein expressions
in dietary genistein exposure. All tumors that developed in castrated TRAMP mice
were poorly differentiated in contrast to the 37% of noncastrated TRAMP mice that
developed poorly differentiated tumors. The percentage of transgenic males that devel-
oped poorly differentiated tumors was reduced in both intact and castrated mod-
els by dietary genistein, demonstrating that it can be a promising chemopreventive
agent.
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2.6. Genistein and Prostate Cancer: Mechanisms of Action
Dalu et al. showed that genistein inhibited the expression of the epidermal growth

factor (EGF) and ErbB2/Neu receptors, while Fritz et al. reported that genistein down-
regulated androgen (AR) and ER expression in the rat dorsolateral prostate (49, 50). In
nontransgenic C57/BL6 mice, the progesterone receptor as well as the AR and ER were
down-regulated (48). In another study, genistein treatment resulted in a dose-dependent,
significant inhibitory effect on osteopontin, an extracellular matrix protein secreted by
macrophages infiltrating prostate tumors, in TRAMP mice with poorly differentiated
tumors (51). Likewise, genistein given in the diet significantly down-regulated cell
proliferation, EGFR, insulin-like growth factor receptor (IGF-1R), and extracellular
regulating kinases (ERKs-1/2) restoration of GSK-3β activation, and maintenance of
cadherin-1 expression via down-regulation of snail-1 in TRAMP mice (52).

2.7. Genistein: Breast and Prostate Cancer Epidemiology
An important consideration of any cancer causation and prevention study is the cor-

relation between animal studies and human health. Asian countries, with soybeans as
a dietary staple, have historically had very low incidences of breast and prostate can-
cers. Epidemiological studies have indicated an inverse correlation between dietary soy
intake and breast cancer incidence (53, 54). Interestingly, immigration from Asian coun-
tries to the United States negates the protection against breast cancer, especially when
immigration occurs early in life (55). Following our reports of prepubertal genistein sup-
pressing mammary tumor development in rats, epidemiology studies were conducted
and the results supported the concept of timing of exposure to genistein providing a
protective effect. These epidemiology reports show the importance of early exposure
(13–15 years old) demonstrating a significant reduction of breast cancer risk with con-
sumption of soy (56). It appears that the most sensitive period for mammary cancer
chemoprevention in the rat is the prepubertal period, and in the human probably the ado-
lescent period. Adult exposure following prepubertal exposure may also contribute to
protection.

It is known that prostate cancer incidence is less prevalent among Asian men who
have a diet high in soy (57). However, Asians who move to the United States and adopt
the Western diet are no longer protected against prostate cancer (58–61). Animal studies
with soy and genistein support the reports of soy consumers having a lower incidence
of clinically manifested prostate cancer.

3. RESVERATROL

Resveratrol (trans-3,4′,5-trihydroxystilbene) (Fig. 1), a phytoalexin found in red
grape skins and red wine, has received a lot of attention for health-beneficial prop-
erties. Resveratrol is a polyphenol and a member of the stilbene family. It has also
been detected in a host of other sources, including peanuts, berries, and several tra-
ditional oriental medicine plants (62). Resveratrol has recently been associated with a
number of beneficial health effects that range from antioxidant to cardiovascular bene-
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fits and protection against the deleterious effects of high fat diets and cancers of many
organs.

Over the last 10 years, there has been a host of reports on the anti-cancer effects of
resveratrol in cell culture systems, animal models and a few epidemiological reports.
Seminal work by Jang et al. demonstrated that resveratrol could inhibit the three
major stages of carcinogenesis, specifically, initiation, promotion, and progression (63).
Resveratrol was found to function as an antioxidant and anti-mutagen that could induce
phase II enzymes, all of which could play a role in blocking cancer initiation. Resver-
atrol also mediated anti-inflammatory responses, including blocking cyclooxygenase
enzymes. All of these properties could play a role against the progression of cancer.
Also, resveratrol induced human promyelocytic leukemia cell differentiation, a demon-
stration that resveratrol could inhibit progression. Resveratrol has also been reported to
inhibit metastasis, the mechanism responsible for the majority of deaths due to cancer
(64). Resveratrol has shown promise against a number of tumor types including breast
and prostate cancers.

3.1. Resveratrol and Breast Cancer: In Vitro Results
Over the past 10 years, there has been a wealth of studies investigating the anti-

tumor effects of resveratrol against breast cancer. In a review of the literature, Bhat
and Pezzuto highlighted several mechanisms responsible for the cancer chemopreven-
tive activities of resveratrol (65). Resveratrol has antioxidant effects and can inhibit
chemically-induced free radical formation. Inhibition of the cytochrome P450 enzymes
was a proposed mechanism. Resveratrol has been shown to inhibit CYP1A1, 2A6, and
3A4, all of which are involved in the metabolism of carcinogens. Resveratrol also inhib-
ited cell cycle progression and induced apoptosis in a number of breast cancer cell
lines. Effects on apoptosis have implicated the Bcl-2 family of proteins. Resveratrol
was also reported to suppress NF-κB, which is known to play a role in inflammation and
oncogenesis.

A recent review by Le Corre et al. points out features of resveratrol that may be
associated with inhibition of cancer development (66). Suppression of CYP 1A1 is again
highlighted in breast cancer cells. Some phase II carcinogen activators such as O-acetyl-
transferase and sulfotransferase are inhibited by resveratrol in breast cancer cells. In
human breast cancer cells, resveratrol suppressed the induction of prostaglandins and
the activity of cyclooxygenase-2 (COX-2), known inflammatory mediators that can play
a role in cancer progression. As for cell cycle inhibition in breast cancer cells, resveratrol
inhibited D-type cyclins and increased mRNA levels of p21 and p53. Another pathway
highlighted in this review was the PI3K signaling pathway, postulated to play a role
in cell survival. High concentrations of resveratrol inhibited PI3K signaling. Unique to
breast cancer cells, resveratrol increased the expression of BRCA-1 and -2, which are
factors that play a role in the repair of DNA. Germ-line mutations in BRCA-1 and -2 are
well known for conferring a high risk of breast and ovarian cancers (67). It is clear that
resveratrol is an effective agent against breast cancer cells in vitro. Nevertheless, studies
investigating the anti-cancer effects and mechanisms of action of resveratrol in vivo are
warranted.
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3.2. Resveratrol and Breast Cancer: In Vivo Chemoprevention
Several groups have reported that resveratrol can effectively suppress mammary

tumorigenesis in rodent models. Resveratrol administered by oral gavage at 10 and
100 mg/kg body weight 1 week prior to mammary tumor induction by the direct acting
carcinogen, NMU, was studied (68). The higher dose of resveratrol was able to sup-
press mammary tumorigenesis, decreasing mammary tumor incidence and multiplicity
while increasing tumor latency in this model. Banerjee et al. then showed that resveratrol
could suppress DMBA-induced mammary carcinogenesis in rats (69). Resveratrol again
reduced incidence and tumor multiplicity while extending the latency period. As for
mechanisms, resveratrol inhibited protein levels of COX-2 and matrix metalloprotease-
9 in the breast tumors. A drawback to this study was the small number of animals (n
= 12) used and the use of a sub-optimal dose of DMBA, which resulted in a mix of
tumor types. It has also been demonstrated that resveratrol is effective at suppressing
spontaneous mammary carcinogenesis (64). Resveratrol supplementation delayed the
development of spontaneous mammary tumors, reduced tumor number and size, and
inhibited the number of lung metastases in Her-2/neu-transgenic mice. Decreased gene
expression of Her-2/neu and increased tumor apoptosis are mechanisms of action for
resveratrol.

Our lab has since reported that resveratrol is an effective chemopreventive agent
against DMBA-induced mammary tumors (70). Using a dose of DMBA that caused
100% tumor incidence (adenocarcinomas) and at least 30 animals per group, we showed
that resveratrol administered in the diet at 1 g/kg diet could significantly reduce mam-
mary tumor multiplicity (Fig. 4) and increase tumor latency (Fig. 5) (71).

To our knowledge, only one report on resveratrol has shown an increased incidence
of chemically induced mammary tumors. Sato et al. injected resveratrol for 5 days prior
to puberty (postnatal days 15–19) and then induced mammary tumors with NMU (72).
Rats prepubertally treated with 100 mg resveratrol/kg body weight showed a signifi-
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Fig. 5. Effects of resveratrol on mammary tumor latency. Animals were exposed to 1 g resveratrol/kg
AIN-76A diet or AIN-76A diet starting at birth. On day 50 postpartum, all rats were treated with 60 mg
DMBA/kg body weight. Kaplan–Meier estimates of tumor-free survival were plotted. A p-value <0.05
was considered statistically significant. Adapted from (71) with permission.

cant increase in the incidence of rats with tumors ≥1 cm. This contrasting result may
be due to the route of administration (subcutaneous injection). By not being ingested
orally, as with human exposure to resveratrol, the differing metabolism of resveratrol
may compromise its effectiveness as an anti-tumor agent.

3.3. Resveratrol and Breast Cancer: Mechanisms of Action
The mechanisms through which resveratrol can suppress breast cancer in animal

models are just beginning to be elucidated. Recently, our lab looked at the effects of
resveratrol on mammary gland architecture, epithelial cell proliferation, and epithelial
cell apoptosis in Sprague-Dawley rats. We have shown that a mechanism through which
genistein can protect against mammary carcinogenesis is an enhancement of the matu-
ration of the mammary gland, which serves to increase the number of lobular structures
(least susceptible terminal ductal structures to carcinogenesis) and decrease the number
of terminal end buds, the most susceptible mammary structure to carcinogenesis (10,
13, 73). Hence, our lab determined the effects of resveratrol administered in the diet on
mammary architecture and differentiation (72). Female Sprague-Dawley rats exposed to
1 g resveratrol/kg AIN-76A diet from birth onward were killed at 50 days postpartum
(the time of carcinogen exposure in the tumorigenesis study). The number 4 abdom-
inal mammary glands were dissected, mounted on glass slides, and stained with alum
carmine. The predominant mammary terminal ductal structures found in 50-day-old rats
were terminal end buds (37%), terminal ducts (31%), lobules type I (23%), and lobules
type II (9%). Treatment with resveratrol in the diet had no effect on the number of ter-
minal end buds at 50 days postpartum. While resveratrol in the diet did not significantly
alter the numbers of individual structures, the combined lobules types I and II were sig-
nificantly increased compared to the control group. This increase in lobules, the most
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mature structures found in the mammary gland, may explain the protection observed
against chemically induced mammary cancers.

With only a modest increase in mammary gland maturation, turnover of the cells
in the differing terminal ductal structures of the mammary gland was determined. Bro-
modeoxyuridine (BrdU) incorporation was used as an index of cell proliferation. Female
Sprague-Dawley rats exposed to 1 g resveratrol/kg diet were sacrificed at 50 days post-
partum. BrdU was administered 2 h prior to sacrificing, injected i.p., with each rat
receiving 100 mg BrdU/kg body weight. One of the number 4 abdominal mammary
glands was dissected, fixed in 10% neutral buffered formalin, and blocked in paraf-
fin. Five-micrometer sections were cut onto slides for immunohistochemical analysis
of BrdU. In the mammary glands of 50-day-old control rats, the labeling indices were
∼5% in terminal end buds and terminal ducts and ∼2% in lobules type I. The supple-
mentation with resveratrol in the diet significantly reduced cell proliferation in terminal
ducts, terminal end buds, and lobules I to∼1, 2.5, and∼1%, respectively (Table 2). This
reduction in epithelial cell proliferation helps to explain the protection observed against
DMBA-induced mammary cancer.

Table 2
Cell Proliferation in Mammary Terminal Ductal Structures of Rats Fed Resveratrol in the
Diet. Female Sprague-Dawley Rats Were Exposed to Resveratrol (1 g/kg AIN-76A Diet) or
AIN-76A Diet Alone from Birth to 50 Days Postpartum. Two hours Prior to Killing, Rats
Were Injected with 100 mg BrdU/kg Body Weight. BrdU Incorporation Was Measured by
Immunohistochemistry for Terminal Ductal Structures. Values Represent Means ± SEM for
At least Seven Rats/Treatment Group

Control (AIN-76A) Resveratrol (1 g/kg AIN-76A)

Terminal ducts 5.03 ± 1.07 0.79 ± 0.27∗
Terminal end buds 4.83 ± 0.61 2.50 ± 0.75∗
Lobules 1.75 ± 0.22 0.90 ± 0.14∗
∗p-value ≤0.05 and was considered statistically significant. Adapted from (71) with permission.

Using a DNA fragmentation assay, rate of apoptosis was investigated in mammary
terminal end buds and lobules (combined type I and II) from 50-day-old rats. Rats sup-
plemented with dietary resveratrol showed a significant increase (∼25%) in apoptotic
index in the mammary epithelial cells in terminal end buds and a slight, though not sta-
tistically significant, increased apoptosis in lobules as compared to control rats (Table 3).
Importantly, we observed a significant decrease in epithelial cell proliferation and a sig-
nificant increase in epithelial cell apoptosis in terminal end buds, which are immature
structures susceptible to mammary carcinogens. The ratio of cells proliferating to those
dying via apoptosis in the terminal end buds was 0.136 for rats on a control diet com-
pared to 0.056 for rats administered resveratrol in the diet.

Besides effects on mammary gland architecture and epithelial cell proliferation and
apoptosis, other molecular mechanisms for resveratrol mammary protection have been
suggested. Banerjee et al. demonstrated that resveratrol inhibited protein levels of COX-
2 and matrix metalloprotease-9 in breast tumors (69). In a Her-2/neu mouse model of
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Table 3
Apoptotic Index in Mammary Terminal Ductal Structures of Rats Fed
Resveratrol in the Diet. Female Sprague-Dawley Rats Were Exposed
to Resveratrol (1 g/kg AIN-76A Diet) or AIN-76A Diet Alone from
Birth to 50 Days Postpartum. Apoptotic Indices Were Determined in
Terminal Ductal Structures from the Fourth Abdominal Mammary
Gland. Values Represent Means ± SEM for Atleast Seven Rats Per
Treatment Group

Control Resveratrol

Terminal end buds 35.43 ± 1.37 44.18 ± 1.84∗
Lobules 39.39 ± 2.67 41.24 ± 2.38
∗p-value ≤0.05 and was considered statistically significant. Adapted from (71)

with permission.

breast cancer, resveratrol suppressed gene expression of Her-2/neu and increased tumor
cell apoptosis (64). There is still much to be elucidated as to the mechanisms through
which resveratrol can suppress mammary carcinogenesis.

3.4. Resveratrol and Prostate Cancer: In Vitro results
In vitro studies have demonstrated a reduction in cell proliferation and an increase

in apoptosis in both androgen-dependent and androgen-independent prostate cancer cell
lines (74–78). Resveratrol activates the tumor suppressor gene p53 (76), decreases COX-
2 expression, abates NF-κB activation (79), and inhibits protein tyrosine kinase activity
(80) in cell culture. In PC-12 cells, resveratrol also acts as an anti-inflammatory (81)
and antioxidant (82) agent.

Resveratrol down-regulates the expression and function of the AR and a number of
androgen-regulated genes including prostate-specific antigen, cyclin-dependent kinase
inhibitor p21, and AR-coactivator ARA70 in androgen-dependent LNCaP prostate can-
cer cells (83). In contrast, a 4-day treatment with resveratrol resulted in an 80% reduc-
tion in PSA via an AR-independent mechanism in LNCaP prostate cancer cells (84).
Moreover, Gao et al. (85) demonstrated that resveratrol modulated the AR by way of
the Raf-MEK-ERK signaling pathway (85). In addition, it has been recently shown
that resveratrol inhibits ER-α in androgen-independent PC-3 prostate tumor cells. These
studies implicate resveratrol as an attractive candidate for prostate cancer chemopreven-
tion.

3.5. Resveratrol and Prostate Cancer: In Vivo Chemoprevention
By 28 weeks of age, TRAMP mice fed control diet developed high-grade prostatic

intraepithelial neoplasia (PIN) (grade 3) and prostate cancer (grades 4–6) at a frequency
of 34 and 67%, respectively (Table 4). None of the TRAMP mice demonstrated normal
(grade 1) or low-grade PIN (grade 2) in resveratrol-free diet. Dietary supplementation
with resveratrol (625 mg/kg) significantly reduced the incidence of poorly differentiated
prostatic adenocarcinoma (grade 6 lesions) from 23 to 3% (7.7-fold) and delayed the
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Table 4
Histopathological Analysis of the Urogenital Tract of 28-Week-Old TRAMP
Mice Fed Control AIN-76A Diet or AIN-76A Diet Supplemented with 625 mg
Resveratrol/kg Diet Starting at 5 Weeks of Age. Samples Were Given a
Score of 1 (No Tumor), 2 (Low-Grade PIN), 3 (High-Grade PIN), 4 (Well-
Differentiated Tumor), 5 (Moderately Differentiated Tumor), and 6 (Poorly
Differentiated Tumor) Depending on the Presence and Progression of Lesions.
Results are the Percentage of Mice as a Function of the Pathological Score

Grade level

Treatment n 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%)

Control 53 0 0 34 42 2 23
Resveratrol 29 0 0 31 62 3 3∗
∗p = 0.027 compared to control treatment. Adapted from (86) with permission.

progression of well-differentiated lesions (grade 4) from 42% in controls to 62% in
resveratrol-treated mice. There was no statistical change in latency, number of tumors
per animal, tumor weight, or number of liver, kidney, lung, or lymph node metastases
between control and resveratrol-treated animals.

3.6. Resveratrol and Prostate Cancer: Mechanisms of Action
In the dorsolateral prostate (DLP) of TRAMPmice, resveratrol significantly inhibited

cell proliferation, increased expression of AR, ER-β, and insulin-like growth factor-
1 receptor (IGF-1R), and significantly decreased the levels of IGF-1 and phospho-
extracellular regulating kinase 1 (phospho-ERK 1) (86). In the ventral prostate (VP),
resveratrol significantly reduced cell proliferation and phospho-ERK 1 and 2, but did
not significantly alter the levels of IGF-1R and IGF-1. Serum total testosterone, free
testosterone, estradiol, dihydrotestosterone (DHT), and sex hormone-binding globulin
(SHBG) concentrations and SV-40 Tag expression in the prostate were not altered in
resveratrol-treated mice. Taken together, the decrease in cell proliferation and levels of
the potent growth factor, IGF-1, the down-regulation of downstream effectors, phospho-
ERK 1 and 2, and the increased expression of the putative tumor suppressor, ER-β,
provide a biochemical basis to explain how resveratrol may antagonize prostate cancer
development.

A postulated mechanism of elevated AR is that it functions as a tumor suppressor
prior to the development of prostate cancer by inhibiting uncontrolled proliferation in
normal prostate epithelium (87–89). Then, upon malignant conversion, AR undergoes
a molecular switch to act as an oncogene and stimulate the growth of prostate cancer
cells. The up-regulation of AR as tumor suppressor at 12 weeks of age during the transi-
tion between high-grade PIN and well-differentiated prostate adenocarcinoma supports
the decreased cell proliferation observed in the prostate of resveratrol-treated TRAMP
mice (87).
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3.7. Resveratrol: Breast and Prostate Cancer Epidemiology
Besides cancer, resveratrol consumption has been linked to another important health

benefit. Resveratrol contained in red wine is a leading candidate in explaining the
“French Paradox,” a strikingly low incidence of coronary heart disease in a region with
a high intake of fats (90–92). These reports highlight resveratrol as possessing antioxi-
dant properties as well as the ability to inhibit platelet aggregation. These observations
provided the basis for studies investigating the benefits of resveratrol in other organs
and against other diseases. These epidemiological reports along with the work of Jang
et al. (63) triggered a series of investigations examining the mechanisms of resveratrol
protection against breast and prostate cancers.

Levi et al. showed a relationship between the intake of resveratrol and breast cancer
risk in a Swiss cohort of 971 women, of whom 369 had histologically confirmed breast
cancer (93). Total resveratrol consumption from both grapes and wine was inversely
correlated with risk of breast cancer. The highest tertile of resveratrol consumption had
a 0.39 odds ratio compared to the lowest tertile. One previous study had shown incon-
clusive results when searching for an association between consumption of red wine and
breast cancer risk (94).

It is important to note that alcohol consumption is generally thought of as a risk fac-
tor for breast cancer. The association of alcohol consumption with increased risk for
breast cancer has been a consistent finding in epidemiological studies over the past
20 years (95–97). While heavy alcohol consumption was generally associated with
increased risk, moderate or low consumption has shown weak or no associations. In
postmenopausal women, moderate alcohol intake reduces cardiac risk and increases life
expectancy. Thus, level of consumption and age appear to play a role in the risk con-
ferred by alcohol. It is also unclear whether solely consuming red wine acts similarly to
any other form of alcohol consumption. Future studies should examine how the moder-
ate consumption of red wine influences the risk for breast cancer. It is also important to
note that exposure to resveratrol may occur through consumption of grapes or pharma-
ceutical supplements.

While there is limited epidemiological information concerning the effects of resvera-
trol on prostate cancer, there are suggestions that red wine may suppress prostate cancer
development. It has been reported that drinking a glass of red wine a day may cut a man’s
risk of prostate cancer in half. The protective effect appears to be strongest against the
most aggressive forms of the disease (98).

4. COMBINATIONAL CHEMOPREVENTION

The idea of combining treatments in breast and prostate cancers for a more efficacious
outcome is not a new idea, although it is in its infancy in the chemoprevention field. This
strategy is already used in the therapeutic regimens against these cancers, with multiple
chemotherapy drugs targeting different mechanisms to improve efficacy of treatment
while minimizing toxicity. This strategy of combining agents has been effective using
soy and green tea extract. For example, the combined supplementation with green tea
plus soy phytochemicals reduced tumor weight in an in vivo mammary cancer model
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beyond the reduction seen with only green tea (99). Combinations of protective bioactive
compounds may improve the ability to suppress tumorigenesis by targeting multiple
pathways, allowing lower doses to be effective and reducing possible toxicities. Our lab
has begun to look at combinations of resveratrol and genistein in suppressing mammary
and prostate cancers.

4.1. Combinational Breast Cancer Chemoprevention with Genistein
and Resveratrol

To evaluate the combined effectiveness of genistein and resveratrol against mammary
carcinogenesis in a rat model, we administered from birth throughout life single doses
of 250 mg genistein/kg diet and 1,000 mg resveratrol/kg diet (10, 71) or lower doses
of genistein and resveratrol (83 and 333 mg/kg diet, respectively) alone or in combi-
nation (83 mg genistein + 100 mg resveratrol or 333 mg resveratrol + 25 mg genis-
tein/kg diet) (70). At the lower doses, both genistein and resveratrol protected against
DMBA-induced mammary tumors with a reduction in multiplicity and an increase in
tumor latency (Table 5). When 25 mg genistein/kg diet was added to the 333 mg resver-
atrol/kg diet treatment, a further, albeit not significant, reduction in tumor multiplicity
was observed. However, we detected a trend toward increased maturation of the mam-
mary gland at 50 days postpartum and a significant reduction in epithelial cell prolifer-
ation in the TEB with the lower doses of genistein and resveratrol.

Table 5
Mammary Tumor Multiplicity and Latency in a Chemically Induced Rat Model of Mammary
Cancer Exposed to Genistein, Resveratrol, or Combinations of Genistein Plus Resveratrol in
the Diet. Female Sprague-Dawley Rats Were Exposed from Birth Throughout Life to Genis-
tein (Gen), Resveratrol (Resv), Combinations of Gen + Resv, or Control (AIN-76A) in the
Diet. All Rats Were Exposed to DMBA (60 mg/kg Body Weight) at 50 Days Postpartum to
Induce Tumorigenesis. A p-Value <0.05 was Considered Significant. Adapted from (70) with
Permission

Tumors per rat
(multiplicity)

Reduction
compared to
control (%)

p-Value
compared to
control

Time to first
tumor (days)

p-Value
compared
to control

Control 8.27 – – 44 –
83 mg gen/kg diet 3.43 58 <0.0001 63.5 <0.0001
333 mg resv/kg diet 6.31 24 0.034 51 0.008
333 mg resv + 25 mg
gen/kg diet

5.29 36 <0.001 52 0.006

100 mg resv + 83 mg
gen/kg diet

5.50 33 <0.01 49.5 0.0024

Future research in this promising area of nutrition and cancer should investigate
optimal dosing regimens for maximal prevention, the impact of sequential administra-
tion of genistein during puberty and resveratrol later in life, and test other bioactive
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compounds that could augment the effects of genistein and/or resveratrol. Progress in
these areas requires a thorough understanding of the in vivo mechanisms through which
these agents may suppress mammary tumorigenesis.

4.2. Combinational Prevention of Prostate Cancer with Genistein
and Resveratrol

We have evaluated the potential of combinational genistein and resveratrol as chemo-
preventive agents against prostate cancer in TRAMP mice. In this study, we used a low
dose of 125 mg genistein and 313 mg resveratrol per kg diet and a high dose of 250 mg
genistein plus 625 mg resveratrol per kg diet and a control group devoid of genistein
and resveratrol. At time of necropsy, we found that the high genistein and resveratrol
dose resulted in a 5.3-fold decrease in poorly differentiated prostate tumors (grade 6)
compared to the control group (Table 6). The low dose did not significantly alter grade
6 tumors.

Table 6
Histopathological Analysis of Prostates from 28-Week-Old TRAMP Mice Provided Genistein
and Resveratrol in Combination Via the Diet Starting at 5 Weeks of Age. Tissue Sections
Were Given Histopathological Scores of 1 (No Tumor), 2 (Low-Grade PIN), 3 (High-Grade
PIN), 4 (Well-Differentiated Tumor), 5 (Moderately Differentiated Tumor), and 6 (Poorly
Differentiated Tumor) Depending on the Presence and Progression of Lesions. Results Are
the Percentage of Mice as a Function of the Pathological Score

Grade level

Treatment n 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%)

Control (AIN-76A diet) 25 5.8 10.7 69.5 3.4 2.6 7.9
125 mg gen/kg diet +
313 mg resveratrol/kg
diet

25 2.2 11.1 67.7 4.9 5.6 8.5

250 mg gen/kg diet +
625 mg resveratrol/kg
diet

22 0.2 26.6 63.3 4.5 3.8 1.5∗

∗p <0.05 When compared to control treatment by Fisher’s Exact Test.

We subsequently examined cell proliferation and apoptosis in TRAMP mice fed the
high dose of genistein and resveratrol. The experimental design included a group of
nontransgenic mice (C57BL/6 mice) as background control. Measurements were made
at 12 weeks, at the time TRAMPmice develop premalignant lesions. We found that DLP
and VP of C57BL/6 mice had low proliferation index (Table 7). In contrast, DLP and VP
of TRAMP mice had 19- and 16-fold more cell proliferation than the C57BL/6 DLP and
VP, respectively. These results were not surprising since the SV-40 Tag antigen is known
to suppress p53 and Rb expressions. On the other hand, TRAMPmice fed combinational
genistein and resveratrol diet had significantly decreased cell proliferation in the DLP,
but not in the VP compared to TRAMP mice fed control diet. The specific effect on the
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Table 7
Prostate Cell Proliferation and Apoptosis in 12-Week-Old Mice. Cell Proliferation Was
Measured by Immunohistochemical Staining of Ki-67 and Apoptosis Was Determined
Using ApopTag R© Plus Peroxidase In Situ Apoptosis Detection Kit in the Dorsolateral and
Ventral Prostates of Mice

Cell proliferation Apoptosis

Treatment DLP VP DLP VP

C57BL/6 mice 1.0 ± 0.2 0.8 ± 0.1 1.9 ± 0.3 1.8 ± 0.4
TRAMP controls 19.2 ± 4.2 12.7 ± 0.8 0.4 ± 0.1∗ 0.8 ± 0.2∗
250 mg gen/kg diet +
625 mg resveratrol/kg diet

13.5 ± 1.7 12.7 ± 2.9 1.2 ± 0.2 1.9 ± 0.4

∗p <0.05 when compared to C57BL/6 and TRAMP mice receiving resveratrol and genistein in the diet by
Fisher’s Exact Test.

DLP is important because this site is first affected with cancerous lesions in the TRAMP
model.

Apoptosis was significantly decreased in both the DLP and the VP by five- and two
fold, respectively, in TRAMP mice compared to C57BL/6 mice (Table 7). Interestingly,
the combination of dietary supplementation with genistein and resveratrol reversed
apoptosis in TRAMP mice by 3- and 2.4-fold in DLP and VP, respectively. These data
demonstrate that cell turnover in the TRAMP prostate is significantly regulated by com-
binational diets supplemented with genistein and resveratrol.

5. CONCLUSIONS

Cancers of the breast and prostate remain two of the most common and deadly
cancers. There is a strong need to evaluate agents that can suppress the initiation and
progression of these cancers. Our lab and others have shown that the natural polyphe-
nols genistein and resveratrol can be effective in the prevention of breast and prostate
cancers.

Asian populations on high soy diets have decreased incidences of both breast and
prostate cancers. Our lab has shown that genistein, a major soy component, can sup-
press chemically induced mammary cancer multiplicity by enhancing mammary gland
differentiation. We have also shown that genistein suppresses NMU-induced prostate
cancer in Lobund-Wistar rats, reduces the incidence of poorly differentiated prostatic
adenocarcinomas in TRAMP mice, and decreases DMBA-induced mammary adenocar-
cinomas in Sprague-Dawley rats.

Our lab and others have shown that resveratrol, a phytoalexin found in red wine,
can suppress both breast and prostate cancers in animal models. Resveratrol sup-
presses the incidence of mammary tumors while extending the tumor latency in rats.
Down-regulation of mammary epithelial cell proliferation and increased apoptosis
may help explain the protective effects of resveratrol against mammary tumorigene-
sis. Resveratrol administered in the diet also inhibits the progression of prostate cancer
in TRAMP mice, significantly reducing the incidence of aggressive grade 6 tumors. The
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regulation of cell proliferation through modulation of critical sex steroid and growth
factor pathways may help to explain the observed protection.

The combined use of genistein and resveratrol in the diet also suppresses mammary
and prostate cancer development in animal models, suggesting that combining certain
aspects of the Asian diet (genistein derived from soy) and Western world propensity to
consume resveratrol (via red wine or supplements) can provide opportunity for better
breast and prostate health.

There is a significant need to fully understand the mechanisms through which genis-
tein and resveratrol protect the breast and prostate against carcinogenesis. A bet-
ter understanding of the mechanisms of action of these agents will lead to more
effective combinational prevention regimens and add to the preclinical testing neces-
sary to design clinical trials with these polyphenols. Suppressing the incidence and
progression of breast and prostate carcinogenesis through natural, dietary polyphe-
nols may have a major impact in the fight against cancers afflicting men and
women.
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Flavonols, and Procyanidins
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Key Points

1. Dietary catechins, flavonols, and procyandins (PC) are found in a large variety of fruits, vegetables,
tea, and other foods. Epidemiological studies have shown that the intake of a variety of fruits and
vegetables has been supported by a lower risk of developing cancer.

2. Chemical studies have shown that these compounds have strong antioxidative activity in vitro and
are capable of scavenging free radicals and chelating metal ions involved in the generation of free
radicals. Given the proposed role of free radicals in aging and the development of many diseases,
including cancer, it was hypothesized that compounds that prevent the development of free radicals
might also prevent the development of related diseases.

3. Cancer prevention by dietary catechins, flavonols, and PC has been studied in many different animal
models of carcinogenesis. These compounds have been shown to inhibit the development of cancer
in animal models of oral, esophageal, forestomach, stomach, intestinal, colon, liver, prostate, skin,
and breast cancers.

4. Tea catechins have been the most widely studied for cancer preventive activity and have been sub-
jected to laboratory, epidemiological, and controlled clinical investigations. The results of studies
in animal models of cancer suggest that tea catechins have cancer preventive activities against a
broad range of cancer types.

5. Dietary flavonoids have a long history of safe dietary use, and human trials with higher doses of
purified compounds have been conducted without serious adverse effects. However, several reports
have recently suggested that these compounds may be potentially toxic. Therefore, caution should
be exercised when recommending doses for human consumption, especially when considering con-
centrated or purified products.

Key Words: Catechins; flavonols; procyandins; free radicals; cancer

1. INTRODUCTION

Dietary catechins, flavonols, and procyandins (PC) are present in large amounts in
many fruits, vegetables, tea, and other foodstuffs. The chemical structures of some rep-
resentative catechins, flavonols, and PC are shown in Fig. 1. The rationale underlying
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Fig. 1. Structures of biologically important catechins, flavonols, and procyanidins.

the potential efficacy of dietary catechins, flavonols, and PC as cancer preventive agents
is based in part on epidemiological data linking intake of fruits and vegetables with
lower risk of developing cancer (1–3). Furthermore, chemical studies have shown that
these compounds have strong antioxidative activity in vitro and are capable of scav-
enging free radicals and chelating metal ions involved in the generation of free radicals
(4, 5). Given the proposed role of free radicals in aging and the development of many
diseases, including cancer, it was hypothesized that compounds that prevent the devel-
opment of free radicals might also prevent the development of related diseases (6–8).
Based on these initial hypotheses, many epidemiological and laboratory studies have
been conducted to determine the potential cancer preventive effects of dietary catechins,
flavonols, and PC. We review these data herein.

2. ANIMAL AND IN VITRO EXPERIMENTS

2.1. Studies in Animal Models of Carcinogenesis
Cancer prevention by dietary catechins, flavonols, and PC has been studied in many

different animal models of carcinogenesis (reviewed in (9, 10)). These compounds have
been shown to inhibit the development of cancer in animal models of oral, esophageal,
forestomach, stomach, intestinal, colon, liver, prostate, skin, and breast cancers.
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Table 1
Animal Studies on the Cancer Preventive Effect of Tea
and Tea Polyphenolsa

Organ site Positive outcome Negative outcome

Oral cavity 3 0
Esophagus 4 0
Stomach 7 0
Small intestine 8 0
Colon 10 5
Liver 7 1
Pancreas 3 0
Bladder 3 0
Lung 20 2
Skin 25 0
Breast 13 4
Prostate 6 0
Thyroid 1 0
aStudies reported for the years 1991–2008.

Table 1 summarizes the results of studies on tea and tea polyphenols in animal models
of cancer.

Recent studies highlighted the inhibitory activity of tea preparations in animal mod-
els of tumorigenesis and provided some mechanistic data related to inhibitory effects.
For example, our laboratory has extensively studied the anti-tumorigenic activities of tea
polyphenols in the APCmin/+ mouse model of intestinal tumorigenesis. We have reported
that EGCG, as the sole source of drinking fluid, dose-dependently (0.02–0.32% w/v)
inhibited small intestinal tumorigenesis in this model (11). Inhibition of tumor mul-
tiplicity was associated with increased expression of E-cadherin and decreased levels
of nuclear β-catenin, c-Myc, phospho-Akt, and phospho-extracellular regulated kinase
(Erk) 1/2.

We directly compared the effectiveness of EGCG as pure compound with a defined
catechin mixture, polyphenon E (PPE), containing 65% EGCG (12). Total tumor mul-
tiplicity was decreased by both dietary PPE (0.12%) and the corresponding amount of
dietary EGCG (0.08%). Although there was a trend suggesting PPE was more effective
than EGCG in reducing total tumor multiplicity (70 vs. 51% decrease, respectively),
the difference was not statistically significant. Further studies are required to more fully
elucidate whether PPE or other green tea catechin preparations are more effective than
EGCG in the APCmin/+ mouse. Additional studies should also examine whether combi-
nations of various catechins influence their cancer preventive properties.

We and others have examined the effect of PPE and EGCG on the development of
aberrant crypt foci and adenomas in carcinogen-treated rats. Treatment of rats with PPE
(0.12–0.24%) in the diet for 8 weeks following injection with azoxymethane (AOM)
dose-dependently decreased the total number of aberrant crypt foci (ACF) per rat by
16.3 and 36.9% at 0.12 and 0.24% PPE, respectively (13). Decreases in ACFmultiplicity
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were associated with decreased nuclear β-catenin, cyclin D1, and retinoid X receptor α

staining. The direct target of EGCG, however, remains to be investigated.
Carter et al. examined the effects of EGCG on 2-amino-1-methyl-6-pheny

limidazo[4,5-b]pyridine (PhIP)-induced ACF in a rat model. EGCG was given during
the post-initiation phase (14). The treatment with EGCG for 15 weeks reduced ACF by
71% compared to water-treated controls. This decrease in ACF was associated with a
40% decrease in bromodeoxyuridine labeling in the crypt, suggesting that EGCG inhib-
ited aberrant cell proliferation. However, the underlying mechanisms contributing to
these responses remain unclear.

The treatment of TAg mice, which spontaneously develop mammary tumors, with
0.05% green tea catechins for 25 weeks has been shown to increase mean survival time
(151 days compared to 144 days for controls) as well as induce a 25% reduction in
tumor burden (15). Inhibition of tumorigenesis was associated with increased apopto-
sis as well as decreased malonyldialdehyde-adducted DNA compared to water-treated
controls. The authors propose that the antioxidative activity of tea catechins may play a
role in the prevention of mammary carcinogenesis, although other mechanisms are also
likely involved.

Studies with animal models of carcinogenesis have yielded mixed results concern-
ing the cancer preventive activity of quercetin. For example, it was reported that 2%
dietary quercetin inhibited AOM-induced hyperproliferation and focal dysplasia in mice
(16). Quercetin also reduced tumor incidence by 76% and tumor multiplicity by 48%.
However, no inhibitory effects were observed in APCmin/+ mice treated with quercetin
(17). Similarly, although quercetin inhibited local, ultraviolet light B (UVB)-induced
immunosuppression in SKH-1 hairless mice, it had no effect on skin tumorigenesis
(18). The administration of quercetin (9 μg/ml in the drinking fluid) during the initi-
ation phase was shown to inhibit by 42% N-nitrosodiethylamine-induced lung tumor
incidence in mice (19). Tumor burden, however, was not affected. Quercetin has also
been shown to inhibit dimethylbenzanthrene (DMBA)/phorbol 12-myristate 13-acetate
(TPA)-induced skin tumorigenesis in mice. Topical application of 1–25 μmol quercetin
inhibited tumor burden by 75–100% compared to acetone-treated controls (20).

Recent studies have examined the effectiveness of parenterally-administered
quercetin (i.e., either intraperitoneal or intravenous treatment). Administration of
50 mg/kg, i.v., liposomal quercetin every 3 days for 21 days inhibited the growth of
subcutaneously-implanted LL/2 lung cancer tumors, CT26 colon cancer tumors, and
H22 hepatoma tumors in mice by 40, 64, and 60%, respectively, compared to treat-
ment with PBS (21). Similarly, Piantelli et al. have reported that compared to con-
trols daily dosing with 50 mg/kg, i.p., quercetin inhibited by 40% the development of
B16 melanoma metastasis in C57bl/6 N mice (22). The latter effects of quercetin were
attributed to inhibition of expression of vascular cell adhesion molecule-1 and reduced
tumor cell–endothelial cell interactions. These studies have generated interesting results
regarding the antitumor activity of quercetin, but no clear recommendations for dietary
supplementation with this compound can be extrapolated from these experimental data.
Pharmacokinetic parameters including peak plasma and tissue levels are expected to
be quite different depending on route of administration. For example, quercetin in the
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diet is present largely as glycoside conjugates, whereas these studies have used pure
quercetin aglycone.

Procyandins have been studied in a number of different animal models of carcino-
genesis. Work by Katiyar et al. demonstrated the potential efficacy and mechanisms
of action of grape seed PC against UVB-induced skin tumorigenesis. In a study that
examined the effects of photocarcinogenesis induced by UVB, the dietary administra-
tion of 0.2–0.5% grape seed PC reduced in a dose-dependent fashion tumor incidence,
multiplicity, and size by 20–95, 46–95, and 29–94%, respectively, compared to con-
trols (23). In addition, the treatment with grape seed PC inhibited the transformation of
tumors from papilloma to carcinoma. Compared to controls, the treatment with 0.5%
PC for 21 weeks decreased by 64% the conversion to carcinoma. There was an asso-
ciation between inhibition of tumorigenesis and decreased body fat without change in
overall body mass. Later studies by the same group suggested that the inhibition of
skin tumorigenesis by PC was related to antioxidative and immunostimulatory effects.
The treatment with UVB lowered skin levels of reduced glutathione (GSH), glutathione
peroxidase (GPx), and catalase (24). The treatment with 0.2 and 0.5% PC attenuated
these decreases and prevented the formation of UVB-induced reactive oxygen species
(ROS) in the skin (24). One interesting possible mechanism of action is related to the
cytokine interleukin (IL)-12, which is associated with response to DNA damage. UVB
treatment induces immune suppression, which is abrogated by treatment with PC (25).
This abrogation is related to induction of IL-12 expression by PC. This prevention of
immune suppression may lead to better immune surveillance of pre-cancerous cells and
enhanced DNA repair.

PC have been shown to inhibit ACF in rat models of colon tumorigenesis. Treatment
of AOM-pretreated rats with 0.025% PCB2 significantly inhibited the formation of ACF
(26). This inhibition was associated with increased apoptosis and decreased cell prolif-
eration. The administration of 0.01% PC in the drinking fluid of 1,7-dimethylhydrazine
(DMH)-treated rats for 6 weeks inhibited by 50% the formation of ACF compared to
water-treated control rats (27). Based on results obtained with cell culture models, it
has been suggested that PC may inhibit carcinogen-induced upregulation of ornithine
decarboxylase (ODC) and polyamine biosynthesis. Previous work by Singletary and
Meline had shown that the treatment of AOM-treated rats with 0.1–1% PC decreased
ODC levels in the distal colon, which correlated with decreased ACF formation (28).

Because of their large molecular weight and potential poor bioavailability, it remains
unclear whether PC may exert protective effects against mammary tumorigenesis. The
treatment for 48 weeks with 0.25% cacao PC did not significantly inhibit PhIP-induced
mammary tumors in rats (29). Likewise, PC did not inhibit the development of DMBA-
induced mammary tumors in rats (28). Currently, data pertaining to the effects of PC on
prostate cancer in vivo are lacking.

2.2. In Vitro Studies
Based on the results of studies with human cancer cell lines, several mechanisms have

been proposed to explain the cancer preventive activity of dietary catechins, flavonols,
and PC (Fig. 2). This work has been extensively reviewed and important potential
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Fig. 2. Potential cancer chemopreventive targets of catechins, flavonols, and procyandins.

mechanisms include inhibition of key cellular enzymes (e.g., mitogen-activated protein
(MAP) kinases, topoisomerase, and DNA methyltransferase), growth factor signaling
(e.g., epidermal growth factor (EGF) and insulin-like growth factor (IGF)), transcription
factors (e.g., nuclear factor kappa B (NFκB) and activator protein 1 (AP-1)), and induc-
tion of oxidative stress and DNA damage (reviewed in (6, 10, 30–35)). The end results
of these effects could be the induction of apoptosis, inhibition of tumor cell growth,
and/or the inhibition of angiogenesis (30, 32, 33, 36). Most of these effects are observed
at concentrations of the test compound greater than 10 μM. However, for many dietary
polyphenols, especially higher molecular weight PC, such concentrations are not typi-
cally achievable in human plasma and tissues following consumption of normal dietary
doses. This raises questions about the relevance of many of these mechanisms to cancer
prevention in humans

In some experimental systems, so-called high-affinity targets have been identified for
tea catechins including EGCG. These include 20S proteasome chymotryptic activity, the
67-kDa laminin receptor, vimentin, and Bcl-2, which are inhibited in the submicromolar
concentration range (37–40). Although these data are exciting, such potency has only
been observed in cell-free systems and subsequent experiments in whole cells required
much higher concentrations to achieve the same effect as well as cell death. This loss of
potency is likely due to the non-specific binding of EGCG to cellular macromolecules
and would be expected to increase in vivo. Furthermore, the general applicability of
these mechanisms for cancer prevention remains unknown.

Discrepancies between effective concentrations used in cell line studies and those
tested in animal studies (which are typically much lower) suggest that results of in vitro
studies may be irrelevant for cancer prevention in vivo. Whereas no clear cut answer
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is currently available, one may argue that animals and humans ingest chronic levels
of dietary polyphenols. Therefore, though concentrations of dietary polyphenols may
be lower than those achievable experimentally, the prolonged exposure may produce
significant preventive effects. This contention seems consistent with the observation that
treatment of cancer cells with EGCG for longer periods of time (3 or 4 days) has stronger
inhibitory effects compared to treatment for 1 or 2 days (41). There is, however, no
quantitative model that correlates the effective concentration of certain compounds used
in vitro to the plasma and tissue concentrations observed in animals or humans. We thus
believe that the mechanisms of cancer prevention for many bioactive food compounds
should be demonstrated in vivo before inferences can be made about the development
of preventive dietary strategies.

3. EPIDEMIOLOGICAL STUDIES

Although both animal model and cell culture studies have demonstrated the cancer
preventive potential of dietary catechins, flavonols, and PC, epidemiological data on
such activities are lacking or inconsistent (9, 42–45). We have summarized the available
epidemiological data for green tea in Table 2.

Table 2
Epidemiological Studies on the Cancer Preventive Effects of Green Tea

Cohort studies Case–control studies

Reduced
risk

No asso-
ciation

Increased
risk

Total Reduced
risk

No asso-
ciation

Increased
risk

Total

Esophagus 0 0 2 2 3 2 2 7
Stomach 2 6 0 8 7 7 1 15
Colon 1 4 0 5 4 2 1 7
Pancreas 0 1 0 1 1 0 0 1
Kidney/
bladder

0 1 0 1 0 1 2 3

Lung 0 2 0 2 2 3 1 6
Prostate 1 0 0 1 1 0 0 1
Breast 2 4 0 6 3 0 0 3
Ovarian 1 0 0 1 1 0 0 1
Other 2 3 0 5 1 2 0 3

3.1. Tea Consumption and Cancer
Many case–control studies have shown that subjects who consume large amounts of

tea had lower cancer risk. In particular, the risk of gastric and esophageal cancers was
lower in green tea consumers in Japan and China. For example, Gao et al. reported
in 1994 that green tea consumption was associated with a reduced risk of esophageal
cancer (46). From the Shanghai Cancer Registery, 1,016 eligible cases of esophageal
cancer were identified and control subject records were selected by frequency matching
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in accordance with the age–sex distribution. Patient interviews were then conducted
using a structured, standardized questionnaire to obtain information on demographic
characteristics, residential history, height and weight, diet, smoking, alcohol and tea
drinking, medical history, family history of cancer, occupation, physical activity, and
reproductive history. After adjustment for known confounders, a protective effect for
green tea was observed in women. For women consuming 1–14.9 g of dry green tea
leaves per month (one cup of tea typically contains 2 g tea leaves), the odds ratio (OR)
was 0.77 (95% CI: 0.39–1.53) whereas for those consuming ≥15 g tea/month, the OR
was 0.34 (95% CI: 0.17–0.69). Among men, the OR was 0.80, although not statistically
significant. In another study, green tea drinking was found to be inversely associated
with the risk of stomach cancer, with OR of 0.77 (95% CI: 0.52–1.13) among female
and 0.76 (CI: 55–1.27) among male heavy tea drinkers (47).

In a more recent study, our group investigated the association between pre-diagnostic
urinary tea polyphenols, their metabolites, and the risk of developing gastric and
esophageal cancers. Using a nested case–control design, we compared 190 incident
cases of gastric cancer and 46 cases of esophageal cancer with 772 control subjects
from the Shanghai cohort (18,244 men aged 45–64 years at recruitment). Urinary
tea polyphenols, including (–)-epigallocatechin (EGC) and (–)-epicatechin (EC), and
their respective metabolites (–)-5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone (M4) and
(–)-5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (M6), were measured in all study sub-
jects by high performance liquid chromatography (48). Urinary EGC positivity showed
a statistically significant inverse association with gastric cancer (OR = 0.52, 95%
CI = 0.28–0.97) after adjustment for confounders such as Helicobactor pylori seropos-
itivity, smoking, alcohol consumption, and level of serum carotenoids. The protective
effect was primarily seen among subjects with low (below population median) serum
carotenoids. Similar tea polyphenol–cancer risk associations were observed for com-
bined risk of gastric cancer and esophageal cancer (49).

A population-based case–control study was conducted in Yangzhong, China, that
included 133 stomach cancer cases, 166 chronic gastritis cases, and 433 healthy con-
trols. An inverse association was observed between green tea drinking and chronic gas-
tritis and stomach cancer risks. After adjusting for age, gender, education, body mass
index, pack-years of smoking, and alcohol consumption, the OR of green tea consump-
tion was 0.52 (95% CI: 0.29–0.94) and 0.49 (95% CI: 0.31–0.77) for stomach cancer
and chronic gastritis, respectively. In addition, there were dose–response relationships
between years of green tea drinking and both diseases. This was the first report doc-
umenting that green tea drinking was found to be protective against chronic gastritis.
These results may be important when designing intervention strategies for stomach can-
cer and its pre-malignant lesions in high-risk populations (50).

Tea consumption has been associated with reduced risk of cancer at sites other than
the gastrointestinal tract. For example, a population-based case–control study of breast
cancer was conducted among women of Asian descent living in Los Angeles to investi-
gate the effect of green and black tea (51). Green tea drinkers had a significantly reduced
risk of breast cancer that was dose-dependent (OR = 0.71 and 0.53 for consumption
of 0–85.7 ml and >85.7 ml of tea/day, respectively). Among women who carried at
least one low-activity catechol-O-methyltransferase (COMT) allele, the effect was even



Chapter 26 / Cancer Prevention by Catechins, Flavonols, and Procyanidins 621

stronger, and black tea was also found to reduce risk (52). The effect of black tea had
not been observed in the original study (51). The authors concluded that women with a
low-activity COMT allele may have a reduced risk of breast cancer because they metab-
olize tea polyphenols less efficiently and, therefore, have prolonged exposure to these
compounds compared to women with normal COMT activity.

Recently, the Japanese Public Health Center-Based Prospective Study (JPHC)
reported an association between green tea consumption and decreased risk of advanced
prostate cancer (53). In a cohort of 49,920 men (aged 40–69), a dose-dependent decrease
in risk of advanced prostate cancer was observed (p for trend = 0.01). The OR for men
consuming greater than five cups/day was 0.52. There was no association between tea
consumption and risk of localized prostate cancer.

Although these studies demonstrate an association between tea consumption and
decreased risk of cancer, other studies have not observed this protective effect. For
example, a review of 21 epidemiological investigations of gastrointestinal cancer or
pre-cancerous lesions suggested a protective effect of green tea on adenomatous polyps
and chronic atrophic gastritis formation, but no clear support for the preventive role
of green tea against stomach and intestinal cancer (54). In two prospective Japanese
studies, green tea was not associated with decreased breast cancer risk even in women
drinking five or more cups of tea per day (55). In the Ohsaki National Health Insurance
Cohort Study conducted in Japan, after an 11-year follow-up, green tea consumption
was associated with decreased mortality due to cardiovascular diseases, but no associa-
tion was observed with cancer deaths (56).

One possible explanation for the conflicting results of epidemiological studies related
to tea consumption may be study design. In general, case–control studies are considered
less powerful than prospective studies, because of the many confounding factors asso-
ciated with the case–control design. As discussed by Tsubono et al. individuals with
stomach conditions that predispose to gastric cancer may refrain from drinking green
tea because of stomach irritation (57). However, in the two nested case–control studies
based on the Shanghai cohort, lower incidence of gastric and colon cancers was asso-
ciated with green tea consumption (49, 58). The protective effects of green tea against
gastric cancer were only observed in individuals that had been followed for 4 years or
longer.

The population selected may play a critical role in demonstrating the possible bene-
ficial effects of tea consumption. As discussed above, a greater protective effect of tea
against breast cancer was observed in women with at least one low-activity allele of
COMT. In collaboration with Dr. Mimi C. Yu, we have also demonstrated the impor-
tance of nutritional status (49). In particular, we have reported that the protective effects
of tea against colon cancer was more clearly seen in subjects with lower serum levels
of carotenoids, suggesting that the benefits of tea may be more readily manifested in
subjects with low antioxidative nutritional status.

An important issue in epidemiological studies on tea is the quantity and quality of
the tea consumed and accurate determination of tea consumption. Questions have been
raised as to whether the lack of protective effects observed in prospective studies in
Japan was due to insufficient amounts of tea consumed or the possible lower levels
of effective constituents (presumably polyphenols) present in the green tea consumed
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by the cohort. Reliance on questions of “number of cups of tea consumed per day”
represents a potential weakness in many epidemiological studies. In future studies, it
will be important to report more precise quantitative and qualitative information of tea
consumption. To report in “grams of tea consumed per month” is a good approach,
especially when loose tea leaves are consumed and the habit of making tea is known.
Likewise objective measurements of exposure biomarkers, such as the catechins and
their metabolites, in the urine or in the plasma could be very useful and should be further
utilized in epidemiological studies.

3.2. Dietary Flavonols, PC, and Cancer
The possible association between dietary flavonols, including quercetin, has been

reviewed previously (59–61). These reports have generally found an inverse correlation
between intake of dietary flavonols and risk of cancers of the gastrointestinal (GI) tract,
the lung, the breast, and other sites. Here, we will discuss some of the more recent
studies and focus on associations between the structurally related compounds, quercetin
and kaempferol.

Studies conducted in the United States and Finland have reported on an inverse rela-
tionship between flavonol consumption and risk of pancreatic cancer. A prospective
study of the multiethnic cohort in Hawaii and California (n = 183,518) found a strong,
dose-dependent decrease in relative risk (RR) of pancreatic cancer with increasing con-
sumption of total dietary flavonols (RR = 0.77 in the highest quintile, p = 0.046 for
trend) and dietary kaempferol (RR = 0.78 in the highest quintile, p = 0.017) (62).
When data were stratified by sex or smoking status, strong effects were observed for
kaempferol in women (RR= 0.72 in the highest quartile) and kaempferol and quercetin
in current smokers (RR = 0.27 and 0.55 in the highest quartile for kaempferol and
quercetin, respectively).

In the Finnish study, a prospective analysis of the relationship between pancreatic
cancer and flavonol intake was conducted in the α-tocopherol, β-carotene Cancer Pre-
vention Study cohort (n = 27,111 healthy male smokers) (44). In subjects that were
not supplemented with α-tocopherol and β-carotene as part of the original intervention
study, there was a significant dose-dependent inverse correlation between intake of total
dietary flavonols (p = 0.04 for trend) and kaempferol (p = 0.009 for trend) and cancer
risk. There was an inverse trend between dietary quercetin and risk of pancreatic cancer,
but the effect was not significant (p = 0.06 for trend). Importantly, in subjects supple-
mented with α-tocopherol and β-carotene, the protective effects were not observed. This
difference in outcomes suggests that antioxidant vitamin status may be a confounding
factor as previously suggested for tea polyphenols.

A population-based case–control study was conducted in Los Angeles county,
California, to study the relationship between flavonoid intake and lung cancer risk. Lung
cancer cases (n= 558) were age and sex matched with controls (n= 837). A significant
dose-dependent inverse relationship was observed between lung cancer and quercetin
(p = 0.025 for trend) and kaempferol (p = 0.0079 for trend) intake (63). This trend was
observed only among current smokers whereas no protective effects were observed in
non-smokers. Surprisingly, there was no significant association between total flavonoids
and lung cancer risk.
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A large prospective case–control study (n = 1,456 for both cases and control) of
colon cancer found a significant inverse relationship between dietary quercetin intake
(OR = 0.68, p = 0.001 for trend) and PC intake (OR = 0.78, p = 0.031 for trend)
(64). The study, conducted in Scotland, also included an analysis of food frequency
questionnaires. This analysis revealed that tea, onions, and soups accounted for 52.1,
13.7, and 9.2% of quercetin intake, respectively. Tea, apples, and red wine accounted
for 74.2, 11.2, and 8.4% of PC intake.

One epidemiological study that reported on the cancer preventive effects of PC is
the Iowa Women’s Heath Study (43). In this prospective cohort study of 34,708 post-
menopausal women, the authors found a strong, dose-dependent inverse relationship
between PC intake and risk of lung cancer (p < 0.01 for trend). When data were stratified
by smoking status, the protective effect was found in smokers (p = 0.04 for trend) but
not in non-smokers (p = 0.44 for trend).

4. INTERVENTION STUDIES IN HUMANS

Several human studies have been conducted examining the effects of dietary cate-
chins, flavonols, and PC on surrogate biomarkers of cancer such as effects on oxidative
stress markers and carcinogen metabolism. For example, Hakim et al. found that supple-
mentation of heavy smokers (>10 cigarettes/day) with four cups of decaffeinated green
tea (73.5 mg catechins/cup) per day for 4 months reduced by 31% urinary 8-OHdG
levels compared to control (65). In a recent study in China, the treatment with 500
or 1,000 mg/day green tea polyphenols for 3 months increased by 10- and 8.4-fold,
respectively, the urinary excretion of the mercapturic acid conjugated of aflatoxin B1
(AFB1) compared to baseline (66). Similarly, in a pilot study by Schwartz et al. heavy
smokers treated with green tea (400–500 mg green tea powder/cup) five times/day
for 4 weeks had 50% lower levels of benzo[a]pyrene-DNA adducts and 8-hydroxy-2′-
deoxyguanosine (8-OHdG) compared to control subjects (67).

A recent double-blind study by Bettuzzi et al. followed 200 individuals with high-
grade prostate intraepithelial neoplasia (PIN) receiving either 600 mg of green tea cat-
echins daily or placebo (100 individuals in each group) for 12 months. Only 3% of the
patients in the catechin treatment group developed prostate cancer, whereas the rate of
cancer development on the placebo group was 30% (68). No adverse effects were asso-
ciated with the treatment. The impact of these results would be tremendous if they could
be reproduced in similar trials with a larger number of subjects.

Previously, a Phase I study of green tea extract in patients with advanced lung cancer
found that a dose of up to 3 g/m2/day for 16 weeks was well tolerated, but produced
no objective response in tumor volume (69). Although the results of this study were
negative, the study size was small (n = 17) and the disease stage was likely inappro-
priate since most dietary components lack sufficient potency to affect late-stage cancer
of any type. More interesting data are likely to be generated from an ongoing Phase II
chemoprevention trial is currently being conducted by a consortium of cancer centers
and universities in Canada and in the United States in former heavy smokers using PPE.

The effects of dietary flavonols and PC on antioxidant status in human volun-
teers have been studied by multiple investigators (reviewed in (70)). Pure compounds,
extracts, and foods have been examined. Although these compounds affected some
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markers, they had no effect on others. For example, supplementation with a “phenol-
rich” diet, containing 21 mg quercetin and 9 mg kaempferol, for 6 days increased ery-
throcyte superoxide dismutase activity and decreased lymphocyte DNA damage, but
had no effect on plasma α-tocopherol and β-carotene (71). Another study of stable dia-
betic patients treated for 14 days with onion and tea (76–110 mg quercetin) found a
decrease in oxidative damage to lymphocytes, but reported no effects on superoxide
dismutase activity, GPx, plasma ascorbic acid, or α-tocopherol (72). Several studies of
PC-containing preparations have shown that treatment of human volunteers improved
plasma antioxidant activity and decreased markers of oxidative stress including thiobar-
bituric acid reactive substances and nitrosylated plasma proteins (70). Further human
intervention studies are needed to more accurately assess the cancer chemopreventive
effects of flavonols and PC.

5. TISSUE SPECIFICITY AND TOTALITY OF EVIDENCE

No significant tissue specificities have been identified for the potential cancer preven-
tive activities of dietary catechins, flavonols, or PC. The lack of tissue specificity may
be due to the low number of human intervention studies on the efficacy of these com-
pounds against tumorigenesis at various sites. One potential factor, which may result
in tissue-specific chemopreventive efficacy, is the bioavailability of many dietary cate-
chins, flavonols, and PC (73, 74).

Many of these compounds are predicted to have moderate to poor absorption based
on physical and chemical characteristics including large number of hydrogen bond
donors (four or more phenolic hydroxyl groups), relatively high molecular weights
(>400 g/mol), the presence of hydrogen bond acceptors (ketone groups), and the forma-
tion of a large hydration shell due to hydrogen bonding with water (75, 76). Addition-
ally, both catechins and flavonols have been shown to undergo extensive biotransforma-
tion including methylation, glucuronidation, sulfation, and ring-fission metabolism (74,
77–79). These properties will all work to limit the bioavailability of these compounds
and may lead to preferential efficacy in GI tract and on the skin, where direct con-
tact with high doses of test compounds is possible. This seems to be supported by the
available animal model data, which show that catechins and PC have inhibitory activ-
ity against colon cancer, but are less efficacious against mammary tumorigenesis (28).
Similarly, the majority of epidemiological studies of tea catechins which have shown
an inverse correlation between tea consumption and cancer risk involve prevention of
cancers of the GI tract (80).

The totality of the evidence regarding cancer prevention by dietary catechins,
flavonols, and PC suggests that these compounds have cancer preventive efficacy. Tea
catechins have been the most widely studied for cancer preventive activity and have
been subjected to laboratory, epidemiological, and controlled clinical investigations.
The results of studies in animal models of cancer (Table 1) suggest that tea catechins
have cancer preventive activities against a broad range of cancer types. The number of
intervention studies with modulation of cancer or cancer biomarkers has been more lim-
ited, but the results are mostly positive in terms of the potential efficacy of tea catechins.
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The mechanisms of action of dietary catechins, flavonols, and PC remain unclear. All
of these compounds bind extensively and non-specifically to a large number of proteins
possibly leading to partial inhibition of multiple, likely overlapping, pathways. These
combined effects of polyphenols may be responsible for the observed cell growth inhi-
bition and apoptosis in vitro and cancer prevention in vivo.

6. FUTURE RESEARCH

The effects of dietary catechins, flavonols, and PC on cancer development are impor-
tant public health issues. In order to gain a better understanding of the potential bene-
fits associated with dietary intake of these compounds, the following lines of research
should be developed:

(1) To firmly establish the efficacy of dietary catechins, flavonols, and PC as cancer pre-
ventive compounds in humans. In the case of dietary catechins and flavonols, there
is a significant body of epidemiological and animal model data to suggest efficacy as
cancer preventive agents (reviewed in the preceding sections). In order to clearly estab-
lish efficacy in humans, carefully controlled intervention studies in at risk populations
are needed. For dietary PC, which have not been studied as extensively, further animal
and epidemiological studies are needed. Care should be exercised in the design of animal
studies to select models and doses that are physiologically relevant to humans. Epidemi-
ological studies should include accurate exposure biomarkers for these polyphenols to
reduce potential confounders such as recall bias.

(2) To determine the mechanisms responsible for the cancer preventive activities of these
compounds in vivo. As mentioned above, the interpretation and extrapolation of in vitro
mechanistic data to explain in vivo cancer chemopreventive activity remains a problem-
atic area. We believe that carefully designed animal model studies, including short-term
investigations, with mechanism-based endpoints represent powerful means to define the
mechanisms of action of dietary catechins, flavonols, and PC. Furthermore, the robust-
ness of data derived from in vitro studies could be improved by knowledge of the
bioavailability of the test compound.

(3) To clearly define safe levels of intake for these compounds in order to avoid adverse
effects. Consumption of dietary catechins, flavonols, and PC has generally been regarded
as safe. Nevertheless, the potential adverse effects of these compounds given at high
doses in pharmacological preparations remain largely unknown and represent an area
for future investigation.

7. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE

Dietary flavonoids have a long history of safe dietary use, and human trials with
higher doses of purified compounds have been conducted without serious adverse
effects. However, several reports have recently suggested that these compounds may
be potentially toxic. Therefore, caution should be exercised when recommending doses
for human consumption, especially when considering concentrated or purified products.
For example, several cases of hepatotoxicity have been associated with consumption
of high doses of green tea-containing dietary supplements (10–29 mg/kg/day p.o.)
(81). Patients presented with elevated serum alanine aminotransferase and biliru-
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bin levels, and a minority of patients exhibited periportal and portal inflammations.
After cessation of supplement use, these symptoms were eliminated. In at least
one case, re-injury was observed following re-challenge with the same preparations
(81). This phenomenon supports a causative role for the supplement in the observed
hepatotoxicity.

These case reports are supported by studies in laboratory animals. Oral administration
of Teavigo (a green tea polyphenol preparation containing 90% EGCG) or polyphenon
E for 13 or 9 weeks, respectively, to Beagle dogs resulted in dose-dependent toxicity and
death (82). Vomiting and diarrhea were observed throughout both studies. In addition,
500 mg/kg, p.o., Teavigo caused proximal tubule necrosis and elevated serum bilirubin
in all dogs treated. Elevated serum aspartate aminotransferase levels and liver necro-
sis were observed in some dogs. Oral administration of 2,000 mg/kg, i.g., Teavigo to
rats resulted in lethality in 80% of animals treated (82). Death was due to hemorrhagic
lesions in both the stomach and the intestine.

These data suggest that high doses of EGCG can induce toxicity in the liver, kidneys,
and intestine. Toxicity, especially in the liver and kidney, appears to be correlated with
the bioavailability of EGCG. In the rat, where bioavailability is low (F= 1.6%), toxicity
is confined to the GI tract following oral administration (83). In the dog, where bioavail-
ability is much higher, hepatotoxicity and nephrotoxicity, as well as intestinal toxicity,
were observed. Toxicity was greater in fasted, than in pre-fed, dogs (82).

Although there are limited in vivo data concerning the potential toxicities of
flavonols, they can be predicted to have similar effects at high doses. Possible areas
of concern have been suggested by epidemiological and in vitro studies. For exam-
ple, an epidemiological study suggested a link between maternal intake of dietary
topoisomerase inhibitors II, including flavonoids, and development of acute myeloid
leukemia (AML) in the offspring (p = 0.04 for trend with OR = 9.8 (95% CI: 1.1–
84.8) and 10.2 (95% CI = 1.1–96.4) for medium and high consumption, respec-
tively) (84). Cell line studies with purified flavonoids (including quercetin, lute-
olin, and kaempferol) have suggested that the mechanistic basis for this increased
risk is inhibition of topoisomerase II activity in the fetus, which results in chro-
mosomal translocation at chromosome 11q23 involving the mixed-lineage leukemia
(MLL) gene (85). The most potent inhibitors were quercetin (25 μM) and fisetin
(25 μM). Although studies have shown that administration of higher doses of puri-
fied flavonoids could result in serum levels equivalent to or higher than those
necessary to cause chromosomal translocation in cell line studies, it is not clear
whether such concentrations are achieved in fetal tissues at normal, dietary flavonoid
consumption (85).

Finally, in vivo studies with animal models and surveillance in human intervention
studies are needed to establish the increased risk, if any, of adverse effects due to treat-
ment with high levels of catechins, flavonols, and PC.
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27 Mechanisms of Action of Isoflavones
in Cancer Prevention

Stephen Barnes

Key Points

1. Isoflavones are plant polyphenols and form part of the diet in regions of the world where the
incidence of and death from some, but not all, cancers are much lower than in the United States
and other Western countries. Isoflavones also have structural similarities to physiologic estrogens.

2. The amounts of isoflavones consumed in the diet vary considerably. Okinawans consuming tradi-
tional diets have intakes as much as 100 mg of the isoflavones genistein and daidzein per day. In
contrast, at most Americans isoflavone intake is only 1–3 mg/day.

3. The soy isoflavone genistein in cellular and pre-clinical animal models has been shown to have
estrogen-like effects, causing some concern about its safety. However, genistein and other common
isoflavones have many other demonstrable mechanisms that may offset the estrogen-like effects,
albeit that most occur at higher concentrations/doses.

4. The mechanisms of action of isoflavones over the past 40 years have been found to be as antiox-
idants, estrogen agonists, topoisomerase inhibitors, metastasis, and inhibitors of tyrosine kinases.
Many of these mechanisms focus on targets that are relevant to anti-cancer therapy and may not be
important for prevention.

5. Isoflavones have been used as chemopreventive agents in animal models of breast, endometrial,
lung, and prostate cancer. In the case of breast cancer, preventive effects of soy (containing
isoflavones) were observed in radiation and chemical carcinogen-induced mammary carcinogen-
esis in rats. Lamartiniere’s group then showed that rats exposed briefly to genistein (500 μg daily
by injection) in the perinatal and pre-pubertal periods had a 50% reduction in the number of mam-
mary tumors compared to animals on a control (soy-free) diet.

Key Words: Isoflavones; polyphenols; estrogens; genistein; cancer prevention

1. INTRODUCTION

Isoflavones are bioflavonoids that belong to the much larger polyphenol family, i.e.,
they contain more than one phenolic group. As will be discussed later in this chapter,
they have a plethora of potential mechanisms of action. There has been a considerable
debate on whether they prevent or promote hormone-dependent cancers. The latter view
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comes from their properties as ligands for estrogen receptor alpha (ERα) and beta (ERβ).
But isoflavones are much more than that (1) and this may explain why the world’s largest
consumers of isoflavones are also those with the lowest risks of the hormone-dependent
cancers (breast, endometrial, ovarian, and prostate cancer). The reader is referred to a
previous summary of a more detailed background on the origins of soy isoflavones and
their involvement in cancer research published in 2006 (2).

2. ORIGINS

Isoflavones are synthesized in plants from the conversion of phenylalanine to cin-
namoyl CoA and subsequent condensation with three molecules of malonyl CoA
catalyzed by chalcone synthetase to form the flavanone naringenin. This compound
has a phenyl ring substitution at the 2-position. Migration of the phenyl ring to the
3-position requires the (2S)-flavanone enantiomer, molecular oxygen and NADPH, and
is catalyzed by the microsomal cytochrome P450 enzyme 2-hydroxyisoflavanone syn-
thase (3). The 2-hydroxyisoflavanone undergoes dehydration either spontaneously or
via enzymatic reaction by 2-hydroxyisoflavanone dehydratase to form either genistein
(4′,5,7-trihydroxyisoflavone) or daidzein (4′,7-dihydroxyisoflavone). The most common
isoflavones in the diet are those in soybeans (daidzein, genistein, and glycitein; 7,4′-
dihydroxy-6-methoxy-isoflavone) (Fig. 1).

O

O

HO

OH

O

O

HO

OH

O

O

HO

OH
OH

H3CO

OO

OH
O

O

HO

OH

OH

OH

OH

A B C

ED
O

OH
O

O

HO

OH
OH

OHHO

Fig. 1. Chemical structure of several isoflavones. Daidzein (a), genistein (b), glycitein (c), and daidzin
(d) are all from soybeans. Puerarin (e) is a 8-C-glycoside of daidzein and is an isomer of daidzin
(7-O-glycoside of daidzein).

Isoflavones are found in vacuoles in plants and are largely present as β-glycosides,
which are also esterified with malonic acid in the 6′′-position of the glucose moiety
(4). In the kudzu vine (Pueraria lobata), many of the isoflavones are C-glycosides
(Fig. 1). These glycosides are metabolically stable in man and experimental animals
(5). In certain medicinal plants, the isoflavones are prenylated with isoprene groups (6).
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Prenylated flavonoids such 8-prenylnaringenin are strongly estrogenic (7); a similar
increase in estrogenicity is predicted for prenylated isoflavones.

The principal sources of isoflavones in the modern diet are from soybeans (8), mung
beans (9, 10), and chick peas (11). However, in traditional medicine practice in South
East Asia, the root of kudzu vine, rich in the isoflavone C-glycoside puerarin, is used
to treat fever, pain, diabetes, measles, diarrhea, and cardiovascular diseases (12). Also,
the Eastern native American Indians have a long tradition of consuming the American
groundnut (Apios americana) (13), a particularly rich source of the isoflavone genistein
(as its 7-glucosylglucoside) (14). A. americana is popular vegetable in markets on the
West coast of the United States.

3. ISOFLAVONE INTAKE

The amounts of isoflavones consumed in the diet vary considerably. Okinawans con-
suming traditional diets have intakes as much as 100 mg of the isoflavones genistein
and daidzein per day (15). In contrast, in most Americans isoflavone intake is only
1–3 mg/day (16). It’s noteworthy to mention that it is rare in 2008 to find a sub-
ject/patient where isoflavones are unmeasurable in their blood. There is a low level of
soy protein in food items sold in most supermarkets and groceries. Isolated soy protein
is added to many canned meat products to improve the visual esthetics of the food when
the can is opened. Occasionally, soy is found in the most unlikely places, e.g., in certain
brands of canned tuna where the fish is in a protein (soy) broth (17). At Thanksgiv-
ing and Christmas many Americans unwittingly consume soy isoflavones when they eat
turkey that was injected with a soy broth to ensure that a good gravy can result during
its cooking.

The nature of the isoflavones in soy food products also varies. In Asian countries,
much of the soy is in the form of fermented foodstuffs such as miso (Japan), soy paste
(Korea), and tempeh (Indonesia) (18). In these foods, the isoflavones are mostly uncon-
jugated and thereby easily absorbed by passive diffusion in the upper small intestine.
In contrast, Americans consume processed soy foods such as isolated soy protein, soy
protein concentrates, soy flour, and soy milk products. The isoflavones in these protein-
enriched soy foods are largely glycosides. The simple β-glycosides are hydrolyzed by
lactose-phlorizin hydrolase, an enzyme in enterocytes, before they can be absorbed (19).
Complex isoflavone glycosides (the malonylglycoside esters and their decarboxylated
products, the acetylglycosides, formed during toasting of soy) are not readily hydrolyzed
until they reach the microorganism-rich large bowel (2).

4. ISOFLAVONE METABOLISM

Isoflavones undergo considerable metabolism once they are hydrolyzed. In the ente-
rocyte, they are converted to β-glucuronides by UDP-glucuronyltransferases expressed
in these cells (20). A similar process occurs in the liver (21). However, this means that
isoflavones consumed by mouth (as a food or in a dietary supplement) circulate mostly
as phase II metabolites. The proportion that is unconjugated and thereby easily taken up
by peripheral tissues is low and rarely exceeds 5%. In contrast, isoflavones administered
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peripherally by subcutaneous or intramuscular injection or via a skin cream or patch
will enter the peripheral blood in the unconjugated form and have to be transported
to the liver before phase II metabolism can occur. These latter methods of administra-
tion should be expected to have very different physiological effects compared to the
oral route. In many cases, the disparate results obtained by different investigators for
isoflavones may have their explanations in the dosing regime that has been used.

5. MECHANISMS OF ACTION OF ISOFLAVONES

In the last few years there have been many excellent reviews on the mecha-
nisms of action of phytochemicals (22–31), as well as those that have specifically
addressed isoflavones (2, 32–43). The most frequently invoked mechanisms of action
of isoflavones over the past 40 years have been as antioxidants (32, 44), estrogen ago-
nists (45, 46), topoisomerase inhibitors (47), metastasis (48), and inhibitors of tyrosine
kinases (49). Many of these mechanisms focus on targets that are relevant to anti-cancer
therapy and may not be important for prevention. Also, since the plasma concentrations
of unconjugated isoflavones rarely exceed a few hundred nM in the systemic circulation
(they are mostly β-glucuronide conjugates) (50), studies carried out in cell culture at
μM concentrations to determine the mechanisms of action are not necessarily signifi-
cant. Indeed, this has led many to assume that the only relevant mechanism of action of
isoflavones is as estrogen agonists since the equilibrium binding constant (Kd) of ERβ

for genistein is in the low nM range (51). Nonetheless, other potential mechanisms of
action have been described and the purpose of this chapter is to review those published
over the past 4–5 years.

Table 1
Cellular Targets of Genistein

Apoptosis Transcription factors Cell cycle Others

↑Bax ↓NF-κB ↓Cyclin B1 ↓Akt
↓Bcl-2 ↑Nrf1 ↓Cyclin D1 ↓AR
↓Bcl-xL ↑Nrf2 ↑p21 WAF1 ↓PSA
↑PARP ↓STAT-3 ↑p27 KIP1 ↓COX-2
↓Survivin ↓STAT-5 ↑p16 INK4a ↓MMP-9
↓IAP ↓IGF-1R ↑Myt-1 ↓MMP-2
↓XIAP ↓Ape-1/Ref ↓Wee-1 ↓p38 MAPK
↑BAD ↓Wnt ↓CDK-1 ↓ERK-1/2
↑Active caspases ↓Notch-2 ↑GPx
↑ER stress
regulators

↓AP-1 ↑kangai-1

↓CREB ↑Endoglin
↑GADD 153
↓RANK/RANK-L
↓HIF-1α ↓PTEN

Reproduced with permission from Banerjee et al. (52).
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In order to put a perspective on the value of mechanistic studies, it is first important
to consider how such studies fit with what is known from human epidemiological data,
pre-clinical animal models, and clinical intervention studies. Specific mechanisms –
effects on aromatase, protein kinases and signaling pathways, apoptosis, metastasis,
proteinases, exosomes, and epigenetics – are then reviewed in more detail. A collec-
tion of specific cellular targets of genistein are listed in Table 1, from a recent review by
Banerjee et al. (52).

6. EPIDEMIOLOGY OF SOY AND CANCER

Much of the work being carried out on nutritionally bioactive substances and can-
cer prevention has arisen from the comparison of cancer risk and cancer death rates in
populations around the world. Very distinct differences are observed, with a high inci-
dence of hormone-dependent cancers in the United States and much of Western Europe
compared with much of SE Asia (53, 54). In contrast, the incidence of gastric and liver
cancer is high in Asian countries (55). Interestingly, 70 years ago the incidence of gastric
cancer in the United States was just as high as it is in Asia today (higher than present day
breast, prostate, and lung cancer) (56). This changed when refrigeration became part of
Americana; the gastric cancer incidence in the United States has fallen by 90% since
then (56). This reveals that public health changes can have major effects on the cancer
burden of a society.

The extensive immigration that occurred in the second half of the twentieth century
revealed another aspect of cancer risk – that it is principally environmental and behav-
ioral in nature. Immigrants to the United States adopt the cancer risk patterns associated
with US-born Americans. In the case of prostate cancer, this occurs after the immigrant
arrives in the United States (57). Environment is important – there is a higher incidence
of prostatic intraepithelial neoplasias (PIN) in Japanese men living in Hawaii than in
Japan (58). Thus, the diet–environment has a strong influence with regard to whether
PIN lesions emerge into a clinical tumor. For breast cancer, the change over to the
Western cancer risk occurs in the second-generation daughters of Asian immigrants
(59). This suggests that epigenetic events that occur early in life (prior to immigra-
tion) determine adult rates of breast cancer. Interestingly, the age-related breast cancer
incidence in Singapore women is similar to Swedish women up to the menopause (60).
However, post-menopausally the breast cancer incidence does not increase in SE Asians,
whereas it quickly accelerates in Swedish women. Although there are many possible
nutritional factors that could account for these different patterns of cancer risk between
countries, soy and its isoflavones have been frequently hypothesized to contribute to a
lowered breast cancer risk. However, epidemiological data from cohort and case–control
studies reveal only a modest benefit, albeit stronger in studies conducted in SE Asia or
Asian populations in the United States (61, 62). However, such studies did not take into
account the intake of soy at critical times in development. In concert with pre-clinical
data presented in the next section, data from the Shanghai Cancer Registry revealed that
adolescent intake of soy is essential for an adult benefit of soy (63). Messina and Woods
(64) have carefully reviewed the use of soy in cancer patients and concluded that soy
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could be safely used in this group. However, many physicians take a more prudent view
and limit the use of soy in those patients undergoing anti-estrogen therapy.

7. CHEMOPREVENTION MODELS

The role of diet in cancer prevention is described in many chapters in this volume.
Isoflavones have been used as chemopreventive agents in animal models of breast,
endometrial, lung, and prostate cancer. In the case of breast cancer, preventive effects of
soy (containing isoflavones) were observed in radiation (65) and chemical carcinogen-
induced mammary carcinogenesis (66, 67) in rats. Lamartiniere’s group then showed
that rats exposed briefly to genistein (500 μg daily by injection) in the perinatal (68)
and pre-pubertal periods (69) had a 50% reduction in the number of mammary tumors
compared to animals on a control (soy-free) diet. Importantly, this group went on to
show that feeding a genistein diet (250 ppm in the diet) to the mother rat during the
pre-weaning period also led to fewer mammary tumors in the pups when the latter were
challenged with carcinogen (70). This postnatal effect of genistein has been confirmed
(71), as has the use of biochanin A in a similar design (72). Another relevant result
was that rats exposed to genistein (73) or soy (74) pre-pubertally and then restarted on
dietary genistein 50 days after the administration of the carcinogen had a 75% reduction
in mammary tumors. In contrast, rats that were not exposed pre-pubertally to genistein
did not respond to the genistein administered in later life (74). A similar lack of effect
was obtained when genistein or isolated soy protein was added to the diet of rats 1
week prior to administration of DMBA (75). This is an important result since it suggests
that genistein may have little or no benefits in lowering breast cancer risk to the typical
American consumer who starts using it in midlife.

8. NUDE MOUSE MODELS

Athymic nude mice models have been extensively used to evaluate the anti-cancer
effect of compounds on human cancer cell lines in biological setting. Helferich and
his colleagues have pursued a variation of this model in which the mice are ovariec-
tomized (OVEX) to attempt to create the low estrogen environment that occurs post-
natally. Human MCF-7 breast cancer cells were implanted into these animals. They
were placed on diets containing differing amounts of genistein (0–500 ppm) or given
10 μg/day 17β-estradiol by injection. The physiological estrogen caused rapid growth
of the tumor whereas no treatment led to a gradual reduction in tumor growth. Genistein
reversed the decline in tumor cell growth in the OVEX animals and at the higher doses
increased the size of the tumor (76). They extended their initial results by examining
isoflavone-rich extracts of soy protein preparations in this model (77); the results were
variable – soy flour did not increase tumor growth, whereas isolated soy protein did.
This suggests that other components in soy are part of its chemoprevention properties
(78). The other major soy isoflavone daidzein and its bacterial metabolite equol had
only a small effect on MCF-7 cell growth in this model (79). A criticism of this OVEX
nude mouse model is that ovariectomy ablates rather than lowers plasma 17β-estradiol
levels. This led to a redesign in which low levels of 17β-estradiol were created in the
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OVEX nude mouse model (80). As in the simpler OVEX nude mouse model, dietary
genistein increased tumor cell growth. Of course, one can still argue that the estrogen-
supplemented OVEX nude mouse model is an incomplete model in that it lacks pro-
gesterone and other ovarian steroids. Nonetheless, what is clear from these data is that
genistein in the absence of an immune system acts as an estrogen and stimulates cell pro-
liferation of tumor cells containing ER. Furthermore, genistein opposes the anti-cancer
effects of the anti-estrogen tamoxifen (81) and the aromatase inhibitor letrozole (82).

In nude mice that have not undergone ovariectomy, subcutaneously injected genis-
tein (up to 0.5 mg/kg BW) has anti-cancer effects on ER-positive MCF-7 cells and
ER-negative MDA-MB-231 cells (83). It downregulates matrix metalloproteinase-9 and
upregulates an inhibitor of metalloproteinase-1, as well upregulating p21(WAF1/CIP1). It
also had effects on angiogenesis and lowers vascular endothelial growth factor (VEGF)
and transforming growth factor-β1 (TGFβ1). Genistein administered prior to implanta-
tion of MCF-7 or MDA-MB-468 cells prevented tumorigenesis (84). Subcutaneously
administered biochanin A (4′-methoxygenistein) also inhibits growth of MCF-7 cells
in nude mice (85). In contrast, Santell et al. found no anti-tumor effect of genistein on
MDA-MB-231 cells when it was administered at 750 ppm in the diet (86).

In contrast to breast cancer, genistein and isoflavones suppress tumor cell growth
in other cancer models using nude mice. Genistein reduces the growth of tumor cells
derived from renal cell carcinoma (87), bladder cancer (88), pancreatic cancer (89), and
prostate cancer (90–92).

9. ESTROGEN-LIKE PROPERTIES OF ISOFLAVONES

The realization that isoflavones had estrogen-like properties preceded the discovery
of ER. Farmers in Western Australia knew that clover isoflavones (biochanin A- and
formononetin- 4′-methoxydaidzein) induced infertility in sheep (93). Other species also
had similar responses to isoflavones – these include quail (94, 95) and cheetahs (96).
Cats cannot make glucuronide conjugates and this may slow the metabolism and clear-
ance of isoflavones, thereby enhancing their activity. Genistein was shown to antagonize
estrogen binding to its receptors (97, 98), although the estimated binding constant was
between 0.1 and 1 μM. An appreciation of the importance of ER and isoflavone action
came from the discovery of ERβ (99), which binds genistein at low nM levels, concen-
trations relevant to physiological concentrations. However, ERβ, unlike ERα, is regarded
by some as mediating protective mechanisms. Daidzein is a weaker estrogen than genis-
tein, whereas coumestrol (a phytoestrogen in Alfa alfa) is much stronger (100). How-
ever, the daidzein metabolite equol (Fig. 2) is a strong estrogen agonist. Equol has an
asymmetric C3 carbon atom. It is found in vivo as the S-isomer and has an ERβ binding
constant of 0.73 nM. In contrast, the R-isomer has a binding constant of 15.4 nM (101).
As for genistein, both R- and S-equol are somewhat weaker ligands for ERα (101). It
is worth noting that all the daidzein metabolites that involve reduction of the hetero-
cyclic ring have an asymmetric C3 carbon atom – whether their R- and S-isomers have
differential biological activities is yet to be determined.
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carbon atom (marked with an arrow).

10. AROMATASE

The effect of genistein on blocking the aromatase inhibitor letrozole in nude mice (82)
is in contrast to some, but not all, in vitro and cell culture studies of the action of genis-
tein on aromatase. Early in vitro studies suggested that genistein and other isoflavones
were inhibitors of aromatase (102, 103). However, genistein (1μM) increased aromatase
activity in colon cancer epithelial cells (104) and human adrenocortical carcinoma cells
(105). This suggests that genistein upregulates the expression of aromatase more than
it inhibits its enzymatic action. Another aspect of this issue is the effect of genistein
on the synthesis of 17β-estradiol. In isolated ovarian follicles, genistein lowered testos-
terone, but had no effect on 17β-estradiol (106). In MCF-7 cells, genistein (10 μM)
inhibited aromatase and 17β-hydroxysteroid dehydrogenase (107). Genistein inhibited
3β- and 17β-hydroxysteroid dehydrogenases in luteinized granulosa cells (108), albeit
at concentrations >10 μM (109).

However, the response of aromatase to genistein may depend on the animal model
or specific cell type used. Rats administered genistein have lowered testicular aro-
matase activity (110). In contrast, in glial cells expressing three distinct ERs and a
zebrafish aromatase gene, genistein upregulated aromatase expression (111). Timing of
the assessment of up- or downregulation aromatase mRNA expression or protein levels
may also be a factor (112). Combinations of isoflavones and other phytoestrogens may
both increase/decrease aromatase expression (111, 112) and decrease aromatase activity
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(113). Regulation of how much genistein reaches target cells may determine whether
the overall effect of genistein is stimulatory or inhibitory. In the brain, the amount of
genistein is predicted to be low. Accordingly, genistein has been shown to stimulate pro-
tein synthesis in ovariectomized rats (114). It is not known whether this is a direct estro-
genic effect, due to its stimulation of aromatase activity. Stimulation of brain protein
synthesis by isoflavones may have important quality-of-life issues above and beyond
cancer risk–benefit considerations.

11. ANDROGEN-DEPENDENT CARCINOGENESIS

Prostate-specific androgen (PSA) is under the regulation of the androgen receptor
(AR). Genistein lowers PSA secretion in AR+ve LNCaP human prostate cancer cells
through androgen-dependent and -independent mechanisms (115). Interestingly, it did
so at concentrations less than 1 μM.

12. PROTEIN TYROSINE KINASE INHIBITION

Besides the estrogen-like effects of genistein and other isoflavones, their mostly
widely described effect is as protein tyrosine kinase (PTK) inhibitors (49). However,
their inhibitor constants are in the μM range. Many investigators observing isoflavone-
induced changes in phosphotyrosine labeling of proteins in cells assume that the
isoflavone effect is on direct PTK inhibition. However, they should also consider an
indirect effect such as reduction in the amount of the protein. Nonetheless, there are
tissues where μM amounts of isoflavones exist – in the small intestine (estimated to
be up to 60 μM for a 50 mg daily dose – 185 μmol in 3–5 l of fluid), in urine in the
bladder (up to 30 μM) (116), in breast nipple aspirate (1–10 μM) (117, 118), and in
prostatic fluid (1–20 μM) (119, 120). These higher concentrations may not only impact
PTK inhibition but also other mechanisms reviewed in this chapter.

13. CELL-CYCLE REGULATION

Inhibitory effects of isoflavones on the cell cycle have been known for over 30 years,
beginning with rotenone (Fig. 3) (121). Genistein causes cell-cycle arrest at the G0/G1
transition (122) (Fig. 4) and at the G2/M transition (123) (Fig. 5). It decreases cyclin
B, which forms complexes with cell-cycle-dependent kinases CDK4 and CDK2 (123).
Genistein also increases proteins that inhibit the progress of the cell cycle (p21WAF1,
p27KIP1, and p16INK4a) (121, 124–127). Interestingly, genistein’s effect on cell-cycle
arrest by upregulation of p21WAF1 may depend on ERβ; silencing of ERβ blocked the
effect of genistein (128). In addition, epigenetic mechanisms may play a part by reversal
of hypermethylation of p16INK4a (129) or by chromatin remodeling (130). In addition,
genistein downregulates Mdm2, which removes phosphorylated p53 from the nucleus
(131). Finally, genistein increases Myt-1 and reduces the phosphorylation of Wee-1,
protein kinases that transcriptionally repress cyclin B1 (132).
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the transcription factor E2F. Phosphorylation of Rb releases E2F to initiate DNA synthesis. The activ-
ity of the cyclin D/cdk (2, 4) complex is downregulated by p21 and p27. These two proteins are
upregulated by genistein. p21 upregulation by genistein may be dependent on ERβ. Phosphorylated
p53 also blocks cyclin D/cdk (2, 4) activity – this is reversed by removal of p53 from the nucleus by
Mdm2. Genistein also reduces Mdm2 function.

14. SIGNALING PATHWAYS

Genistein was originally cast as an inhibitor of the epidermal growth factor path-
way (49). However, it is also a regulator of NF-κB (Fig. 6), mitogen-activated protein
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Fig. 5. The G2/M checkpoint in cell-cycle regulation. The cdk2/cyclin B complex is dephosphory-
lated by CDC25 to initiate the metaphase. Genistein blocks cdc2/cyclin B via its upregulation of p21,
promotes phosphorylation of cdck2/cyclin B by Myt1 and Wee1, and by upregulating p53 blocks
cdk2/cyclin B.
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Fig. 6. The NF-κB pathway. Cytokines and TNFα lead to phosphorylation of IKKβ. IκB dissociates
from the NF-κB (the p50/p65 complex) which then moves into the nucleus. NF-κB is acetylated by
p300 (Creb) – this is reversed by histone deacetylase.
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kinases (MAPKs or ERKs) (Fig. 7), p53, and AR pathways. Genistein blocks binding
of NF-κB to DNA and reduces phosphorylation of IκB (133), possibly by the mitogen-
activated kinase kinase 1 (MEKK1) (52). Epidermal growth factor is a regulator of Akt
phosphorylation (at Ser473) and this is inhibited by genistein. Since Akt also regulates
the NF-κB pathway, genistein may have a dual role, acting on both Akt and NF-κB
(134). Genistein also inhibits Akt-GSK-3β signaling (135). Upstream of NF-κB are the
MAP kinase pathways. Genistein inhibits activation of p38 MAPK by TGF-β in prostate
epithelial cells (136) and ERK1/2 (137).

GRB2

SOS

Ras

Raf1

MEK1
MEK2

ERKp38 JNK

MKK6
MKK3

MKK4
MKK7

Growth factors (PDGF,
FGF, EGF, BDNF, NGF)

Receptor kinases

TGFβ, FasL, IL-1, TNF α, heat shock,
LPS, reactive oxygen species, irradiation

GADD153 ELK-1 ELK-1 JunD ELK-1 MNK1/2

genistein genistein

Fig. 7. MAP kinase regulation. Genistein inhibits the tyrosine kinase activities of the growth factors
such as PDGF, EGF, FGF, BDNF, and NGF. It also inhibits the downstream kinases p38, JNK and
ERK1/2.

Genistein has roles as antioxidant. It reacts in a direct manner with reactive oxygen
species and related oxidants such as peroxynitrite and hypochlorous acid in vitro (138)
and in a phorbol ester-driven oxidative burst both in DMSO-differentiated HL-60 cells
(139) and in freshly isolated polymorphonuclear cells (140) to form nitrated and chlo-
rinated isoflavones. Chlorinated isoflavones are stronger antioxidants in models of LDL
oxidation (139). Genistein also inhibited tumor necrosis factor alpha (TNFα)-induced
adhesion of fluorescently labeled neutrophils to the vascular wall (141). Importantly, this
only occurred under conditions of shear stress and is PPAR-γ dependent (142). Interest-
ingly, the position of chlorine substitution of daidzein either enhanced (3′-chlorination)
or inhibited (6- or 8-chlorination) PPAR-γ-dependent effects (142). In addition to the
direct effects, genistein also increased the cytosolic accumulation and nuclear translo-
cation of the transcription factor, Nrf1 and Nrf2 (143), that mediate the response
to oxidative stress. It downregulates cyclooxygenase-2 expression (144) and inhibits
phosphorylation of the transcription factors STAT-3 and STAT-5 (145). It activates
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insulin-like growth factor 1-receptor signaling at low (<4 μM) concentrations (146) and
inhibits at high concentrations (>25 μM) (147).

15. APOPTOSIS

Genistein initiates apoptosis of cancer cells when used at higher concentrations.
Apoptosis can occur for cells that enter the cell cycle. Proteins associated with regulation
of apoptosis are listed in Table 1. These include the Bcl-2 family (anti-apoptotic, Bcl-xL,
Bcl-2; pro-apoptotic, Bax, Bak and Bad), as well as caspases and endoplasmic reticulum
stress-relevant regulators. In human hepatoma cells, genistein downregulates Bcl-2 and
Bcl-xL, and upregulates Bax and activates caspases (148) (Fig. 8). It has been suggested
that apoptosis can occur at dietary levels of phytochemicals (149). However, the inves-
tigators used genistein, its aglucone, at 2.5 μM which is not physiological since most
of the circulating genistein is present as its β-glucuronide with <5% as the aglucone. A
much more interesting experiment would be to examine the effect of a combination of
different phytochemicals (diindolylmethane, EGCG, genistein, and indole-3-carbinol)
all at realistic physiological concentrations to determine whether they act additively
or synergistically. It is also important to note that in all cell culture experiments the

Bad

Bax

BimBid

Bik

Cyto C

Bcl-2

Bcl-x

Apaf-1

Apaf-2

Pro-
caspase 9

Cyto C

Cyto C

Caspase 9

Apoptosis

Apoptotic signals

Pro-
caspase 9

Fig. 8. Apoptosis regulation. A variety of influences can initiate apoptosis via upregulation of Bad,
Bax, Bid, Bik and Bim – genistein does this, too. Genistein also downregulates the anti-apoptotic
proteins Bcl-2 and Bcl-x. Cytochrome c released from mitochondria binds to the apoptosome and
converts pro-caspase 9 to caspase 9. The latter then drives apoptosis.
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long-term effect of the agents should be studied since apoptosis may increase with time
as the phytochemicals disrupt the organization of the tumor cell.

16. METASTASIS

A limitation of most of the primary cancer chemoprevention models is that the tumors
that appear do not exhibit metastasis, yet it is metastasis that leads to premature death,
not the tumor per se. Therefore, it is the role of the isoflavones on preventing metastatic
growth and tissue distribution of cancer cells that is most relevant to cancer mortality.
Using MDA-MB-435 breast cancer cells expressing a GFP construct, Vantghem et al.
(150) implanted them under the mammary fat pad of female nude mice and left them to
grow for 5 weeks. They were resected and the animals placed on a control diet and one
supplemented with genistein. After a further 5 weeks, the lungs were assessed. Genis-
tein reduced by 10-fold the metastatic burden in the lung (150). More research using
this approach needs to be carried out using ER-positive cells and with other common
isoflavones.

Genistein (100 and 250 ppm in the diet) also inhibits lung metastasis in a model of
prostate cancer in nude mice created by implantation of PC3-M cells (90). Genistein-
mediated inhibition of activation of focal adhesion kinase (FAK) and of the p38
mitogen-activated protein kinase (MAPK)-heat shock protein 27 (HSP27) pathway
has been shown to regulate PCa cell detachment and invasion effects, respectively.
Additional benefits are associated with the combination of radiotherapy and genistein
treatment (91).

17. EPIGENETIC PHENOMENA

Genistein promotes DNA demethylation, “uncovering” the tumor suppressor GSTP1
in MDA-MB-468 cells (151). Other epigenetic effects of genistein were observed in
prostate cancer cells where it was shown to activate demethylation and acetylation of
histone3-K9 at the PTEN and the CYLD promoter, while acetylation of histone 3-K9 at
the p53 and the FOXO3a promoter occurred through reduction of endogenous SIRT1
activity (152). Other effects of genistein on histone acetylation have been reported;
genistein increased acetylated histones 3, 4, and H3/K4 at the p21 and p16 transcrip-
tion start sites in prostate cancer cells (130). Furthermore, genistein treatment increased
the expression of histone acetyl transferases that function in transcriptional activation.
As noted earlier, genistein also reduced the hypermethylation of p16INK4a in prostate
cancer cells (129).

18. TUMOR SUPPRESSOR PATHWAYS

The first result hinting that genistein impacted tumor suppression was the elevation of
p53 in HeLa cells (153). However, in melanoma cells overexpressing p53, the inhibitory
effect of genistein on cell growth was lost (154). Genistein induces the upregulation of
p53 protein, phosphorylation of p53 at ser15, activation of the sequence-specific DNA-
binding properties of p53, and phosphorylation of the hCds1/Chk2 protein kinase at
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threonine 68 (155). Furthermore, genistein induces phosphorylation of ATM on ser1981
and phosphorylation of histone H2AX on ser139 (156). Genistein increases p53 expres-
sion in non-tumorigenic MCF-10F mammary epithelial cells (157). However, the con-
centration (45 μM) was 3–4 orders of magnitude larger than would occur physiolog-
ically. Nonetheless, colonic cancer cells may be exposed to these concentrations; in
HCT-116 cells genistein upregulated p53 (158). Genistein elevated p53 protein levels in
mouse dendritic cells, potentially affecting NF-κB signaling (159).

There have been occasional reports on the effects of genistein on the tumor sup-
pressors BRCA1/BRCA2 expression and protein levels in cells (160, 161). However,
when genistein is administered via the diet in the pre-pubertal period, it increases
BRCA1 expression in the mammary gland (162), consistent with lowered mammary
tumorigenesis.

Genistein increases PTEN expression in the mammary gland of rats fed genistein
(250 ppm in the diet) or soy protein isolate (216 ppm genistein and 160 ppm daidzein)
from gestation day 4 (163). The mammary glands of the female offspring were obtained
50 days after birth. PTEN expression was also upregulated by genistein in LNCaP and
PC-3 prostate cancer cells (164).

Genistein recently has been shown to increase the tumor suppressor EGR-1 and sup-
press the protooncogene MET at concentrations below 1 μM in normal breast epithelial
cells (MCF-10F) (165). This protein also binds to the transcription factor Sp1.

19. EXOSOME SIGNALING

A new area of research in cancer prevention is the role of tumor exosomes on immune
tolerance. Exosomes arise from lysosomal processing of endosomes and are secreted by
many cell types. They can fuse with other cells and thereby transfer proteins, RNA, and
lipids from the tumor to natural killer (NK) cells. Exosomes from murine mammary
tumor cells inhibit NK cell DNA synthesis when challenged with IL-2 (166). Inter-
estingly, when the polyphenol curcumin is incubated with the mammary tumor cells,
the responsiveness of NK cells to IL-2 is restored (167). This occurs significantly at
100 nM – certainly a concentration that can be achieved by dietary means. The reversal
of the exosome effect was associated with curcumin-induced increased protein ubiqui-
tination. This suggests that the proteins included in the exosomes and transferred to NK
cells can be inactivated by dietary polyphenols. The role of isoflavones in regulating
the exosome numbers secreted by cancer cells, their protein content, and posttransla-
tional modifications remains to be pursued. These data suggest that isoflavones and other
polyphenols play important roles in maintaining the immune surveillance against can-
cer and call into question the significance of results obtained with immunocompromised
mouse models.

20. INTERACTIONS WITH OTHER PHYTOCHEMICALS

The systematic studies of most of NIH-sponsored research involve careful experi-
mentation to determine the mechanism of action of single compounds. This approach,
however, does not take into account the interaction between dietary components. When
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genistein was administered subcutaneously with the lignans enterodiol and enterolac-
tone to OVEX nude mice with MCF-7 cell implants, tumor cell growth did not occur
(168). However, this combination also blocked beneficial effects of genistein on bone
and caused uterine growth (169). The combination of biochanin A, epigallocatechin-3-
gallate (EGCG), and quercetin (administered subcutaneously) reduced the size of the
tumor created by implantation of MCF-7 cells in nude mice (85). Biochanin A in this
combination was one-third of the dose when it was used on its own to demonstrate anti-
tumor effects in this model. Since EGCG and quercetin had no significant effect when
they were administered alone, the combination indicates that interactions occur for the
effects of dietary components. In recent study, the effect of combining curcumin and
genistein on the inhibition of pancreatic cancer cell growth was found to be synergistic
(170). Nonetheless, combinations aren’t always beneficial. Although genistein signifi-
cantly increases the oral bioavailability of EGCG in Min (–/–) mice, the animals have
increased intestinal tumors (171).

21. OMICS AND MECHANISMS OF ACTION

Microarray analysis (transcriptomics). Most mechanistic studies are carried out with
the intent to test-specific hypotheses. This is the classical approach and it doesn’t dis-
tinguish whether the effects of the isoflavones are direct or indirect. In contrast, the
implementation of reproducible DNA microarray analysis, particularly, over the past 5–
6 years has allowed a broader appreciation of how isoflavones influence gene expression
in cells and tissues. However, to do this, careful control of the experimental design to
avoid systematic error is needed and sufficient numbers of replicates must be used (172,
173). Also, the concept of “significance” is often limited to simple fold-change criteria.
However, fold changes are only part of a Student t test – the t statistic contains not only
the difference between means of two groups but also a function of the pooled variance.
The more reproducible are microarray results (analytical and biological replicates), the
smaller the fold changes that are significant. Indeed, for some factors such as PTEN,
even a small change can be critical leading to either cell proliferation or apoptosis (174).

A second issue is the false discovery rate (FDR). In simple experiments where one
variable is being examined, we accept that a P value derived from the calculated t test
that is less than 0.05 indicates that the null hypothesis can be rejected. As the number of
variables increases, the P value has to be lowered. The Bonferroni correction (0.05/n)
where n = number of variables, is very harsh (175). Therefore, we must consider less
stringent alternatives. One way is to plot a histogram of the P values – under the null
hypothesis, the expected P values are uniformly distributed between 0 and 1. Therefore,
a distribution showing an excess of expected genes as the P values approach 0 is evi-
dence that some of the genes are true positives (Fig. 9). For instance, with an array with
5,000 genes that give measurable signals, the null hypothesis predicts that there will be
250 with P values <0.05. If we observe 377 genes that changed, then we can predict that
127 are true and 250 are false (however, we do not know which is which). The FDR is
67%. Only a few of the studies summarized in Table 2 take these issues into account.

Microarray analysis has been carried out using bladder (176), breast (177–181),
endometrial (182), lung (183), pancreatic (184), and prostate cancer cell lines
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Fig. 9. Distribution of P values. Under the null hypothesis, the observed P values of a high dimen-
sional system (e.g., a microarray) are distributed evenly between 0 and 1. This means that 5% of
the measured factors will have P values <0.05. In this example of a 5,000 factor array, the expected
number for P <0.05 under the null hypothesis is 250. However, 377 factors had P values <0.05. This
represents an excess of 127 factors. So, 250 are false and 127 are true, although all 377 will look
similar. Independent validation is necessary to define which is which.

(185–195). In many studies, genome-wide arrays were used (179–181, 184, 187, 188,
190–192, 194, 195), whereas selective oligonucleotide arrays were used in the other
cases (176–178, 183, 185, 186, 189, 193). The major pathways or specific genes reported
in these studies are summarized in Table 2. For the most part, the mechanisms associ-
ated with these changes in gene expression are consistent with the phenotypic changes
observed in previous studies, i.e., for ER-positive cells, low concentrations (below
5 μM) of genistein leads to cell proliferation, whereas higher concentrations (10 μM
and greater) cause cell-cycle inhibition and apoptosis. Genes that underwent changes
in expression were mostly those expected to be associated with these biological events.
Shioda et al. (179) stressed the importance of testing physiologically meaningful con-
centrations. However, these investigators used 3 μM genistein, which is not physiologic.
The lowest concentration of genistein in any of these studies was 0.5 μM (183), which
exceeds the physiologic concentrations in blood.

The bladder is an exception to this generalism because of the much higher concen-
trations in urine. If the intake of isoflavones is 50 mg/day, this is approximately 150–
180 μmol. If we assume 40% of the isoflavones are excreted in the urine per day and
the 24-h urine volume is 2 l, the urine concentration of isoflavones will be 30–36 μM.
Of course, it’s not known exactly what isoflavone concentrations the bladder cells are
exposed to, but they may substantially exceed other tissues.
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What is not often considered is that genistein circulating in the blood, and thereby
able to reach tissues, is mostly conjugated with glucuronic acid, with only a small
fraction in the aglucone (unconjugated) form. In this respect, genistein (and other
isoflavones and their metabolites) is similar to 17β-estradiol. Only a small fraction of
17β-estradiol is unconjugated and available for tissue uptake (196). Nonetheless, this
fraction still has biological and biochemical activity. There is a substantial difference in
genistein bioactivity between oral (dietary or by gavage) and peripheral intake (i.e., via
a patch or subcutaneous injection) of estrogens (197). For oral intake, the blood level
of unconjugated genistein rarely exceeds 100 nM. Most of the toxicological data have
been reported using experimental designs where genistein is administered by injection.
Under these conditions of administration, unconjugated genistein concentrations can
exceed 1 μM.

It is therefore more meaningful to examine microarray data from cells that are sub-
ject to cancer risk in vivo. Naciff et al. compared the dose responsive effects of 17α-
ethinylestradiol, bisphenol A, and genistein on gene expression in the uterus of ovariec-
tomized rats (198). Genistein lowered the expression of more genes than it upregulated
and behaved differently from 17α-ethinylestradiol and bisphenol A. Microarray analysis
of gene expression in PC-3 bone tumors in SCID mice treated with genistein revealed
that there were changes in cell growth, apoptosis, and metastasis, with a confirmed fall
in MMP-9 (199). Subsequent experiments indicated that genistein could augment the
benefit of the anti-cancer drug docetaxel (200). Another effect was the changes in gene
expression caused by a soy isoflavone concentrate in wild-type and Nrf2 (–/–) mice, a
factor that is associated with chemoprevention of prostate cancer (201). Analysis was
carried out on an Affymetrix mouse genome 430 2.0 array containing >45,101 probe
sets; 1,438 genes were upregulated >2-fold and 1,338 were downregulated, covering
a wide range of pathways. Gene classification revealed that they consisted of effects
on electron transport, phase II metabolizing enzymes, cell growth and differentiation,
apoptosis, cell cycle, transcription factors, transport, mRNA processing, and carbohy-
drate homeostasis.

22. PROTEOMICS

It is argued by many that gene expression is only one part of the – Omics strategy
(202). Gene transcripts have to be converted to proteins to fulfill their roles biologi-
cally and biochemically. Accordingly, techniques in protein chemistry at the global level
have been developed using gel-based and gel-free workflows. The gel-free approach has
been used extensively – it is based on the protease-driven hydrolysis of all the proteins
present in a sample and then a two-dimensional separation of the resulting peptides
based on their charge and hydrophobicity prior to tandem mass spectrometry (203). The
results from this approach were impressive, but were tempered by the realization that
overfitting of the MSMS spectra had occurred. Investigators now use reverse or random
databases to minimize false discovery of protein identification (204). Also the initial def-
initions of what a gene is (in 2000) and hence what the predicted/expected proteins are
undergoing change as the ENCODE project expands from the initial 1% survey of the
humane genome (205).
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A further consideration is what happens to a protein once its formed by translation of
the mRNAmessage. Many proteins have N-terminal signaling peptides that are removed
once the protein is “in place” in the cell. Most proteins undergo extensive posttransla-
tional modification (PTM). It is estimated that on average, PTM occur every 8–12 amino
acid residues in proteins (206). These can be important biochemically/functionally –
e.g., phosphorylation, glycosylation, methylation, acetylation, myristoylation, nitrosyla-
tion, ubiquitinylation, sumoylation – as well as being the result of oxidative stress, e.g.,
oxidation, nitration, and reaction with electrophilic lipids and lipid aldehydes. Finally,
many proteins are broken down into smaller parts, either intentionally like chromo-
granin in the brain (207) or as the result of the activation of metalloproteinases as part of
the metastatic process. Therefore, there is a strong need to determine the actual protein
forms in the system under study.

A better approach is to separate the proteins first. Biochemists have developed protein
separation methods over the past 80–90 years. The challenge for present day investiga-
tors is how to scale these methods so as to be able to observe as many of the proteins of
interest as possible while at the same time integrating the methods with mass spectrom-
etry. A popular method is the use of 2D-isoelectric focusing/SDS-polyacrylamide gel
electrophoresis (208). Its advantage is that it can spread the separation of 500–800 pro-
teins out over the 2D-gel. Proteins are separated not just by apparent molecular weight,
but also by their isoelectric points. Importantly, every spot observed on the 2D-gel is
a real protein, whether or not it is predicted by current interpretations of the human or
other genomes. Many proteins form strings across the gel – those that give essentially flat
lines (no measurable change in molecular weight) are often proteins undergoing phos-
phorylation or acetylation. Those strings that are at an angle (with increasing molecular
weights) can be proteins in different stages of glycosylation. Limitations of 2D-gels are
membrane proteins that are insoluble in the IEF buffer (7 M urea/2 M thiourea) and the
reproducibility of the mobility of each spot. The latter issue has been largely overcome
by the use of covalently attached pH gradients on plastic strips for the IEF first stage
of analysis (209). The introduction of fluorescent dyes (Cy dyes) that react with lysine
and cysteine groups has further helped. This methodology enables control and treat-
ment samples to be separately “colored” by individual Cy dyes and then the samples
mixed prior to 2D-electrophoresis (210). Changes in protein amount are determined by
measuring the ratio of the two fluorescent tags for each protein spot.

Proteins insoluble in IEF buffers can usually be resolved by standard 1D-single con-
centration or gradient gel SDS-polyacrylamide electrophoresis (211). The gel is cut into
many fractions from low-to-high molecular weights. Since SDS denatures proteins, this
is a particularly suitable method for effectively digesting proteins with proteases. The
resulting peptides are analyzed by nanoLC-tandem mass spectrometry. The advantage
of this Gel-LC method is that all the peptides for the particular molecular weight form
of the protein are present in each fraction.

Proteins also form complexes that are essential for their function. Another 2D-
electrophoresis method (2D-blue native or clear native electrophoresis) enables resolu-
tion of the intact protein complexes in the first dimension, followed by in-gel reduction
with dithiothreitol and resolution of the proteins orthogonally using a gradient SDS-
PAGE gel method (212–214).
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Using the 2D-gel approach, investigators have both examined mammary glands at dif-
ferent stages of development. In the former a potential pathway representing genistein-
dependent protein differences in mammary gland tissue has been postulated (215). GTP
cyclohydrolase 1 was one of six proteins whose abundance was changed by genistein. It
was significantly upregulated in day 21 animals injected with 500 μg genistein on days
16, 18, and 20 postpartum. This is the rate-limiting enzyme for the synthesis of tetrahy-
drobiopterin, a necessary cofactor for catecholamine synthesis and nitric oxide produc-
tion (216). Downstream of this enzyme, tyrosine hydroxylase was upregulated and this
continued to day 50. This was proposed to reduce VEGFR2 and thereby alter angio-
genesis and hence establishment of the mammary cancer. Importantly, these changes
occurred in the epithelial cell layer lining the ducts in the mammary gland.

Kim et al. (217) demonstrated that approximately 25% of the mammary gland pro-
teins detected on 2D-IEF/SDS-PAGE gel in day 21 and 50 day rats (at weaning and at
maximum sensitivity to carcinogen) underwent statistically different changes in abun-
dance and in mobility. Sixty-five of these proteins were identified by matrix-assisted
laser desorption ionization – time of flight mass spectrometry (MALDI-MS) and con-
firmed by nanoLC-tandem mass spectrometry. Future studies are being directed at
the modulating effects of polyphenols (genistein, resveratrol, and epigallocatechin-3-
gallate) on these proteins with the goal of identifying the critical targets and mechanisms
therein that alter the susceptibility of the mammary gland to cancer.

23. CONCLUSIONS

Isoflavones have structural similarities to physiologic estrogens. The soy isoflavone
genistein in cellular and pre-clinical animal models has been shown to have estrogen-
like effects, causing some concern about its safety. However, genistein and other
common isoflavones have many other demonstrable mechanisms that may offset the
estrogen-like effects, albeit that most occur at higher concentrations/doses. Also, there
are many cancers that do not express estrogen receptors where genistein and combina-
tions of isoflavones prevent tumorigenesis or existing tumor cell growth.
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28 The Anticarcinogenic Properties
of Culinary Herbs and Spices

Guy H. Johnson and Lyssa Balick

Key Points

1. In vitro and epidemiological studies have demonstrated a potential link between chronic inflam-
mation and cancer. Herbs and spices intake, especially in therapeutic dosages, may help decrease
inflammation.

2. Important mechanisms in cancer prevention include attenuation of free radical formation, removal
of radicals before damage occurs, repair of oxidative damage, elimination of damaged molecules,
and the prevention of mutations. Many culinary herbs and spices, for example, rosemary, oregano,
cinnamon, basil, cloves, are inherently high in antioxidant activity measured in vitro.

3. Several spices, or their active ingredients, have been evaluated for their anticancer potential using
intact animal models. Spices and herbs have been shown to prevent or delay carcinogenesis in
multiple organ sites.

4. Some spices and herbs have been shown to inhibit carcinogenesis by altering detoxifying enzymes.
Mechanistic studies have found that garlic can prevent tumor initiation and promotion by altering
the ratios of phase I and phase II liver enzymes.

5. There are emerging data in several areas to suggest that a variety of culinary herbs and spices reduce
the risk of cancer. However, there is very little evidence from human studies in this area. In addition,
human data on dose–response and biochemical mechanism are largely unavailable. Better designed
epidemiological and intervention studies are clearly needed in this area.

Key Words: Herbs; spices; cancer prevention

1. INTRODUCTION

Cancer is one of the leading global causes of death in the world (1). The purpose of
this chapter is to review scientific evidence on the possibility that components of culi-
nary spices and herbs (Fig. 1) help prevent or mitigate this constellation of diseases.
Abundant anecdotal information documents the historical use of herbs and spices for
their health benefits. Papyri from Ancient Egypt in 1555 BCE classified coriander, fen-
nel, juniper, cumin, garlic, and thyme as health-promoting spices. As early as 460–377
BCE, Hippocrates recorded medicinal uses for over 300 herbs and spices (including
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Basil (ursolic acid) Black Pepper
(piperine) Caraway Chili Pepper 

(capsaicin) 

Clove 
(eugenol, isoeugenol) Cinnamon Cumin Fenugreek 

Garlic (diallyl sulfide,  
diallyldisulfide

 allicin, ajoene, s allyl 
cysteine)

Ginger (6-gingerol, 
shogaol)

Mint (menthol) Onion (allicin, 
dipropyldisulfide) 

Oregano (thymol, 
carvacrol, rosmarinic 

acid) 

Red Pepper 
(capsaicin)

Rosemary  
(rosmarinic acid, 

carnosic acid, 
carnosol, rosmanol)

Saffron  
(crocetin, crocin) 

Sage (carnosic acid, 
rosmarinic acid, 

carnosol, rosmanol) 

Tumeric, (curcumin) Thyme (thymol) Vanilla (vanillin) 

Fig. 1. Selected spices and herbs (and phytochemicals) with chemopreventive properties.

garlic, cinnamon, and rosemary) in Ancient Greece and Rome. Roughly 500 years later,
Theophrastus, a Greek physician and botanist, published information on the health ben-
efits of over 600 herbs. Cumin, turmeric, and other seed plants were used several 1,000
years ago as part of ancient Indian medical practices and this use has endured to the
present (2, 3). Worldwide, 80% of indigenous populations use plant- and herb-based
medicines as their primary source of health care (4).

Western medicine is rooted in plant-based medicine. The United States used plants as
the primary source of medicine from the time of the Mayflower (1620) until after World
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War I (1930) (4). Many modern drugs such as aspirin from willow bark and morphine
from the opium poppy are based on herbal sources. Researchers and pharmaceutical
companies continue to investigate components in spices and herbs for their ability to
prevent and/or treat cancer and other diseases (3, 5).

The use of spices, herbs, and other alternative practices for the treatment/prevention
of cancer and other diseases is increasing. Spending on alternative therapies in the
United States increased by 45% to an estimated $27 billion between 1990 and 1997
(Table 1). Similar trends occurred in Australia, Germany, the United Kingdom, and
Spain (6, 7, 8). Aggarwal and Shishodia (9) have concluded that bioactive compounds
from herbs and spices may be found to be efficacious for both the prevention and the
treatment of different forms of cancer. The areas of most intense investigation are dis-
cussed briefly below.

Table 1
Spice Production in Tons and Cancer Rates in Selected Countries, 2000a

Spice production,
in tons

Cancer rates, all
sites but skin, maleb

Cancer rates, all sites
but skin, femalec

India 2,255,800 72.4 88.8
China 584,871 199.7 72.5
United States 6,120 536.8 458.8

aProduction data from 2000 faostat.fao.org, taken from http://www.foodmarketexchange.
com/datacenter/product/herb/herb/detail/dc_pi_hs_herb0406.htm. Cancer data from the World Health
Organization GLOBOCAN 2002, which approximates canccer rates from around 2000 (but could be
earlier).
bCrude rate per 100,000 males.
cCrude rate per 100,000 females.

2. THERAPEUTIC PROPERTIES OF HERBS AND SPICES

2.1. Anti-inflammatory Properties
In vitro and epidemiological studies have demonstrated a potential link between

chronic inflammation and cancer (10). Herb and spice intake, especially in therapeu-
tic dosages, may help decrease inflammation. Studies with animal models and in vitro
experiments have shown that sage, black cumin, and cinnamon can suppress or reduce
various biomarkers of inflammation (9, 11, 3). Some human experimental studies have
shown that ginger and turmeric inhibit the inflammatory process. In addition, limited
epidemiological evidence has suggested that populations that consume foods rich in
specific polyphenols (such as ginger) have lower incidences of inflammatory diseases
including cancer (3).

Several molecular targets involved in the inflammatory process are currently being
investigated for their effects on cancer. These targets include nuclear factor-kappa B
(NF-kB), signal transducer and activator of transcription 3 (STAT3), v-akt murine thy-
moma viral oncogene (Akt), B-cell CLL/lymphoma 2 (Bcl-2), apoptosis regulator Bcl-
X (Bcl-XL), caspases, poly (ADP-ribose) polymerase (PARP), IkappaB kinase (IKK),
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epidermal growth factor receptor (EGFR), human epidermal growth factor receptor
2 (HER2), Jun N-terminal kinase (JNK), mitogen-activated protein kinase (MAPK),
cyclooxygenase 2 (COX2), and 5-lipoxygenase (5-LOX).

In vitro and animal studies have shown that spices and herbs such as ginger, garlic,
and fenugreek (or bioactive substances in these foods including curcumin from turmeric
and capsaicin from red pepper) affect one or more inflammatory processes. Preliminary
research is also being conducted in humans with curcumin and garlic. These spices are
being studied in therapeutic dosages and in combination with other cancer medications.
This research has the potential to lead to targeted interventions in cancer prevention
and/or treatment (9, 12).

2.2. Antioxidant Properties
Important mechanisms in cancer prevention include attenuation of free radical

formation, removal of radicals before damage occurs, repair of oxidative damage, elim-
ination of damaged molecules, and the prevention of mutations (13, 14, 15). Many culi-
nary herbs and spices (e.g., rosemary, oregano, cinnamon, basil, cloves) are inherently
high in antioxidant activity measured in vitro (16). Curcumin is also a potent antiox-
idant with free radical scavenging ability several times higher than that of vitamin E
(13).

Antioxidants in foods may work in combination to produce synergistic effects.
Flavonoid-rich plant foods contain many different antioxidant compounds (17, 18). For
example, the antioxidant values measured by the oxygen radical absorbance capacity
(ORAC) assay of some salad vegetables increased when spices and herbs were added to
salad dressing (17, 19).

Studies in animal models have suggested that selected spices and herbs have antioxi-
dant activity in vivo (13). Limited information on the ability of antioxidants in culinary
herbs and spices to promote health in humans is available and more research on the
bioavailability and protective mechanisms of spices and herbs is needed to assess their
potential preventative and/or therapeutic benefits (9).

2.3. Effects on Tumor Cells in Culture
Tumorigenesis is a multi-step process that can become activated through environmen-

tal agents such as cigarette smoke, stress, oxidation, or numerous inflammatory com-
pounds (20). In vitro studies with spices and herbs have demonstrated inhibitory effects
on tumor cells. Curcumin has been shown to decrease tumor growth by interfering with
NF-kB and other factors such as i-NOS and COX-1 activity (21, 22, 23). Capsaicin,
cinnamon, ginger, and caraway have also been shown to inhibit animal and/or human
tumor cells in vitro, and several cell culture studies have observed a decrease in NF-kB
concentration when herbs/spices were added to the medium (21, 24, 25, 26, 27, 28). Oil
from garlic and onion was shown to prevent tumor growth in several cell culture studies
(21, 23), and Belman (29) reported that there was a dose–response for onion but not for
garlic.
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2.4. Effects on Cancer Initiation, Promotion, and Progression
in Intact Animals

Several spices (or their active ingredients) have been evaluated for their anticancer
potential using intact animal models. Spices and herbs have been shown to prevent or
delay carcinogenesis in multiple organ sites. Saffron extracts (e.g., crocin and crocetin)
have been shown to inhibit and/or delay the formation of skin and colon cancer in mice
and rats. Curcumin has been shown to help prevent skin, stomach, colon, breast, and
liver cancers in mice, while ginger and capsaicin (the pungent component in hot peppers)
have been shown to help prevent cancer promotion and tumor formation in animals
(13, 30).

2.5. Effects on Specific Detoxifying Enzymes
Some spices and herbs have been shown to inhibit carcinogenesis by altering detox-

ifying enzymes. Mechanistic studies have found that garlic can prevent tumor initiation
and promotion by altering the ratios of phase I and phase II liver enzymes (21, 31, 32).
An in vitro study by Gerhauser et al. (23) demonstrated that curcumin and active com-
pounds in garlic were among the most powerful plant compounds examined on their
ability to affect the detoxification process. In addition, cancer-induced mice fed rose-
mary had increases in liver detoxification enzymes (33, 34).

2.6. Effects on Bacterial Infections
Culinary spices and herbs are well known for their anti-bacterial properties and anec-

dotal information shows that these foods have been used around the world to prevent
bacterial infection and disease (3). In vitro studies have demonstrated that cinnamon,
clove, ginger, thyme, oregano, garlic, and turmeric have anti-bacterial properties (30,
35, 36, 33). In addition, bacterial strains subjected to repeated exposure to herbs and
spices do not develop resistance as often happens with repeated exposure to synthetic
antibiotics (33). Population studies have linked Helicobacter pylori infections to some
types of cancers. Furthermore, in vitro and animal studies have shown that garlic and
onion can prevent H. pylori growth (37) under some conditions. However, human inter-
vention studies have not consistently replicated this finding (38, 32, 39).

2.7. Human Observational and Population Studies
The amount of spice consumed in the diet varies dramatically according to geographic

location. There is currently no system to measure worldwide spice intake. However, the
Food and Agricultural Organization (FAO) tracks spices produced by country. The data
presented in Table 1 show that India and China were the top producers of spices in 2000
while the United States produced much smaller amounts. Interestingly, the highest spice
producing countries tend to have the lowest overall cancer rates (40). Nevertheless, the
significance of these crude estimates with respect to public health is unknown because
they do not account for factors such as income, environmental factors, and accuracy of
data collection.
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Several population-based studies have noted that the incidence of colon, gastroin-
testinal, breast, and other cancers in Southeast Asia are much lower than in western
countries. This observation is consistent with the hypothesis that common spices such
as garlic, curry, and chili play a role in reducing cancer incidence (20, 2, 22). Other
observational studies have shown that garlic intake is associated with lower incidence
of colorectal, esophageal, breast, and/or ovarian cancer in the United States, Australia,
Europe, and China (41, 42, 39).

2.8. Human Intervention Studies with Cancer Patients or Healthy Subjects
Controlled intervention studies designed to test the effect of spices or spice extracts

on cancer in humans are limited (13). Published data indicate that extracts from cur-
cumin and garlic are well tolerated in large doses (43). However, the long-term effects
of these spices have not been documented (44). Many spices have a high antioxidant
activity in vitro. However, there are very few data on bioavailability in humans. For
example, Sharma et al. (45) reported that curcumin, or its metabolites, at doses of
36–180 mg for up to 29 days were not detected in blood or urine of 15 advanced
colorectal cancer patients aged 41–72 living in the United Kingdom. In a subsequent
study, Sharma et al. (46) found that metabolites of curcumin were detectable for up
to 1 h in blood and urine of three patients with advanced colorectal cancer who took
3,600 mg of this compound. In addition, Cheng et al. (47) found that metabolites of cur-
cumin were detectable in blood and urine for almost 12 h (peak 1–2 h, all doses) in 24
patients who ingested 4,000–8,000 mg/day for 3 months. The fact that a compound is not
detected in large amounts in biological tissues does not necessarily mean it lacks bioac-
tivity. Such compounds may be metabolized quickly to more efficacious compounds
in the tissues or converted more slowly to beneficial compounds by intestinal bacteria
(45, 31).

Garlic supplementation in animals has prompted lower rates of gastric and other can-
cers and in vitro and animal studies suggest that garlic can reduce H. pylori infection.
However, long-term garlic supplementation has not reduced cancer rates or H. pylori
infections on a consistent basis (48, 13, 38).

In vitro studies have demonstrated that ginger has anti-inflammatory properties (e.g.,
reduced COX2 activity in platelets), but this effect has not been replicated in humans
(13). However, several studies have shown that ginger can prevent and/or reduce the side
effects of cancer chemotherapy in humans (49).

Several clinical trials are underway to investigate the efficacy of curcumin in cancer
patients. A variety of treatments ranging from large doses of curcumin to curcumin
combined with other cancer medications are being investigated. Other spices, herbs, and
extracts being studied include garlic for breast and stomach cancer, ginger for cancer
nausea, and capsaicin for cancer pain (clinicaltrials.gov).

3. RESEARCH ON SELECTED SPICES AND SPICE EXTRACTS

Many spices, spice extracts, and herbs have the potential to prevent or mitigate the
effects of cancer. However, curcumin (from turmeric) and garlic have been researched
the most extensively. A synopsis of this research is provided below.
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Fig. 2. Structure of curcumin deferuloylmethane. Reproduced with copyright permission by Jagetia
and Aggarwal (50).

3.1. Curcumin
Curcumin (Fig. 2) is an active compound in turmeric and contributes to the yellow

color found in such foods as curries and yellow mustard. Curcumin has been used in
Ayruvedic medicine for at least 5,000 years. This compound has been used by people
in India to treat various ailments (e.g., gastrointestinal disorders, liver disorders, aches,
pains, wounds, sprains) for centuries with no known side effects (152). Aggarwal (152)
has concluded that numerous lines of evidence suggest that curcumin could help pre-
vent or mitigate the effects of skin, oral, stomach, intestinal, colon, mammary, breast,
liver, prostate, blood, bone marrow, brain, gastrointestinal, head and neck, pancreatic,
esophageal, lung, and ovarian cancers.

3.1.1. ANTI-INFLAMMATORY/ANTIOXIDANT PROPERTIES

Both animal and in vitro studies have shown that curcumin acts as an anti-
inflammatory compound by inhibiting the COX-2, LOX, NADPH oxidase (NOX), and
inductible nitric oxide synthase (i-NOS) pathways. COX-2 and NOX are often involved
in tumors and malignant tissues and LOX and i-NOS are associated with different types
of human cancers (51, 52, 53). Both in vitro and animal studies have demonstrated
the effect of turmeric, curcumin, and/or curcumin analogues on the inhibition of these
enzymes (152).

Interleukin 6 (IL-6), a biomarker associated with inflammation, induces STAT3 activ-
ity, which has been detected in head and neck squamous cell carcinoma, leukemias, lym-
phomas, and multiple myeloma (54, 55). Bharti et al. (54) demonstrated that curcumin
was able to inhibit STAT3 activity in vitro.

Curcumin also inhibits NF-kB, which affects cancer and many other diseases. NF-kB
mediates inflammation and plays a pivotal role in controlling cell proliferation, onco-
genesis, and cell transformation (51). Ingested or topically applied curcumin has been
shown to inhibit NF-kB in several in vitro cancer lines and animal studies (152, 52).
Additionally, the role of curcumin and NF-kB is currently being investigated in a clinical
trial at the MD Anderson Cancer Center in multiple myeloma patients (151, 56). Prelim-
inary results, which have not yet been published, suggest that 2–12 g of curcumin/day
greatly decreased the amount of NF-kB in some patients after 24 weeks. However, this
result was not seen in all patients (56).



678 Part IV / Other Bioactive Food Components in Cancer Prevention and/or Treatment

A separate phase II clinical trial investigated the effect of curcumin (8 g for 8 weeks or
more) on NF-kB (as well as other biological effects of curcumin) in 25 pancreatic cancer
patients (12). Of 19 patients who provided blood samples, there was a nonsignificant
(p <0.10) decline in NF-kB concentrations after 8 days of treatment (12).

Curcumin is also considered an antioxidant because it helps inhibit free radical pro-
duction and oxidative damage (51, 57, 58). In vitro studies have shown that curcumin
can induce heme oxygenase-1 (HO-1) and protect endothelial cells against oxidative
stress (59).

Curcumin is a potent scavenger of reactive oxygen species (ROS) including superox-
ide anion, 9 hydroxyl radical, singlet oxygen, and peroxynitrite (59, 58). Both in vitro
and animal studies have demonstrated that curcumin can protect lipids, hemoglobin,
and/or DNA against oxidative degradation. Curcumin has also been shown to inhibit
ROS-generating enzymes as well as cyclooxygenase (COX) and lipoxygenase (LOX)
activity in mouse epidermis (59, 57). A few in vitro studies have shown that curcumin
can increase the production of ROS (57, 58) under certain conditions. Interestingly, ROS
increases are related to mechanisms of curcumin-induced apoptosis, which are depen-
dent on increasing ROS (57, 58).

3.1.2. EFFECTS OF CURCUMIN ON TUMOR CELLS IN CULTURE

Curcumin works to prevent tumor growth in cell cultures by several mechanisms. It
has been shown to inhibit angiogenesis (an obligatory process for tumor growth) in sev-
eral experiments (60). Zhang et al. (61) found that curcumin suppressed COX-2 activity
and reduced tumor size in different calf, mouse, rabbit, and other animal cultures. A
separate study found that curcumin inhibited tumor growth in human colorectal cancer
cells (51). Curcumin has also been shown to suppress or delay tumor growth by inhibit-
ing i-NOS and LOX activity in several animal and human cancer lines. This compound
has been shown to help inhibit the tumor suppressor gene, p53, in some cancer lines
(55). Curcumin has also been shown to induce apoptosis and suppress the growth of
several T-cell leukemia cell lines in a dose-dependent manner (57, 62).

NF-kB activation has been observed in many cancer cell lines, and the inhibition of
NF-kB has resulted in a decrease in cancer and tumor cells (55). Curcumin has been
shown to decrease the amount of NF-kB and the size and growth rate of tumors in both
animal and human tissue cultures. Curcumin has also been shown to inhibit the produc-
tion of tumor necrosis factor (TNF) in both animal and human cells. TNF suppression
is linked to the inhibition of NF-kB production (51).

Activator protein-1 (AP1) is another transcription factor that has been closely linked
with the proliferation and transformation of tumor cells. The activation of this factor is
closely related to that of NF-kB. Curcumin has been shown to inhibit the tumor growth
and the activation of AP-I in different cell lines (55, 63).

Several studies have suggested that the anticancer effects of curcumin analogues may
be even more potent than that of the parent compound. For example, several analogs
were up to 10 times more effective than natural curcumin in inhibiting tumor growth
in over 60 different human tumor cell lines. Analogues were well tolerated with little
toxicity (52).
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3.1.3. EFFECTS OF CURCUMIN ON CANCER INITIATION, PROMOTION,
OR PROGRESSION IN INTACT ANIMALS

Curcumin has been tested extensively in animals. Several studies have demonstrated
that topically applied curcumin can inhibit tumor formation on mouse skin. Ingestion of
curcumin decreased the number and/or size of skin, liver, colorectal, oral, and stomach
tumors in animal models. Curcumin also decreased cancer-related weight loss and the
amount of adenocarcinoma at different cancer sites (e.g., stomach, colon, and liver) (64)

Angiogenesis is involved in the conversion of premalignant to malignant cells and
occurs in breast, prostate, liver, ovarian, and other tumors. Animal and in vitro stud-
ies have demonstrated that curcumin affects angiogenesis through the downregulation
of transcription factors (e.g., NF-kB), proangiogenic factors [e.g., vascular endothe-
lial growth factor (VEGF), COX-2], and inhibition of cell motility, cellular adhesion
molecules, endothelial cell migration, invasion, and extracellular proteolysis (60). Sev-
eral studies have demonstrated the antiangiogenic effects of curcumin in mice (64). For
example, Yoysungnoen et al. (65) examined neocapillary formation in liver cells and
found lower capillary density in tumors of mice who received 3,000 mg/kg of curcumin
compared to controls.

Curcumin has been tested in animal models with malignant tumors (64). For example,
Ohashi et al. (66) found that 100–200 mg/kg of curcumin given to mice daily for 20 days
suppressed intrahepatic metastasis in a dose-dependent manner compared to controls
(although tumor growth was not affected).

Several xenograph experiments have demonstrated the ability of curcumin to inhibit
cancer initiation, promotion, or progression. Shanker et al. (67) found that curcumin
inhibited tumor growth, metastasis, and angiogenesis in mice who were implanted with
prostate cancer cells. Kunnumakkara et al. (68) demonstrated that curcumin decreased
tumor size, inhibited apoptosis, and suppressed NF-kB activity in pancreatic cancer
using mouse xenograph experiments. Aggarwal (30) and Bachmeier et al. (69) found
that mice implanted with human breast cancer cells had decreased metastasis to the
lung, and suppressed NF-KB, COX 2, and matrix metalloproteinase (MMP) activity
compared to controls. Li et al. (70) observed that curcumin reduced the expression of
double minute (MDM2) oncogene in mice who received prostate cancer xenographs.
MDM2 is dependent on the p53 gene and is currently being investigated for new cancer
therapy treatment (70). Hong et al. (71) reported that curcumin decreased pancreatic
tumor size and inhibited MMP activity in mice with implanted prostate cancer cells.
Curcumin also suppressed tumor growth and/or density in mice with xenographed head
and neck and liver tumors (72, 65).

Curcumin has been shown to increase immune response in both in vitro and animal
models (57, 73, 50). Specific effects of curcumin on the immune system are presented
in Fig. 3.

Animal studies include research by Antony et al. (74) who reported that mice fed
curcumin had higher plaque-forming cells (PFCs), bone marrow cells, and white blood
cell counts compared to control animals. Yasni et al. (75) found that mice fed turmeric
for 3–5 weeks had increased T lymphocytes throughout the experimental period (73).
Immune effects may play an important role in cancer prevention as well as in cancer
treatment (50).
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Fig. 3. Regulation of immune cells by curcumin (deferuloylmethane). Reproduced with copyright
permission by Jagetia and Aggarwal (50).

Some reports have suggested that curcumin can protect animals against radiation.
Rats who received curcumin had lower levels of lung toxicity, liver and lipid perox-
idation, and chromosomal damage compared to controls (76). Some protection from
radiation has been observed in humans. However, the evidence is not yet conclusive
(152).

3.1.4. EFFECTS OF CURCUMIN ON SPECIFIC DETOXIFYING ENZYMES

Modulation of enzymes involved in the activation and detoxification of carcinogens
is one function of chemopreventive agents including curcumin (64). Phase I enzymes
such as cytochrome P450 (CYP) convert compounds (e.g., tetrachloromethane and afla-
toxin B1) to toxic-reactive metabolites. Turmeric, curcumin, and curcumin analogues
have inhibited CYP enzymes in vitro (64, 77). Sharma et al. (77) concluded that under-
standing these metabolic effects can also help determine potential drug interactions in
clinical use.

Curcumin has been shown to increase the activity of several phase II detoxify-
ing enzymes. Separate studies found that feeding mice 1–2% of the diet as cur-
cumin increased the activity of glutathione-S-transferase (GST), glutathione (GSH), DP-
glucuronosyltransferase (UGT), and/or quinone reductase activity in the liver, kidney,
intestine, and/or prostate compared to controls (64, 59, 78, 79, 80, 81). Surh and Chun
(64) have shown that curcumin can disrupt the Nrf2–Keap1 complex which is associated
with an increase in the expression of detoxifying enzymes [e.g., heme oxygenase- 159
(HO-159)]. This study also demonstrated increased activity of glutamate–cysteine ligase
(GCL) gene expression, which in turn increases phase II enzyme activity. Curcumin has
also been shown to induce HO-1 activity in human hepatocytes, vascular endothelial
cells, and renal proximal tubule cells (64).
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Curcumin has also been shown to inhibit the activity of procarcinogen
benzo[a]pyrene (B[a]P) which is present in the detoxification process. For exam-
ple, curcumin has been shown to decrease the levels of phase I enzymes, activate B[a]P
in the liver, and increase the levels of phase II enzymes, which are involved in the
detoxification of metabolites derived from B[a]P (57).

3.1.5. EFFECTS OF CURCUMIN ON BACTERIAL INFECTIONS

Curcumin has been shown to affect infection with bacterial strains (e.g., H. pylori) in
vitro (82, 2). Both Münzenmaier et al. (83) and Foryst-Ludwig et al. (84) showed that
curcumin also downregulated NF-kB and IL-8 in vitro. These compounds are induced
by several H. pylori strains. There is currently no conclusive evidence that treatment
with curcumin has an effect on H. pylori infection in humans (2). Di Mario et al. (85)
administered curcumin in combination with N-acetylcysteine, pantoprazole, and lacto-
ferrin to 25 Italian males and females with functional dyspepsia and a positive H. pylori
infection for 7 days. Only 3 of 25 patients (12%) were cured of this infection after 2
months. However, significant decreases occurred for both reported severity of symp-
toms (p <0.001) and serum pepsinogens [sPGI (p <0.02), sPGII (p <0.001)] at day 7 and
after 2 months of treatment.

3.1.6. HUMAN OBSERVATIONAL STUDIES ON CURCUMIN

As mentioned in the introduction, populations differ in both their dietary intake of
spices and herbs and their rates of cancer morbidity and mortality. Worldwide, those
populations who consume the most spices tend to have the lowest cancer rates. Cur-
cumin has been consumed for centuries in Asian countries without any observed toxic-
ity (86). According to Menon and Sudheer (51), “more than one billion people consume
curcumin regularly in their diets.” Eigner and Scholz (87) reported that in parts of Asia,
people consume up to 1.5 g of turmeric/day. Mohandas and Desai (88) attribute the low
incidence of bowel cancers in India at least partially to the high amounts of curcumin
(from turmeric) in the diet. However, there is a lack of detailed information as to how
the turmeric is consumed, prepared, or combined with other foods and/or spices. More
epidemiologic data are needed to better understand the possible associations between
intake of turmeric and curcumin and cancer incidence (88).

3.1.7. HUMAN INTERVENTION STUDIES WITH CURCUMIN ON CANCER

PATIENTS OR HEALTHY SUBJECTS

Considerable research has demonstrated that curcumin has the potential to prevent
and delay cancer. However, the effectiveness of this compound has not been systemati-
cally examined in multicenter, randomized, double-blind, placebo-controlled clinical tri-
als (152). The most comprehensive studies on curcumin have been conducted on safety.
For example, curcumin was found to have no toxic side effects in humans in dosages
from 8 to 12 g/day (50).

A limited number of case studies, pilot studies, and/or phase I/II trials have been con-
ducted with curcumin. Most of these studies have employed cancer patients. Sixty-two
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patients with external cancerous lesions who used a topical ointment made from cur-
cumin and turmeric reported some symptomatic relief (either reduced itching, dryness,
or smell). In addition, 10% of these subjects reported reduced tumor size. However,
these findings must be interpreted with caution because this experiment had no control
group and the data were self-reported (89, 64).

Polasa et al. (90) gave 1.5 g/day of turmeric to 16 smokers for 30 days and reported
that urinary excretion of mutagens was significantly reduced (p <001). Six smokers who
did not receive turmeric had no changes in urinary mutagens after 30 days.

A pilot study in the United Kingdom (45) gave 15 patients with advanced colorectal
cancer 36–180 mg/day of curcumin extracts for up to 4 months. All doses of the extracts
were well tolerated. As noted earlier, curcumin and its metabolites were not detected
in blood or urine, but they were recovered from feces. One-third of the patients in this
study experienced stable disease for 2–4 months, and one additional patient exhibited
decreased amounts of a tumor marker (carcino-embryonic antigen). A subsequent phase
I clinical trial (46) provided curcumin supplementation with 0.45–3.6 g/day for up to
4 months to 15 patients diagnosed with progressive advanced colorectal cancer. There
was little toxicity with the exception of mild diarrhea. Curcumin and its sulfate metabo-
lites were detected in plasma and urine, but only for 1 h in three patients who con-
sumed 3.6 g/day of curcumin. The consumption of curcumin inhibited prostaglandin E2
(PGE2) production. Two of the 15 patients experienced radiologically stable conditions
for 4 months after the treatment with curcumin (46).

A phase I clinical trial in Taiwan (47) examined the effects of curcumin supple-
mentation in 25 patients with high-risk or premalignant lesions of the bladder, skin,
cervix, stomach, or oral mucosa. Patients took curcumin for 3 months in increasing
doses from 500 to 12,000 mg/day. Skin biopsy was performed immediately before
and after curcumin supplementation. Patients tolerated curcumin supplementation up
to 8,000 mg/day. Blood serum levels peaked 1–2 h after ingestion; after 12 h, con-
centrations usually declined to baseline. Improvement in lesions was seen in 7 of the
25 patients. One patient did not complete the study and two of the patients developed
malignancies despite curcumin use (47).

Dhillon et al. (12) conducted a phase II clinical trial to investigate the biological
effects of curcumin in 25 American male and female patients (mean age = 65) with
advanced pancreatic cancer. Patients received 8 g curcumin daily until disease progres-
sion (restaging was done every 8 weeks). Ninteen of the 25 patients who were enrolled
completed the 8-week trial and were evaluated. No toxicity was observed in any of
the patients. Significant reductions in COX-2 (p <0.03) and STAT3 (p <0.009) were
observed after curcumin treatment. In addition, NF-kB levels declined, but not signifi-
cantly (p <0.10). Of the two patients with clinical biological activity, one had stabilized
disease for over 18 months and the second one had a transitory regression in tumor
size (73%) and decreased levels of all cytokines (e.g., IL-6, IL-8, IL-10, IL-1, NF-kB,
COX-2).

A concern regarding clinical trials with curcumin is the apparent low bioavail-
ability of this compound (31). As mentioned above, even at high doses (e.g.,
400–8,000 mg/day), curcumin is not detectable in blood after 12 h. Efficient first-pass
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metabolism or alteration of curcumin in the gut may explain the apparent poor systemic
availability of this compound when taken orally (31). However, as noted previously, the
fact that a compound is not detected in large amounts in biological tissues does not nec-
essarily mean it is not bioactive. Such compounds may be metabolized quickly to other
efficacious compounds, or modification by bacteria in the intestinal tract may prompt
conversion to beneficial compounds that are subsequently absorbed (45, 31).

Curcumin bioavailability in humans may be enhanced by the use of synergistic com-
pounds. For example, Shoba et al. (91) found that 10 male healthy human volunteers
from India who ingested 20 mg of piperine (from black pepper) in combination with
2,000 mg of curcumin had greatly enhanced (2,000%) curcumin bioavailability (31).

Several clinical trials from pilot phase to phase III trials are underway to investigate
the efficacy of curcumin in cancer patients (clinicaltrials.gov). A variety of treatments
ranging from large doses of curcumin to curcumin combined with other cancer medica-
tions are being investigated.

3.2. Garlic
Garlic (classified as both a spice and a vegetable) belongs to the Allium class of plants

along with onions, chives, leeks, and scallions. Garlic was used to treat tumors over
3,500 years ago in Ancient Egypt (49) and is used today as a spice for foods worldwide
and as a dietary supplement in western countries (92).

Garlic contains many potentially bioactive compounds including arginine, oligosac-
charides, flavonoids, and selenium, all of which may be beneficial to health (93, 94).
This spice also contains many organosulfur compounds (OCS), which may have a role
in cancer prevention (95, 32, 96) (Fig. 4). These substances include water-soluble allicin,
alliin, S-allyl cysteine (SAC), S-allyl mercaptocysteine (SAMC), and oil-soluble diallyl
sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS) (Fig. 5). Other
organosulfur compounds that have been examined include aged garlic extract (AGE),
garlic powder, garlic oil, garlic homogenate, and raw garlic. Some of the active com-
pounds in garlic are presented in Fig. 3.

3.2.1. LIMITATIONS OF GARLIC RESEARCH

There are more than 2,000 scientific publications on the chemistry and biological
effects of garlic. However, studies do not always identify the type and/or form (e.g.,
extract) of garlic employed (37). In addition, many studies do not use a chemically
standardized product, although this approach tends to be in use in more recent experi-
ments. The composition of garlic depends on the source, age, storage conditions, type of
processing, and method of consumption (37, 32, 98, 99, 96, 100). The amount and com-
position of organosulfur compounds differ among strains of garlic, and this variability
is exacerbated by the volatile and reactive nature of these compounds (37, 32, 96).

Cancer-related garlic research is far from conclusive. Nevertheless, there is consid-
erable evidence that garlic and its active compounds play a role in cancer prevention
and/or progression. This research is summarized below.
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Fig. 4. Chemical structures of garlic compounds. Reproduced by copyright permission by Wu et al.
(97).

Fig. 5. Organic compounds in garlic. Reproduced by copyright permission by Wu et al. (97).
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3.2.2. ANTI-INFLAMMATORY/ANTIOXIDANT PROPERTIES OF GARLIC

The antioxidant and anti-inflammatory activity of garlic is seen in a variety of forms
(95). Garlic and its active compounds consistently exhibit good antioxidant activity,
scavenge free radicals, and induce the activity of several antioxidant enzymes including
glutathione peroxidase, GST, and superoxide dismutase (101, 95, 32, 100, 92).

Garlic OSC have been reported to exhibit good antioxidant activity (95, 32).
For example, Prasad et al. (104) found that when mice were given either low
(250 mg/animal) or high (500 mg/animal) amounts of the organosulfur compound DAS,
levels of testosterone-induced oxidative stress were lower and levels of antioxidant
enzymes were higher compared to controls. DADS can also inhibit lipid peroxidation in
the liver in vitro (105). Organosulfur compounds, SAC and SAMC (major compounds
in aged garlic extract), have been shown to exhibit free radical scavenging activity in in
vitro experiments (100).

Garlic has been shown to lower ROS formation through the inhibition of myeloper-
oxidase (MPO). This enzyme can prompt activation of mutagens (e.g., tobacco smoke)
and environmental pollutants (32) and lead to the generation of ROS. Gedik et al. (106)
found that administration of aqueous garlic extract for 28 days reduced oxidative dam-
age (decreased MPO activity) in rats with biliary obstruction as compared to controls.
Sener et al. (107) reported that rats given aqueous garlic extract exhibited decreased
MPO activity and oxidative damage induced by thermal stress as compared to controls.

Moreover, garlic has the ability to decrease the inflammatory response (32). For
example, garlic has been shown to decrease both leukocyte helper cells and inflam-
matory cytokine production in vitro (32). Lang et al. (108) found that allicin inhibited
inflammatory biomarkers such as interleukin 1 beta (IL-1β), interleukin 8 (IL-8), and
interferon-gamma-inducible protein 10 (IP-10). In addition, Dirsch and Vollmar (109)
demonstrated that ajoene, a component of crushed garlic, inhibited COX-2 activity in
vitro.

3.2.3. EFFECTS OF GARLIC ON TUMOR CELLS IN CULTURE

Garlic and its active compounds have been shown to suppress the proliferation of
cancer cells in culture. Antitumorigenic effects have been demonstrated for many types
of cancers including mammary, colon, lung, skin, and prostate tumor cell lines in both
animal models and humans (49, 97). Generally, the effect on apoptosis was both dose
and time dependent (97).

As early as 1958, Weisberger found that selenium compounds and allium enzymes
in garlic could suppress the growth of mouse and rat tumor cells in culture. Wesiberger
also found that these compounds suppressed tumor growth when they were injected
into intact animals. Chu et al. (110) found that SAC and SAMC suppressed cancer cell
proliferation in the prostate as well as restore E-cadherin expression. Chu et al. (110)
also found that SAC and SAMC restored E-cadherin in other human cancer cell lines
including ovarian, nasopharyngeal, and esophageal. Some researchers have concluded
that inactivation of E-cadherin is a key component in cancer development and that garlic
derivatives may play a role in cancer prevention through the activation of this factor
(95, 110).
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Some evidence suggests that garlic compounds can modify cell division by blocking
cells within the G1, S, or G2/M phases (105, 97, 98). In vitro data suggest that OSC
(such as DADS, SAMC, and DAS) can contribute to cell arrest in the G2/M phase of
the cell cycle (105, 98), but this mechanism has not yet been consistently demonstrated
in human or animal models (32, 105).

DADS, DAS, and DATS have been shown to inhibit p53 activity and increase the
number of apoptotic cancer cells in several cell lines (99, 98). DAS and DADS have
also been shown to increase the concentration of BCL2-associated X protein (BAX)
and/or decrease levels of B-cell CLL/lymphoma 2 (Bcl-2) in vitro, which correlate to
inhibition and promotion of the p53 gene, respectively (98, 99).

NF-kB activation has been observed in many cancer cell lines and the inhibition
of NF-kB has resulted in a decrease in cancer and tumor cells (55). The organosulfur
compound SAC has been shown to inhibit NF-kB activation in several in vitro exper-
iments (100). Overall, the mechanisms by which garlic may inhibit tumor growth are
not well understood (32, 97). However, it has been hypothesized that both the water-
soluble and oil-soluble OSC in garlic may work together to facilitate transport through
the lipid bilayer of the cell membrane (97). Compounds with high biological activity
(e.g., DADS, SAMC, DAS) seem to have a high number of sulfur atoms, which could
potentially increase GSH production (97, 101, 102, 103).

A few in vitro studies have been conducted to assess the toxicity of garlic compounds
but Wu et al. (97) have concluded that more research is needed to assess their long-term
safety.

3.2.4. EFFECTS OF GARLIC ON CANCER INITIATION, PROMOTION,
AND PROGRESSION IN INTACT ANIMALS

Garlic and its active compounds have been shown to inhibit carcinogenesis at multiple
sites in animals treated with a variety of carcinogens (49, 32). Cancer chemoprevention
by garlic and its active compounds has been demonstrated at the initiation, promotion,
and progression stages in intact animals (111). The ability of garlic to suppress cancer at
various stages does not appear to be species, tissue, or carcinogen dependent (112, 99).
The organosulfur compound, DAS, has been shown to prevent the initiation and progres-
sion of cancer in several animal models. For example, Singh and Shukla (113) found that
250 μg of DAS applied to Swiss albino mice 3 times/week for 32 weeks decreased the
incidence of skin tumors in mice compared to untreated controls. Anti-tumor properties
of DAS on mouse skin carcinogenesis have also been observed in several other studies
(105). Shukla et al. (114) found that mice injected daily with 250 μg of DAS for 7 days
and then implanted with ascites tumor cells had a 67% higher chance of survival than
untreated controls after 8 weeks. Arunkumar et al. (115, 116) found that DAS inhibited
cancer induction in the rat prostate. DAS and other organosulfur compounds have also
provided protection from mammary gland, lung, colon, esophageal, colon, skin, and
stomach cancers in rats and mice (49, 97).

Other compounds from garlic have been shown to prevent or delay cancer in intact
animals. As mentioned above, Weisberger and Pensky (117) found suppressed ascites
tumor cell growth (both size and number) in intact Swiss Albino mice given the
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selenium garlic compound S-ethyl L-cysteine sulfoxide treated with alliinase. There was
no significant effect on tumor growth or number when the compounds were administered
to the mice separately.

AGE has been shown to demonstrate a number of chemopreventative and tumor
growth effects in animal models (118, 119). For example, AGE and its constituents were
shown to inhibit the development of chemically induced tumors in the bladder, mam-
mary gland, colon, esophagus, lung, skin, and stomach of rodents (118). Lamm and
Riggs (119) found that oral AGE added to drinking water (5, 50, and 500 mg/100 ml)
inhibited bladder tumor growth in a dose-dependent manner in mice. AGE and its con-
stituents may inhibit carcinogen activation, enhance detoxification of phase I and phase
II enzymes, and provide protection from carcinogens (118, 119). However, AGE may
also be toxic when injected into mice at high doses (119).

Some studies have compared the effects of garlic and/or bioactive garlic compounds
on the development of cancer in intact animals. Schaffer et al. (120) studied the effects
of dietary garlic powder (20 g/kg) or selenium garlic compounds including SAC and
DADS (57 μMol/kg) on the occurrence of mammary tumors in rats. Tumor incidence
was reduced by 76, 41, and 53% after 23 days in rats fed garlic, SAC, and DADS,
respectively, compared to controls. Analogous data for total tumor number were reduced
81, 35, and 65%, respectively.

3.2.5. EFFECTS OF GARLIC ON SPECIFIC DETOXIFYING ENZYMES

Phase I detoxification reactions usually involve the cytochrome P450 (Cyp 450) sys-
tem, which can act on a wide variety of chemical carcinogens, drugs, and environmental
toxins (121). Garlic and its active compounds appear to modify both phase I and phase
II detoxification activities. OSC with at least one allyl (but not methyl) group including
DAS, DAD, AMTS, and whole garlic appear to have the strongest effect in this system,
although considerable variability has been observed among these compounds (121, 98,
122).

The ability of garlic and its active compounds to modify phase I enzymes, specifically
Cyp P450 activity, is specific. Several Cyp P450 enzymes (e.g., Cyp 1A1, 1A2, 3A4,
2B1, 2B4, 2E1) are increased by various allyl organosulfur components while others
are downregulated (123, 32). For example, Wargovich (121) demonstrated that the CYP
mechanism (CYP2E1) was shut down within 24 h in the liver of rats given 50 mg/kg
orally of either DAS or allylmethylsulfide (both oil-soluble compounds). This effect was
not seen in experiments with water-soluble garlic compounds. In addition, Chen et al.
(124) observed that garlic oil was able to inhibit Cyp P4502B1 in a dose-dependent
manner when given to rats 3 times/week for 6 weeks.

Dalvi (125) found that rats given a single dose of DAS (500 mg/kg), but not 50 mg/kg,
experienced decreased levels of cytochrome P-450, aminopyrine N-demethylase, and
aniline hydroxylase after 24 h with no liver damage.

Garlic and its active compounds can also facilitate detoxification of carcinogens
through upregulation of Phase II-conjugating enzymes (e.g., GST, epoxide hydrolase,
quinone reductase, and UDP-glucuronosyltransferase) (123, 105, 98). It appears that
different OSC have different effects on phase II detoxification (123). Chen et al. (124)
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observed that garlic oil administered to rats for 6 weeks increased GST in a dose-
dependent manner. In addition, highly purified forms of allylsulfides (e.g., DAS, DADS,
DATS) administered to rats at a concentration of 10 or 100 μmol/kg body weight for
14 consecutive days caused an increase in the activities of several phase II enzymes
including GST, quinone reductase, and glutathione peroxidase (126, 105).

Sumiyoshi and Wargovich (122) compared the effectiveness of lipid- and water-
soluble OSC in mice prior to ip injection of the carcinogen 1,2-dimethylhydrazine
(DMII). Administration of DAS and SAC (200 mg/kg) significantly inhibited colonic
nuclear damage in mice by 47 and 36%, respectively (p <0.05). The number and inci-
dence of colonic tumors were also significantly inhibited by this compound (p <0.05).
Sumiyoshi hypothesized that OSC containing allyl groups can stimulate GST activity
in both the liver and colon, which could potentially facilitate detoxification and cancer
prevention. This conclusion has been suggested by subsequent studies (121) and whole
garlic as well as other allyl group garlic compounds (e.g., DAS, DAD, AMTS) have
been shown to increase the amounts of phase II detoxification enzymes (121, 98).

3.2.6. EFFECTS OF GARLIC ON BACTERIAL INFECTIONS

Garlic oil and OSC compounds have been shown to strongly inhibit the bacterial
growth of H. pylori in vitro and in a few animal models. However, studies in humans
have mostly shown no correlation between the H. pylori infection and the use of garlic
(99, 38, 127, 128). You et al. (38) conducted a large (n = 3365) randomized, placebo-
controlled factorial design trial among subjects (aged 35–64) living in Linqu County,
Shandong Province, China. The subjects were randomized to receive a one-time antibi-
otic treatment for H. pylori infection and/or 7.3 years oral supplementation with a
vitamin preparation and/or a garlic preparation. The outcome measure was prevalence
of advanced precancerous gastric lesions. Two-week antibiotic treatment significantly
decreased the prevalence of both gastric cancer lesions and gastric cancer incidence
after 7.3 years (p <0.05). However, vitamin and garlic supplementations did not have an
effect compared to controls.

Fani et al. (127) conducted a clinical trial among 75 male and female Iranian patients
(mean age 37.5 years) with nonulcer chronic dyspepsia and positive H. pylori status. The
subjects received 15 g of garlic and 20 mg of antibiotic (omeprazole) daily for 2 weeks.
Seventy-seven patients with duodenal ulcer (mean age 37.4 years) and positive H. pylori
status served as the control group and received quadruple antibiotic therapy (omeprazole
20 mg BID, amoxicillin 1 g BID, bismuth subitrate 2 tablet TID, metronida-zole 500 mg
BID) for 2 weeks. The response rate to treatment (demonstrated by a negative H. pylori
test) was much lower in the garlic (12%) vs. the control group (90.9%; p <0.001). Treat-
ment with multi antibiotics was about seven times more effective than treatment with a
single antibiotic and garlic. Two additional clinical trials (128) that assessed the effect
of garlic on the inhibition of H. pylori reported no effect.

Garlic in vitro also exhibits a broad antibiotic spectrum against a variety of gram-
positive and gram-negative bacteria (37). Specifically, garlic has inhibited growth
of the genera Aerobacter, Aeromonas, Bacillus, Citrella, Citrobacter, Clostridium,
Enterobacter, Escherichia, Klebsiella, Lactobacillus, Leuconostoc, Micrococcus,
Mycobacterium, Proteus, Providencia, Pseudomonas, Salmonella, Serratia, Shigella,
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Staphylococcus, Streptococcus, and Vibrio in vitro (37). Similar to turmeric, garlic
appears not to display resistance to antibiotics (37).

3.2.7. HUMAN OBSERVATIONAL STUDIES ON GARLIC

The association between garlic intake and cancer risk has been demonstrated in sev-
eral epidemiological studies for different types of cancers (e.g., colon, gastrointestinal).
One of the first epidemiological studies (129) with garlic assessed a potential associa-
tion with stomach cancer in China. In two Chinese provinces, a 10-fold difference in
the death rate from this cancer correlated with garlic consumption of 20 g/day in the
low-risk area and <1 g/day in the high-risk area (129)

Fleischauer and Arab (130) conducted a meta analysis on garlic consumption and
cancer risk based on 19 case–control studies. It was concluded that although the analysis
had some limitations (e.g., low study power, lack of variability in garlic consumption,
poor adjustment for potential cofounders), there is suggestive evidence of a protective
association between garlic consumption and cancer incidence. A separate meta analysis
by Fleischauer et al. (131) concluded that those populations who consumed the most
garlic (any consumption to about 9–10 cloves/week, average 28.8 g) had reduced risk
of colon and stomach cancers compared to those who consumed no or low amounts of
garlic (no consumption to about 1 clove/week, average 3.5 g).

The European Prospective Investigation into Cancer and Nutrition (EPIC) is an ongo-
ing population study of dietary consumption and cancer risk among 519,978 subjects
(366,521 women and 153,457 men) most aged 35–70 years. A recent analysis of food
intake (132) suggested that consumption of onion and garlic reduced the risk of intesti-
nal and stomach cancers, but it was probably not associated with cancer of the lung,
prostate, colon, or breast.

A prospective cohort study in the United States (133) obtained data on food intake
(including garlic) in 1986 for 41,837 women aged 55–69 years using a 127-item food
frequency questionnaire. Garlic showed the strongest inverse association with colon can-
cer incidence after 5 years of follow-up using data from the state health registry of Iowa
(p <0.10). One or more servings of garlic (fresh or powdered) per week was associated
with a 35% lower risk of cancers anywhere in the colon, while a 50% lower risk was
found for cancer of the distal colon (133).

Devrim and Durak (95) concluded that there is suggestive evidence of a protective
association between garlic intake and prostate cancer based on a review of several
case–control and population-based studies. However, the results of these studies are not
entirely consistent. Hsing et al. (134) investigated the relationship between consump-
tion of allium-containing vegetables (including garlic) and the risk of prostate cancer
in 238 subjects with confirmed prostate cancer and 471 apparently healthy controls
(Chinese males, aged 16 and older). Men with the highest intake of garlic exhibited
reduced incidence of prostate cancer. The risk of prostate cancer was independent of
body size, intake of other foods, or total calorie intake and was more pronounced for
men with localized than advanced prostate cancer. A case–control study in England also
found that garlic intake (either in food or supplement form) was associated with reduced
risk of prostate cancer among British men aged 75 or less (135).
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Chan et al. (136) examined food consumption in 532 pancreatic cancer cases and
1,701 age- and sex-matched controls in the San Francisco bay area. Those subjects that
consumed the highest amount of onions and garlic had 54% lower incidence of pancre-
atic cancer compared to those in the lowest consumption category. However, the study
did not distinguish between garlic and onion consumption. Therefore, it was not possible
to attribute this association to garlic per se.

A case–control study (137) showed that garlic and onion consumption was signifi-
cantly linked to reduced breast cancer incidence (diagnosed between 1986 and 1989)
among 345 patients in France (p for trend <0.000001). However, this study did not
examine the amount of garlic consumed or distinguish between consumption of garlic
and onion.

3.2.8. HUMAN INTERVENTION STUDIES WITH GARLIC ON CANCER PATIENTS

OR HEALTHY SUBJECTS

The results of intervention studies on the effect of garlic (or garlic compounds) sup-
plementation on cancer are inconsistent. Milner (32) hypothesized that there is a variable
response to the intake of garlic and other allium vegetables among individuals. Fac-
tors responsible for this variability include genetic background (nutrigenetic effects),
DNA methylation and histone regulation (nutritional epigenomic effects), ability to
induce or repress gene expression patterns (nutritional transcriptomics effects), occur-
rence and activity of specific proteins (nutriproteomic effects), and/or dose and temporal
changes in cellular small-molecular-weight compounds (metabolomics effects). Further
research is needed to better predict who will respond to garlic and/or other allium foods
(32).

Durak et al. (138) administered Turkish men (27 subjects with benign prostate
hyperplasia (BPH) and nine patients with prostate cancer) 1 ml/kg of aqueous garlic
extract/day for 1 month. The BPH group had a lower prostate mass and both groups
had decreased urinary frequency and stronger urinary output at the end of the study
compared to baseline (p <0.01). The cancer group also experienced decreased PSA con-
centrations as a result of garlic supplementation (p <0.01).

Tanaka et al. (139) conducted a double-blind clinical trial among 51 Japanese patients
(aged 40–79) with colorectal adenomas. The experimental group received a high dose of
aged garlic extract (AGE) (2.4 ml/day) and the control group received a low dose of this
substance (0.16 ml/day). Each subject took three capsules a day for 12 months. Those in
the high dosage group had fewer and smaller adenomas at 6 and 12 month evaluations
compared to controls (p <0.04).

Ishikawa et al. (140) conducted a double-blind trial among 50 Japanese cancer
patients with inoperable cancer of the liver, pancreas, or colon. Subjects received either
aged garlic extract (500 mg/day) or a placebo for 6 months. The garlic treatment sig-
nificantly increased both the number of natural killer (NK) cells (p <0.05) and NK cell
activity (p <0.01) compared to controls. There was no difference between the two groups
in self-reported quality of life.

Li et al. (141) conducted a double-blind intervention study on over 5,000 Chinese
men and women (aged 35–74) who were at high risk of gastric cancer. The intervention
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group took 200 mg of synthetic garlic and 100 μg of selenium/day for 1 month of
the year between 1989 and 1991. There was a significant (no p-value provided) 22%
decrease in gastric cancer morbidity and a 47% decrease in gastric cancer incidence
after 5 years in the male treatment group compared to controls. No effect was found
among females.

As noted previously, several clinical trials have examined the effect of garlic supple-
mentation on gastric cancer associated with H. pylori infection (38, 127, 128). However,
the results of these studies were either negative or inconclusive.

Several clinical trials with garlic are currently in progress. These studies include the
effects of garlic supplementation in combination with prescription medication on breast
cancer, and garlic supplementation in patients with lymphoma (clinicaltrials.gov).

3.3. Other Culinary Spices and Herbs
Curcumin and garlic have been the most extensively studied spices for their poten-

tial ability to inhibit and/or prevent cancer. Nevertheless, many other culinary spices
and herbs have been investigated to a lesser extent. The most information is avail-
able for saffron, ginger, and capsaicin, and a summary of this research is presented
below.

3.3.1. SAFFRON

Saffron (Crocus sativus) extracts have been shown to inhibit skin, colon, and soft
tissue tumors in several in vitro and animal experiments (13, 142, 143). A dose response
inhibitory effect on tumor growth has been observed in some in vitro experiments (144).
Saffron has also been shown to decrease the mean number of tumors and tumor growth
rate and to extend lifespan in some animal models (143). Saffron exhibits low toxicity
(Schmidt) and high oral doses have been administered to animals (20.7 g/kg) without
toxic effects (143).

Crocetin, an extract of saffron (Fig. 6), has been found to have a dose-dependent
effect on inhibiting DNA and RNA synthesis in tumor cells in vitro (13, 145). Crocin,
another saffron extract, has been shown to demonstrate an antitumor effect in female,
but not male, rats, suggesting this effect may be hormone dependent (13, 143, 145).

The mechanism(s) of saffron’s anticarcinogenic effect have not been determined
(13, 143). Some hypotheses include inhibition of free radical formation, inhibition of
DNA/RNA synthesis, inhibition of cell proliferation, induction of apoptosis, inhibition
of different cellular pathways, and/or changes in phase I/phase II detoxification enzymes
(143, 144). Findings of in vitro and animal studies have not been verified in human clin-
ical trials. More evidence is clearly needed before the potential effects of saffron on
cancer prevention may be clarified (143, 13).

3.3.2. GINGER

Ginger and some of its components (e.g., gingerol, shoagaol) (Fig. 7) have been
shown to exhibit strong antioxidant and anti-inflammatory activity in both in vitro and
in animal models (15). For example, 6-gingerol inhibited angiogenesis and caused cell
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Fig. 6. Chemical structures of saffron compounds.

Fig. 7. Chemical structures of ginger compounds.

cycle arrest in human endothelial cells (60). 6-Gingerol has also been shown to inhibit
the production of inflammatory enzymes such as nitric oxide synthase (NOS) in several
in vitro experiments (60).

Ginger and its active compounds have been shown to inhibit skin, colon, breast, and
gastrointestinal tumors in animal models, prevent metastasis in murine skin cancer cells,
and induce apoptosis in in vitro experiments (15, 60). Some experiments have found
that ginger compounds in vitro have induced apoptosis in a dose-dependent manner
(60). Mechanisms that have been observed in in vitro experiments include inhibition of
Epstein Barr virus, decreased Bcl-2 expression, inhibition of NF-kB, and inhibition of
free radical production (60).

There is also emerging evidence that ginger may reduce nausea in chemotherapy
patients (60). Several clinical trials are underway to confirm this observation and to
determine the most effective dose (clinicaltrials.gov).

3.3.3. CAPSAICIN

Capsaicin (Fig. 8) has been investigated in several studies for its chemopreventive
properties. This substance has been shown to prevent oxidative damage or lipid perox-
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Fig. 8. Chemical structure of capsaicin.

idation in various organs of experimental animals and to have anti-inflammatory prop-
erties in both in vitro and animal experiments (Surh, 1998). Capsaicin has been shown
to activate AP-1, inhibit tumor formation and cytochrome P-450 expression in some
animal models (146, 147), and to inhibit NF-kB production in several cancer cell lines
(146).

Capsaicin has shown promise in reducing pain in both animal and human mod-
els (147). A clinical trial is currently underway to investigate whether capsaicin can
decrease pain in head and neck cancer (clinical trials.gov).

Results of some studies in both human and animal models suggest that capsaicin is a
potential carcinogen, especially in high dosages. However, there is a much larger body of
data suggesting the compound has chemopreventive and chemoprotective effects (146,
147). The World Cancer Research Fund (WCRF) and the American Institute for Cancer
Research (AICR) have noted that this evidence based solely on case–control studies is
inconsistent and concluded “there is limited evidence suggesting that [dietary] capsaicin
is associated with an increased risk of stomach cancer” (148). However, these data are
likely confounded by other risk factors such socioeconomic status, the availability of
refrigeration, and contamination with H. pylori (148, 149). Further research is needed
to determine the long-term health effects of capsaicin in humans (149, 150).

4. CONCLUSIONS

There are emerging data in several areas to suggest that a variety of culinary herbs
and spices reduce the risk of cancer. However, there is very little evidence from human
studies in this area. In addition, human data on dose–response and biochemical mech-
anisms are largely unavailable. More well-designed epidemiological and intervention
studies in this area are clearly needed. Reliable estimates of the quantities of spices
and herbs consumed by free-living population are not available because the amounts
of these ingredients present in foods made at home or purchased from manufacturers
are largely undocumented. A very crude estimate of usage in the United States can be
obtained from data on the inventory and production of herbs and spices collected by the
US Department of Agriculture. Similar inventory data are available in other countries
including Australia and Greece (3). Nevertheless, this lack of intake data has severely
limited the amount and quality of observational data that are available.

Curcumin shows the most evidence of chemoprevention among bioactive com-
pounds in spices. However, more data are needed, especially from randomized, placebo-
controlled long-term clinical trials, before definitive conclusions can be made (152).
Additionally, research on curcumin is needed to determine what types (e.g., dietary
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or supplement) and dosages should be used for optimal bioavailability and efficacy
(64, 152).

Potential interactions of culinary spices and herbs and/or supplements with other food
components also need more research (32). Both observational and experimental data
suggest that the bioactive compounds in spices and herbs can have a synergistic rela-
tionship with other bioactive substances, either from other spices or foods, to enhance
their chemopreventive effects (152, 32). For example, Shoba et al. (91) found that 10
healthy men volunteers from India who ingested 20 mg of piperine from black pepper
in combination with 2,000 mg of curcumin had greatly enhanced (2,000%) curcumin
bioavailability. In addition, hamster studies have shown that the administration of a com-
bination of tomato and garlic resulted in a much greater suppression of tumor incidence
and number and better detoxification (e.g., decreased Phase I and increased Phase II
enzyme activity) than when these compounds were administered separately (32). Nev-
ertheless, very little data on the effect of combining bioactive food components on the
prevention and treatment of cancer are currently available (32).

More experimental data are needed on the optimal doses of spices and herbs nec-
essary for chemoprevention. For example, the effective dose of the garlic organosulfur
compound DAS in animals ranges from 50 to 400 mg/kg/day, which is equivalent to
3.5–28 g/day of DAS in a 150 lbs human subject (99). Epidemiologic studies have found
that garlic consumed in much lower doses of 18.3 g/week (about 4–5 cloves) is inversely
associated with several types of cancers in humans (99).

Finally, herbs and spices are natural substances and there is great variability in the
amount, chemical composition, and activity of the bioactive compounds they contain.
Growing conditions, storage, transport, preparation, and part of the plant used are some
of the factors that may affect the structure and amount of bioactive compounds present
in spices and herbs (32, 37). It is important that researchers publish detailed information
on the cultivar, source, and other information about the materials used.

For thousands of years, people have consumed culinary spices and herbs for both
pleasure and medicinal purposes. However, rigorous scientific evidence to support
this practice is only now becoming available. These data are encouraging and sug-
gest that future studies in humans are warranted to determine the potential for spices
and herbs to serve as inexpensive and effective agents to help prevent and/or manage
cancer.
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Key Points

1. Berries have been part of the human diet for many centuries. They are a rich source of known
chemopreventive agents including provitamin A carotenoids, C, E, and folate, calcium and sele-
nium, simple and complex phenols, and phytosterols.

2. It has been found that freeze-dried berries can inhibit cancer development in the esophagus, colon,
oral cavity, and mammary gland of rodents. Studies suggest that the most active inhibitory com-
pounds in berries are the anthocyanins, the most abundant flavonoids in berries.

3. Berries function to inhibit carcinogenesis by reducing the growth rate of premalignant cells, inhibit-
ing angiogenesis and inflammation, and stimulating apoptosis, cell differentiation, and cell adhe-
sion. Molecular studies indicate that berries exhibit a genome-wide effect on the expression of genes
associated with these different cellular functions.

4. The ability of berries to prevent cancer is likely due to the localized absorption of berry compounds
into target tissues. Topical treatment of oral dysplastic lesions with a black raspberry gel for a period
of 6 weeks resulted in a reduction in histological grade and restoration of loss of heterozygosity
(LOH) in about 50% of the lesions. Consumption of black raspberry powder (60 g/day) in a slurry
of water for only 2–4 weeks reduced the Ki-67 cell proliferation index in colon tumors taken at
surgery from cancer patients.

5. The protective effects of berries on cancer development at specific sites in animals are impressive;
however, there is little evidence that berry consumption leads to significant side effects either in
animals or in humans. It seems reasonable to suggest that berries be part of the daily diet, and that
in individuals at high risk, the daily consumption of several grams of berry powder could well elicit
protection.
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1. INTRODUCTION

1.1. Rationale for the Use of Berries in Cancer Prevention
Wild berries have been a part of the human diet for many centuries (1). Their major

use is for nutrition, although some varieties have been used for medicinal purposes.
The most important commercial varieties of berries include members of the Vaccinium
genus (blueberry, lingonberry, cranberry, bilberry), Rubus genus (blackberry, red rasp-
berry, black raspberry, cloudberry), Fragaria genus (strawberry), and the Sambucus
genus (elderberry, red elderberry). These berries contain a vast array of phytochemi-
cals, many of which are of potential importance for human health. Phytochemicals are
non-nutritive compounds, produced mainly by secondary metabolism, that protect the
plant from UV light, predators, and parasites, regulate chemical pathways, and provide
flavor and color to the berry. Perhaps the most interesting phytochemicals in berries
are the polyphenols, which impart to berries much of their antioxidant potential (2).
The polyphenols can be divided into phenolic acids, which consist of an aromatic ring
structure with at least one hydroxyl group, and the flavonoids, which are more complex
molecules (1). The phenolic acids represent about 30% of the daily intake of polyphe-
nols in humans and the flavonoids about 70%. There are several groups of flavonoids,
including the anthocyanidins, flavanols, flavonols, isoflavones, flavones, and flavonones.
These groups differ in the number and distribution of hydroxyl groups on the basic
chemical structure. More complete descriptions of the classes of phytochemicals in
berries, including the flavonoids, are found in recent reviews by Seeram (3) and from our
laboratory (4, 5).

The anthocyanins are among the most abundant flavonoids in berries (3). They are
responsible for the color of berries; thus, the darker berries such as black raspberries,
blueberries, blackberries, and black currents have the highest levels of anthocyanins.
The anthocyanins occur in berries and other foodstuffs as glycosides, having glucose,
galactose, rhamnose, xylose, or arabinose attached to an aglycone nucleus (3). The de-
glycosylated or aglycone forms of anthocyanins are known as anthocyanidins. The six
most common anthocyanidin skeletons are cyanidin, pelarogonidin, malvidin, petuni-
din, delphinidin, and peonidin (Fig. 1). The sugar components of anthocyanins are usu-
ally conjugated to the anthocyanidin skeleton via the C3 hydroxyl group in ring C.
Several hundred anthocyanins are known in nature, varying in the basic anthocyani-
din skeleton and the extent and position to which the glycosides are attached to the
skeleton. Of potential importance to human health is the relatively high concentration
of anthocyanins in the diet. The daily intake of anthocyanins in the United States is
estimated to be about 200 mg, whereas the intake of other dietary flavonoids such as
quercetin, genistein, and apigenin is about 25 mg/day (4). Epidemiologic studies suggest
that the consumption of anthocyanins lowers the risk of cancer, cardiovascular disease,
diabetes, and arthritis, in part, due to their potent antioxidant and anti-inflammatory
activities (5).

In the mid-1980s, our laboratory was evaluating the ability of the naturally occur-
ring polyphenol, ellagic acid to inhibit N-nitrosomethylbenzylamine (NMBA)-induced
cancer in the rodent esophagus when administered in the diet (6). While conducting
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Fig. 1. Chemical structure of anthocyanidins. Adapted from (5).

studies with ellagic acid, we decided to identify foods in which it might be found.
We extracted ellagic acid from a series of lyophilized fruits and found high concen-
trations (630–1,500 mg/kg dry weight) in black raspberries (BRB), blackberries, red
raspberries, strawberries, and cranberries (7). Interestingly, the ellagic acid was far
more abundant in the seed and pulp of the berries; very little was detected in the juice.
Because berries are composed of 85–90% water (juice), we reasoned that the removal
of water from the berries by freeze-drying would result in about a 10-fold concen-
tration of the ellagic acid, and that one might prevent cancer in rodents and humans
using freeze-dried berry powder containing “enriched” levels of ellagic acid. In the
present report, we summarize investigations of the ability of freeze-dried berry pow-
ders and berry extracts to inhibit chemically induced cancer in rodents and provide
evidence that the preventive effects of the berries are not due solely to their content
of ellagic acid. In fact, recent data suggest that the anthocyanins in berries may be
the most important determinants of their cancer-preventive effects (8). We also sum-
marize known cellular and molecular mechanisms by which berries and their com-
ponent anthocyanins elicit cancer-preventive effects in vivo. Because of the exten-
sive amount of available data, the reader is referred to recent reviews from our lab-
oratory and others for discussions of the effects of berry extracts and berry antho-
cyanins on normal and tumor cells in vitro (4, 5). We also discuss the results of epi-
demiological studies to determine whether berry consumption is protective against
cancer in humans. Finally, we discuss results of completed and ongoing clinical tri-
als of berries as chemopreventive agents for colon, oral, and esophagus cancer in
humans.
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2. PREVENTION OF CANCER IN ANIMALS WITH BERRY POWDERS
AND ANTHOCYANINS

2.1. Preparation of Freeze-Dried Berry Powders
Most investigations of the cancer-inhibitory effects of freeze-dried berries in animals

have been conducted with black raspberries (BRB) obtained from a single farm in Ohio.
The rationale for the choice of BRB for study is their high content of anthocyanins and
ellagic acid and their high antioxidant potential relative to most other berry types (9).
The rationale for obtaining berries from a single farm stems from observations that the
contents of ellagic acid and anthocyanins in BRB obtained from 12 different farms in
Ohio during a single year can vary as much as two to threefold (10). The BRB are picked
mechanically, washed with water, and placed in a –20◦C freezer on the farmwithin 2–4 h
of the time of picking. They are then shipped frozen to Van Drunen Farms (Momence,
IL) where they are freeze-dried and ground into a powder. For animal studies, both the
seed and pulp of the berries are ground into a powder. Berry powders are packaged in
double polyethylene bags, placed in carton boxes, and shipped frozen to the Ohio State
University Innovation Centre where they remain frozen until used in experimental stud-
ies. Each batch of freeze-dried BRB powder is analyzed routinely for content of certain
vitamins, minerals, carotenoids, simple phenols, and phytosterols by Covance Labora-
tories, Inc. (Madison, WI); for ellagic and chlorogenic acids by Brunswick Laboratories
(Norton, MA); and for anthocyanin content in the laboratory of Dr. Steven Schwartz,
Department of Food Science and Technology, Ohio State University. Table 1 shows the
contents of these berry components in BRB obtained from crop year 2006. In general,
with the exception of vitamin C, which degrades while berries are frozen, the compo-
nents measured in freeze-dried berries remain relatively stable for at least 1 year when
the berry powder is stored at –20◦C. BRB powders are also tested for content of pesti-
cides, herbicides, and fungicides. These agents are usually undetectable or present at no
effect levels as defined by the US Environmental Protection Agency.

2.2. Evaluation of Freeze-Dried BRB Powder for Cancer Prevention
in Animals

Dietary freeze-dried BRB powder has been demonstrated to inhibit carcinogen-
induced cancer in the esophagus and colon of F-344 rats, and in the cheek pouch of
Syrian golden hamsters, as well as spontaneous tumors of the small intestine in APC
Min mice (11–13) (Table 2). Most investigations have been conducted using the F-344
rat model of esophageal squamous cell carcinoma in which tumors have been induced
with the carcinogen, NMBA (14). Historically, BRB have been administered in the diet
at 5 and 10% either before, during, and after treatment of the rats with NMBA (com-
plete carcinogenesis protocol; Fig. 2a) or only after NMBA treatment (post-initiation
protocol; Fig. 2b) to evaluate the anti-initiation and anti-promotion/progression effects
of the berries (4). At the end of the bioassay (25–30 weeks), the incidence, multiplic-
ity, and size of esophageal tumors are determined. Typically, the BRB diets have not
been effective in reducing esophageal tumor incidence or size in NMBA-treated ani-
mals. However, they have reduced the number of tumors per esophagus, i.e., the tumor
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Table 1
Levels of Nutrients and Potential Chemopreventive
Agents in Freeze-Dried Black Raspberriesa

Components mg/100 g

Minerals
Calcium 188.00
Copper 0.75
Iron 4.80
Magnesium 171.00
Manganese 3.56
Phosphorus 209.00
Potassium 1570.00
Selenium <5.00
Zinc 2.16

Vitamins
A from carotene 132.00
Ascorbic acid 6.60
α-Carotene <0.03
β-Carotene <0.07
α-Tocopherol 10.40
β-Tocopherol 3.51
γ-Tocopherol 11.20
Folate 0.14

Sterols
β-Sitosterol 110.00
Campesterol 5.50
Stigmasterol 1.00
Cholesterol <1.00

Simple phenols
Ellagic acid 447.00
Ferulic acid 47.10
P-Coumaric acid 6.92
Chlorogenic acid 0.14
Quercetin 36.50

Anthocyanins (complex phenols)
Cyanidin-3-O-glucoside 278.50
Cyanidin-3-O-sambubioside 56.00
Cyanidin-3-O-rutinoside 1790.00
Cyanidin-3-O-xylosylrutinoside 853.50

aComponents reported in mg/100 g sample, except selenium
level reported in μg/100 g and vitamin A in IU. Data from
crop year 2006.
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Table 2
Effects of 5 and 10% Black Raspberry Diets on Tumor Development in Rodentsa

Species Organ Carcinogenb
Inhibition of tumor
multiplicity (%)

Rat Esophagus NMBA 38–61
Rat Colon AOM 42–71
Hamster Cheek pouch DMBA ∼40
Mouse (Min)c Small intestine Spontaneous ∼50

aAdapted from Stoner et al. (4, 40).
bNMBA, N-nitrosomethylbenzylamine; AOM, azoxymethane; DMBA, 7,12-dimethylbenz
[a]anthracene.

cUnpublished data.

5% and 10% Berries

0 2 17

5% and 10% Berries
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NMBA
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Week 25-30

25-30Week

A 

B 

Fig. 2. Experimental protocols for the complete carcinogenesis bioassay (a) and the anti-
promotion/progression bioassay (b). In (a), rats are treated with NMBA (0.25 mg/kg bw) once per
week for 15 weeks, and berry diet is administered 2 weeks prior to and during NMBA treatment and
until the end of the bioassay (25–30 weeks) (11, 40). In (b), rats are treated with NMBA (0.25 mg/kg
bw) three times/week for 5 weeks and then placed on berry diets until the end of the bioassay (11, 40).

multiplicity (11). BRB are generally more effective in the complete carcinogenesis pro-
tocol (Fig. 2a) than when given in the diet only after treatment of the animals with
NMBA, i.e., post-initiation. Undoubtedly, the reason for this is that BRB diets have
been shown to affect initiation events by influencing the metabolism of NMBA, leading
to reduced levels of O6-methylguanine (O6-MeGua) adducts in esophageal DNA (11).
This undoubtedly results in reduced mutagenesis in key genes involved in esophageal
tumor development. One such gene is the H-ras oncogene, which is mutationally acti-
vated in about 5–10% of early dysplastic lesions in NMBA-treated esophagus and in
nearly 100% of NMBA-induced esophageal tumors (15). These results suggest that dys-
plastic foci containing cells with H-ras mutations are the ones that progress on to form
tumors. DNA microarray studies have shown that dietary BRB influence the expression
levels of specific esophageal cytochrome P450 enzymes and liver phase II enzymes.
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Nevertheless, it is not known whether these enzymes are involved in the metabolic acti-
vation and/or detoxification of NMBA (16).

Recent data suggest that the efficacy of BRB treatment in the post-initiation proto-
col (Fig. 2b) is influenced markedly by two factors: (a) the timing of initial treatment
with dietary BRB following NMBA exposure and (b) the duration of BRB treatment.
In general, the berries are most effective (about 70% inhibition of tumor multiplicity)
when added to the diet within 1 week after treatment of the rats with NMBA (week 8)
and when maintained in the diet until the end of the 25- to 30-week bioassay (Fig. 3).
They are less effective when added to the diet at week 8 and then removed from the
diet at week 17. This result suggests that the inhibitory effect of the berries is not per-
manent and that continued treatment is required to prevent tumor development. The
berries were even less effective when their addition to the diet after NMBA treatment
was delayed until week 17, suggesting that they are less effective in preventing the pro-
gression of more advanced preneoplastic lesions than less advanced lesions. Finally,
even when added to the diet at a concentration as high as 20%, the berries were inef-
fective in regressing already developed tumors, suggesting that they have little, if any,
therapeutic value in the rodent esophagus (17).

Wk 

Percent reduction in 
tumor number 

BRB 

0 2 7  538

NMBA (3x/wk/5 wks)

BRB 

17

BRB AIN-76A 

AIN-76A 

BRB 
~70  

~40  

~30  

Fig. 3. Effects of 5% black raspberry diet on NMBA-induced rat esophageal tumorigenesis. BRB,
black raspberries; AIN-76A, control diet contains no known chemopreventive components. Adapted
from (8).

Dietary BRB were also found to inhibit azoxymethane (AOM)-induced colon car-
cinogenesis in rats when given in a post-initiation protocol (Table 2) (12). When admin-
istered at 2.5, 5.0, and 10% of the diet, BRB reduced the total tumor (adenoma + adeno-
carcinoma) multiplicity by 42, 45, and 71%, respectively, relative to AOM controls. In
addition, the levels of urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG) in AOM-treated
rats fed 2.5, 5, and 10% BRB diets were reduced by 73, 81, and 83%, respectively
(Fig. 4). These results suggest that the berries markedly reduced oxidative DNA dam-
age in AOM-exposed rats.

Inhibition of cancer in the Syrian golden hamster cheek pouch by the dietary adminis-
tration of BRB was demonstrated by Casto et al. (Table 2) (13). Tumors were induced by
painting the cheek pouches of hamsters with 7,12-dimethylbenz(a)anthracene (DMBA).
Hamsters were fed either 5 or 10% BRB prior to and after treatment with DMBA. Inter-
estingly, treatment with 5% BRB caused a significant (P < 0.05) reduction in tumor mul-
tiplicity but the reduction with 10% berries was not significant. BRB reduced the levels
of DNA adducts in DMBA-treated pouch tissues as determined by 32P-post-labeling
techniques.
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Fig. 4. Effect of 2.5, 5, and 10% black raspberry diets on urinary 8-OH-dGua levels in AOM-treated
rats. BRB, black raspberries; AOM, azoxymethane; AIN-76A, control diet contains no known chemo-
preventive components. Adapted from (12).

In a recent report, dietary berries and ellagic acid were found to diminish estrogen-
mediated mammary tumorigenesis in ACI rats (Table 3) (18). Female ACI rats were fed
either control diet or diets supplemented with either powdered blueberries or BRB at
2.5% w/w each or ellagic acid at 400 ppm. After 2 weeks, the rats received implants
of 17β-estradiol for a period of 24 weeks. Although none of the treatments influenced
tumor incidence at 24 weeks, tumor volume and multiplicity were reduced significantly
by berries. Compared with controls, ellagic acid reduced the tumor volume by 75% and
multiplicity by 44%. BRB diminished tumor volume by >69% and tumor multiplicity
by 37%. Blueberries produced a 40% reduction in tumor volume, but had no effect
on tumor multiplicity. Although the reason(s) for the reduction in estrogen-mediated
mammary tumorigenesis by ellagic acid and the berry diets were not determined, it is
possible that these agents influence the metabolism of estradiol in the liver such that

Table 3
Effects of Black Raspberry, Blueberry, and Ellagic Acid Diets on
Tumor Indices in ACI Rats Treated with 17β-Estradiola

Mammary tumor

Treatment Volume (mm3) Multiplicity

Control diet 685 ± 240 7.9 ± 1.3
BB diet 409 ± 73 8.2 ± 1.0
BRB diet 211 ± 69b 4.7 ± 0.7
Ellagic acid diet 168 ± 34b 4.5 ± 0.5b

aBRB, black raspberries; BB, blueberries. Data adapted from Aiyer
et al. (18).
bValues are statistically different from animals fed control diet (P <
0.05).
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less hormone reaches the mammary gland. It is also possible that ellagic acid and other
berry compounds may bind to estrogen receptors, thus, competitively inhibiting the pro-
carcinogenic effects of estrogen.

2.3. Evaluation of Other Berry Types for Prevention of Cancer in Animals
Strawberry, blackberry, and blueberry powders have also been tested for their ability

to prevent NMBA tumorigenesis in the rat esophagus when added at 5 and 10% of
the diet (Table 4) (19). The sources of these berries and their conversion into powders
have been described in detail (19–21). Strawberries and blackberries were nearly as
effective in preventing tumors as BRB. However, blueberries were inactive. Both straw-
berries and blackberries reduced the formation of NMBA-induced O6-MeGua adducts
in esophageal DNA, whereas blueberries had no effect on adduct formation (data not
shown). The reason(s) for the inactivity of blueberries is unknown. Unlike the other
three berry types, blueberries have only very low levels of ellagitannins (7). In addition,
blueberry anthocyanins have a delphinidin skeleton whereas the anthocyanins in BRB
and blackberries have a cyanidin skeleton and those in strawberries have both pelaro-
gonidin and cyanidin skeletons (1). These differences in chemical composition may be
responsible for the different biological activities of the berry types. A second bioassay

Table 4
Effects of Freeze-Dried Strawberries, Blackberries, and Blueberries on NMBA-Induced
Rat Esophageal Tumorigenesis when Administered in the Diet Before, During, and
After NMBA Treatment (Complete Prevention Protocol)a

Treatment Rats (n)
Tumor incidence
(% inhibition)

Tumor multiplicity
(% inhibition)

Vehicle control 15 0 0.0
10% STRW 15 0 0.0
NMBA control 15 100 4.1 ± 0.2
NMBA + 5% STRW 15 100 3.1 ± 1.0 (24)b

NMBA + 10% STRW 15 80 (20) 1.8 ± 1.4 (56)b

Vehicle control 10 0 0.0
10% BLB 10 0 0.0
NMBA control 17 82 2.8 ± 0.6
NMBA + 5% BLB 20 75 (8) 1.5 ± 0.4 (46)b

NMBA + 10% BLB 18 70 (15) 2.3 ± 0.5 (18)
Vehicle control 10 0 0.0
10% BB 10 0 0.0
NMBA control 24 91 2.2 ± 0.3
NMBA + 5% BB 24 92 (0) 2.5 ± 0.3 (0)b

NMBA + 10% BB 23 96 (0) 2.6 ± 0.3 (0)
aAbbreviations are as follows: STRW, strawberries; BLB, blackberries; BB, blueberries;
NMBA, N-nitrosomethylbenzylamine.
bStatistically significant relative to NMBA controls (P < 0.05). STRW data are taken from
(20). BLB data are from (19) and BB data are from (21).
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using blueberries is currently being utilized to confirm the previous results and further
determine the basis for the inactivity of blueberries.

Chemoprevention of lung cancer has proven to be difficult, both in rodents and in
humans. Thus, it is perhaps not surprising that a diet containing 10% freeze-dried straw-
berries was ineffective in reducing lung tumors in mice that were induced either by 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) or benzo(a)pyrene (B(a)P) (22).
In this study, strain A/J mice were administered the strawberry diet beginning 1 week
before initial carcinogen treatment and throughout the study. NNK and B(a)P were
administered i.p. over a 2-week period beginning at week 2 of the bioassay. At 24 weeks,
there were no differences in lung tumor incidence or multiplicity in any of the groups.
Successes in reducing carcinogen-induced cancers in the oral cavity, esophagus, and
colon, where berry components come into direct contact with the tissues, and the fail-
ure to inhibit lung tumors in mice suggest that the active components in berries fail to
reach the lung in sufficient amounts to elicit protection. This conclusion is supported
by studies documenting that the anthocyanins and ellagitannins from berry juices are
poorly absorbed in rodents and their plasma levels decline rapidly (23). However, the
protective effects of dietary BRB powder against estrogen-mediated mammary cancer in
rats suggest that sufficient amounts of protective compounds reach the mammary gland
through systemic delivery. Thus, the protective effects of dietary berry powders appear
to be organ and site dependent.

2.4. Studies to Identify the Anthocyanins as Active Inhibitory Components
in Berries

To identify the active chemopreventive constituents of black raspberries, we have
used bioactivity-guided fractionation. Initially, we extracted freeze-dried BRB with
organic solvents and water and tested these extract fractions for their ability to inhibit
chemically induced transformation of Syrian hamster embryo (SHE) cells (24). Of five
extract fractions tested, an alcohol extract of BRB was found to be the most effective
in inhibiting cell transformation. These same extract fractions were evaluated by Huang
et al. (25) for their effects on transactivation of activated protein-1 (AP-1) and nuclear
factor-κB (NF-κB) induced by the carcinogen, benzo(a)pyrene diol-epoxide (BPDE), in
mouse epidermal cells. Again, the alcohol extract was found to be the most effective in
down-regulating AP-1 and NF-κB activities, and its effects were mediated via inhibition
of mitogen-activated protein kinase (MAPK) activation and inhibitory subunit κB phos-
phorylation, respectively. Subsequent studies utilizing cultured human oral and colon
cancer cells, and rat esophageal epithelial cells of differing tumorigenic potential, con-
firmed that an alcohol extract of BRB was the most effective of several extracts tested in
inhibiting cell proliferation and in stimulating apoptosis and cell differentiation (26–28).

The alcohol extract was then fractionated by high-performance liquid chromatogra-
phy (HPLC) to yield several bioactive subfractions (29). These subfractions were tested
individually for their ability to down-regulate AP-1 and NF-κB activities in mouse epi-
dermal cells and, interestingly, the major constituents of the most active subfractions
were three of the four anthocyanins in BRB, i.e., cyanidin-3-O-glucoside, cyanidin-3-
O-rutinoside, and cyanidin 3-O-(2G-xylosylrutinoside) (29). Thus, these in vitro results
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suggested that the anthocyanins in BRB account for at least some of their chemopreven-
tive activity.

In a follow-up study, we extended the in vitro observations and determined whether
the anthocyanins in BRB are among the most active chemopreventive components in
vivo. F-344 rats were fed diets containing either (a) 5% whole BRB powder, (b) an
anthocyanin-rich fraction, (c) an alcohol/H2O-soluble extract, (d) an alcohol-insoluble
(residue) fraction, (e) a hexane extract, and (f) a sugar fraction before, during, and
after treatment with NMBA (8). The scheme for the preparation of these different
extracts/fractions is given in Fig. 5. The anthocyanin fraction and the alcohol/H2O-
soluble extract each contained the same amount of anthocyanins (˜3.8 μmol/g diet) as
were present in the diet containing 5% whole BRB powder. The residue fraction con-
tained less than 0.02 μmol anthocyanins/g of diet, and the hexane extract and the sugar
fraction had only trace quantities of anthocyanins. The results of these studies are shown
in Fig. 6a, b. The anthocyanin treatments (diet groups a–c) were about equally effective
in reducing NMBA tumorigenesis (multiplicity and size) in the esophagus confirming
that the anthocyanins in BRB have chemopreventive potential in vivo. Interestingly, the
organic-insoluble (residue) fraction (d) was also effective, suggesting that components
other than the anthocyanins may be chemopreventive. Our preliminary analysis of this
fraction indicates that it contains a number of ellagitannins. As expected, the hexane
and sugar fractions were inactive, presumably because they contained only trace quan-
tities of anthocyanins and other bioactives. Our conclusion from these studies is that the
anthocyanins in BRB are important for their cancer-inhibitory effects. The ellagitannins

Freeze-dried black raspberries (BRB)
500 g 

Add hexane, mechanical stirring, 30 min 

Let settle/centrifuge & filter with Buchner 
funnel  

Repeat above process twice  

Ethanol/water (80/20)  
3X vol. of solids, repeat 3X 

Hexane extract 

Ethanol/H2O soluble 
extract

Residue fraction 

Anthocyanin fraction 
(AC) 

Sugar fraction 

Subfractionate 

Rotary-evaporation. 

Fig. 5. Fractionation scheme for the preparation of extracts from freeze-dried black raspberries (BRB).
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Fig. 6. Effect of diets containing BRB or BRB residues/fractions on papilloma development in
NMBA-treated rat esophagus. Rats treated with NMBA + 5% BRB, NMBA + anthocyanin fraction
(AC), NMBA + ethanol/H2O soluble extract (ethanol/H2O), and NMBA + residue fraction (residue)
had fewer papillomas (a) and smaller papilloma volume (b) than rats treated with NMBA only. Bars
represent mean± SD, n= 15. The symbol (∗) indicates significantly lower (P < 0.05) than rats treated
with NMBA only.

may also prove to be important. The role of vitamins, minerals, and phytosterols in BRB
as chemopreventive agents may be important, but it does not appear to be as important
as that of the anthocyanins and ellagitannins.

Other laboratories have provided evidence for the chemopreventive activity of berry
anthocyanins in vivo. Lala et al. (30) reported that diets containing anthocyanin-rich
extracts from bilberry, chokeberry, or grape reduced the number of aberrant crypt
foci (ACF) in the colon of rats treated with AOM. Colonic cell proliferation was
reduced significantly (P < 0.05) in rats fed bilberry and chokeberry anthocyanins, and
cyclooxygenase-2 (COX-2) mRNA expression was reduced in the colon of rats fed bil-
berry and grape anthocyanins. Cooke et al. (31) found that the adenoma numbers in
the intestinal mucosa of Apc (Min) mice fed diets containing an anthocyanin mixture
from bilberry, or pure cyanidin-3-glucoside (C3G), were reduced by 45% (P < 0.05)
and 30% (P < 0.05), respectively. Anthocyanins were found in plasma and in quan-
tifiable levels in the intestinal mucosa and urine of the mice. Both studies concluded
that anthocyanins should be further developed as potential chemopreventive agents for
human colon cancer.

2.5. Cellular and Molecular Mechanisms for the Chemopreventive
Effects of BRB

Most experimental studies of the cellular and molecular mechanisms by which freeze-
dried berries exhibit chemopreventive efficacy in vivo have been conducted using BRB
and the NMBA model of rat esophageal carcinogenesis. Initial studies were conducted
using esophageal tissues taken from rats at several time points following their treat-
ment with NMBA (i.e., post-initiation). Whole esophagus (representing a mixture of
normal, hyperplastic, and dysplastic epithelium) and esophageal papillomas taken from
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rats treated with NMBA only or with NMBA + 5 or 10% dietary BRB were used for
study. Gene expression in these tissues was measured using quantitative immunohisto-
chemistry and real-time PCR.

BRB diets were initially shown to inhibit the growth rate of preneoplastic cells in
NMBA-treated esophagus as determined by reduced nuclear staining of proliferating
cell nuclear antigen (PCNA) (11). This was later found to correlate with reduced mRNA
and protein expression levels of c-Jun, a component of activator protein-1 (AP-1), and
reduced immunostaining for ERK 1/2, a mitogen-activated protein kinase, both asso-
ciated with cellular proliferation (8, 32). In another study, BRB were found to inhibit
angiogenesis in NMBA-treated esophagus as indicated by reduced microvessel density
and decreased mRNA expression levels of vascular endothelial growth factor-1 (VEGF-
1) (33). BRB diets were also shown to inhibit mRNA and protein expression levels of the
pro-inflammatory enzymes, COX-2 and inducible nitric oxide synthase (iNOS), which
correlated with reduced levels of prostaglandin E2 (PGE2)and nitrite/nitrate, respec-
tively, in NMBA-treated esophagus (32). Increased PGE2 levels in tissues can lead
to increased proliferation, inflammation, angiogenesis, and metastasis and to reduced
apoptosis (32). More recently, BRB diets were shown to stimulate apoptosis in NMBA-
treated preneoplastic esophagus and in esophageal papillomas as determined by stain-
ing for apoptotic cells using TUNEL and by demonstrating reduced mRNA and pro-
tein expression levels of Bcl-2 and increased mRNA and protein expression levels of
Bax (8). In this same study, BRB were shown by immunohistochemistry to reduce
the protein expression levels of additional genes in preneoplastic tissues and in papil-
lomas including NF-κb and hypoxia-inhibitory factor-1α (HIF-1α), genes associated
with multiple cellular functions including inflammation and angiogenesis. These studies
using quantitative immunohistochemistry and real-time PCR have demonstrated, there-
fore, the ability of freeze-dried BRB to influence the expression of genes associated
with cellular proliferation, apoptosis, angiogenesis, and inflammation as summarized
in Table 5.

A recent investigation used DNA microarray to further assess the effects of a 5%
BRB diet on genes associated with rat esophageal carcinogenesis (16). In this study,
the effects of the berry diet on early events in esophageal carcinogenesis were deter-
mined by feeding 5- to 6-week-old rats with 5% BRB for a period of 3 weeks. Dur-
ing the third week of berry feeding, each rat received three subcutaneous injections of
NMBA (0.5 mg/kg) and 24 h after the last injection, their esophagi were removed for
histopathological evaluation and molecular analysis. NMBA treatment led to profound
changes in the epithelium including inflammation, increased basal cell proliferation, and
evidence of significant toxicity. These epithelial changes were much less pronounced in
NMBA-treated rats fed 5% BRB. Nearly 2,300 esophageal genes were dysregulated by
the NMBA treatment, and 462 of these were restored to near-normal levels of expres-
sion with BRB. These restored genes were associated with multiple cellular functions
including cell cycle, proliferation, apoptosis, angiogenesis, cell to cell communication,
cell adhesion, inflammation, oxidative stress, carcinogen metabolism, etc., indicating
that the active components in BRB elicit a genome-wide effect in modulating genes
involved in the early events of esophageal toxicity and carcinogenesis. Perhaps, this is
not surprising in view of the large number of chemopreventive agents in berries that most
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Table 5
Cellular Functions and Associated Genes Affected by BRB in NMBA-
Treated Rat Esophagus

Function Genes/events References

Cell proliferation ↓ PCNA, Ki-67 Kresty et al. (11)
↓ AP-1 (c-Jun) Chen et al. (32)
↓ COX-2, PGE2 Chen et al. (32)
↓ Erk1/2 Wang et al. (8)

Apoptosis ↑ TUNEL Wang et al. (8)
↓ Bcl-2 Wang et al. (8)
↑ Bax Wang et al. (8)
↓ Caspase-3 Zikri et al. (28)

Inflammation ↓ COX-2, PGE2 Chen et al. (32)
↓ iNOS, nitrite/nitrate Chen et al. (32)
↓ NF-κB Wang et al. (8)
↓ CD45 (leukocyte

common antigen)
Wang et al. (8)

Angiogenesis ↓ VEGF-1 Chen et al. (33)
↓ HIF-1α Wang et al. (8)
↓Microvessel density Chen et al. (33)

likely act on different signaling pathways. In contrast, the treatment of control (non-
NMBA treated) rats with the 5% BRB diet for 3 weeks led to changes in the expression
levels of only 36 genes in the esophagus (34). For the most part, these genes were not
associated with cancer development in the rat esophagus or in other tissues.

3. EPIDEMIOLOGICAL STUDIES

There have been relatively few epidemiological studies to assess the potential cancer-
preventive effects of berries in humans. One study of 1,271 Massachusetts residents
reported a reduced relative risk of cancer death (RR = 0.3) among subjects who con-
sumed less than one serving of strawberries per week (35). The actual amount of straw-
berries consumed was not reported. Another study examined the effect of fruit and veg-
etable consumption, including strawberries and blueberries, on the incidence of colon
and rectal cancers in the Nurses’ Health Study (88,764 women) and the Health Profes-
sionals’ Follow-up Study (47,325 men) and concluded that the frequent consumption of
all fruits and vegetables examined did not confer protection from colon or rectal can-
cer (36). A weak inverse association was found between colorectal adenoma growth
and fruit and berry consumption in Norway. However, the types and amounts of berries
consumed were not discussed (37). Fruit intake, including berries, does not appear to
be related to risk of prostate cancer and, if anything, may be associated with a slightly
elevated risk (38). A major difficulty in making definitive conclusions regarding the
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relationship between the intake of berry and risk for human cancer is that of separat-
ing berry consumption from that of other fruits in epidemiological studies. In addition,
the seasonal use of many berry types during the year compromises the acquisition of
accurate consumption data. Probably, the most extensive database on berry consump-
tion by humans as a function of age, gender, berry type, and geographic location resides
in Finland (39). To date, however, there do not appear to be any studies relating berry
use in Finland to cancer occurrence or outcome.

4. INTERVENTION STUDIES IN HUMANS

There have been relatively few clinical trials to evaluate the potential anticancer
effects of berries. Some of the available data in humans were derived from pharma-
cokinetic studies of the absorption, distribution, metabolism, and excretion of berry
compounds, obtained either from foodstuffs or as purified compounds. An extensive
summary of these studies was provided by Seeram (3). To our knowledge, all other
data have been derived from studies in our laboratories, including a phase I clinical
trial of the safety/tolerability of BRB and limited phase IB trials to evaluate the abil-
ity of BRB powder, administered in different formulations, to modulate biomarkers of
neoplastic progression in Barrett’s esophagus, colon polyps, colon adenocarcinomas,
and oral dysplasia. The results from our studies have been summarized recently in two
reviews (4–40) and will be discussed only briefly here.

4.1. Phase I Clinical Trial of BRB
We conducted a phase I trial in 11 subjects to determine the safety/tolerability of

BRB and to measure anthocyanins and ellagic acid in plasma and urine (41). Sub-
jects were fed 45 g (equivalent to a 5% berry diet in animals) of BRB powder as a
slurry in water daily for 7 days. Blood and urine samples were collected prior to and
after berry treatment. The berries were found to be well tolerated. The only clinical
observation was a low incidence of mild or moderate constipation in 4 of the 11 sub-
jects. Maximum concentrations of anthocyanins and ellagic acid in plasma occurred at
1–2 h, and maximum quantities in urine appeared from within 4 h. The uptake of the
anthocyanins into plasma was reflective of their relative concentrations in black rasp-
berry powder with cyanidin-3-rutinoside > cyanidin-3-xylosylrutinoside > cyanidin-3-
glucoside= cyanidin-3-sambubioside. Overall, the uptake of ellagic acid and the antho-
cyanins was less than 1% of the administered dose. Thus, as is the case with many other
phenolic compounds, the anthocyanins and ellagic acid have limited bioavailability in
humans.

4.2. Effects of BRB Powder on Biomarkers of Neoplastic Progression
in Colon, Oral Cavity, and Esophagus

Several investigations concerning the effects of berry powders on cancer develop-
ment in the human colon, oral cavity, and esophagus are either ongoing or have been
completed. A brief discussion of the results of these studies is provided based on cancer
type.
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Colon cancer: Based upon positive results of the inhibitory effects of BRB on colon
tumor development in rodents (12), we initiated a study in 30 subjects with colorec-
tal cancer to determine if the oral administration of BRB would modulate biomarkers
of colon cancer development. Biopsies of normal and tumor tissues were collected at
baseline. Subjects consumed 20 g of freeze-dried BRB powder, as a slurry in water,
three times a day (60 g total), until their scheduled surgery date, usually within 2–4
weeks. Post-treatment biopsy specimens of normal and tumor tissues were collected
during the surgery. Pre-and post-treatment specimens from 30 patients were analyzed
for the effects of BRB on cell proliferation using Ki-67, apoptosis by TUNEL, and
angiogenesis by staining for CD105. Because the Wnt pathway is altered in about 70%
of sporadic colon cancers, we examined, by immunohistochemistry, the nuclear stain-
ing of β-catenin, membrane and cytoplasmic staining of E-cadherin, and the protein
expression levels of c-Myc and cyclin D1. Although there was a trend for changes in
the expression of all biomarkers in tumors relative to that seen in normal colon, only
the reduction in Ki-67 cell proliferation rates in both normal and, to a larger extent,
tumor tissues was significant (Table 6). Nevertheless, we were encouraged by the fact
that biomarkers of tumor development in human colon were modulated by such short-
term treatment with BRB. In addition, the recovery of berry anthocyanins from normal
colon tissue specimens from BRB-treated patients indicated that the anthocyanins were
absorbed locally into colon tissue.

Oral cancer: Studies have been undertaken to determine if BRB might exert a pro-
tective effect on the development of oral cancer in humans. A preliminary phase I study
evaluated the utility of a mucoadhesive gel for the localized delivery of berry antho-
cyanins to human oral mucosa (42). Gels containing 5 and 10% BRB powder were
formulated to insure the stability of the anthocyanins. Maximum stability of these com-
pounds in the gel was observed at pH 3.5 and at a temperature of 4◦C. When the gel was
applied topically to the oral mucosa of normal subjects, the anthocyanins were found to
be readily absorbed into the tissue as evidenced by detectable blood levels within 5 min
after gel application. In addition, all four anthocyanins in black raspberries were found
to penetrate into explant tissues of oral mucosa, in vitro, with the greatest penetration
being from the 10% berry gel. Based upon these results, the effects of topical applica-
tion of the 10% BRB gel to oral intraepithelial neoplastic (IEN) lesions in 17 patients
and normal tissues in 10 patients, 4×/day for 6 weeks, were evaluated (43). None of
the 27 participants developed toxicities associated with gel treatment. Histologic regres-
sion of the intraepithelial neoplasia (IEN) lesions was observed in a subset of patients
as well as a statistically significant reduction in loss of heterozygosity (LOH) at three
tumor-suppressor gene (INK4a/ARF, p53, FHIT) loci. Gene expression studies revealed
that the berry gel reduced the expression of COX-2 and iNOS in dysplastic lesions and
uniformally suppressed genes associated with RNA processing, growth factor recycling,
and inhibition of apoptosis (44). The authors concluded that further evaluation of BRB
gels for chemoprevention of oral IEN lesions is warranted.

Barrett’s esophagus: Barrett’s esophagus is the only recognized precursor lesion
to esophageal adenocarcinoma, a cancer that has increased dramatically in incidence
throughout the Western world over the last three decades (45). A study was under-
taken to determine if the oral administration of BRB powder would influence parameters
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associated with the progression of Barrett’s lesions (46). Twenty Barrett’s patients con-
sumed 32 or 45 g (female and male, respectively) of BRB powder daily, as a slurry
in water for 26 weeks. Biopsies of Barrett’s lesions were taken before and after berry
treatment for biomarker analysis. Based upon interim results from 10 of the 20 patients,
berry treatment did not result in a reduction in segment length of Barrett’s lesions at 26
weeks. Urine was collected from each subject at baseline and at weeks 12 and 26 of the
study and evaluated for the oxidative damage biomarkers 8-hydroxy-deoxyguanosine
(8-OHdG) and 8-epi-prostaglandin F2α (8-Iso-PGF2). Levels of urinary 8-Iso-PGF2
were significantly reduced, but there was no significant change in mean levels of uri-
nary 8-OHdG. The authors concluded that the daily consumption of freeze-dried black
raspberries promotes reductions in the urinary excretion of two biomarkers of oxidative
stress, 8-Iso-PGF2, and to a lesser more variable extent, 8-OHdG, among patients with
Barrett’s esophagus. A concern from this study is that the transit time of the BRB slurry
across the esophagus, when consumed orally, is very rapid and may not permit sufficient
localized absorption of berry compounds into Barrett’s lesions to be effective.

5. TISSUE SPECIFICITY

Animal studies demonstrating the effectiveness of berry powders to prevent cancer
in the oral cavity, esophagus, and colon, but not in the lung, suggest that the localized
absorption of berry compounds is critical for chemopreventive efficacy. This was fur-
ther confirmed in humans by the observation that berry compounds are effective when
absorbed locally by target tissues (e.g., the oral cavity and colon) in sufficient con-
centrations to demonstrate efficacy. In that regard, it seems likely that the inability of
oral BRB powder to exhibit any effects on Barrett’s esophageal lesions was related to
insufficient absorption of berry compounds into these lesions. Thus, in order to pro-
tect against esophageal adenocarcinoma development in humans, it seems necessary to
develop delivery systems that enhance the uptake of berry compounds into Barrett’s
lesions. The same is probably true for protection against the development of esophageal
squamous cell carcinoma from dysplastic lesions and for protection in internal organs
such as the liver and lung.

6. CONCLUSIONS AND RECOMMENDATIONS FOR INTAKE/DIETARY
CHANGES

It is difficult to make specific recommendations for the dietary uptake of berries for
cancer prevention for the following reasons: (a) epidemiological data on the relationship
between berry consumption and the prevention of cancer in humans are insufficient and
do not provide guidelines as to desirable daily intakes of any berry type; (b) experi-
mental data indicate that berry consumption may be protective against the development
of cancer at some sites in humans. However, these studies are preliminary and require
verification; (c) the quantity of berries required on a routine basis to prevent the develop-
ment of cancer at a specific organ site is likely to vary significantly from one individual
to another and from one risk group to another. For example, one might expect that a
higher intake of berries would be required to induce regression of a polyp in the colon
than would be needed to prevent initial polyp development. Nevertheless, the protective
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effects of berries on cancer development at specific sites in animals are impressive and,
to date, there is little evidence that berry consumption leads to significant side effects
either in animals or in humans. Thus, it seems reasonable to suggest that berries be part
of the daily diet, and that in individuals at high risk, the daily consumption of several
grams of berry powder could well elicit protection.
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30 Pomegranate

David Heber

Key Points

1. The pomegranate fruit has been used for medicinal purposes since ancient times, but extensive
research on the bioactive substances in the pomegranate has potential applications in the chemopre-
vention of common forms of cancer.

2. Pomegranates have been shown to contain 124 different phytochemicals, and some of these act in
concert to exert antioxidant and anti-inflammatory effects on cancer cells. Pomegranate juice made
by squeezing whole fruit has the highest concentration of ellagitannins of any commonly consumed
juice and contains the unique ellagitannin, punicalagin.

3. Punicalagin is the largest molecular weight polyphenol known. Pomegranate ellagitannins are not
absorbed intact into the blood stream but are hydrolyzed to ellagic acid over several hours in the
intestine. They are also metabolized by gut flora into urolithins which are conjugated in the liver
and excreted in the urine. These urolithins are also bioactive and inhibit prostate cancer cell growth.
Inhibition of nuclear factor kappa-B activation has been shown in prostate cancer cells and in human
prostate cancer xenografts in mice. Inhibition of angiogenesis by inhibition of HIF-1 alpha activa-
tion of VEGF has also been demonstrated in animals with xenografts.

4. In clinical studies, pomegranate juice administration led to a decrease in the rate of rise of prostate-
specific antigen after primary treatment with surgery or radiation. Continued translational research
on the chemopreventive potential of pomegranate ellagitannins is ongoing.

Key Words: Pomegranate; ellagitannins; prostate cancer; urolithins

1. INTRODUCTION

While it is widely accepted that eating a diet rich in fruits and vegetables may lead
to a reduction in the risk of common forms of cancer and may be useful in cancer pre-
vention, both basic and clinical evidences of benefits of particular classes of bioactive
substances have been developed specifically for pomegranate juice and pomegranate
juice extracts. Research on basic mechanisms of action in cell culture, animal model
systems, and limited clinical research in prostate cancer patients has been carried out
with pomegranate juice. Clinical studies demonstrated a marked reduction in the rate
of increase of prostate-specific antigen (PSA), an important marker of prostate cancer
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progression in men previously treated for prostate cancer. There has also been signif-
icant progress in defining the pharmacokinetics and metabolism of ellagitannins from
pomegranate juice in humans.

2. BIOACTIVITY OF POMEGRANATE POLYPHENOLS
AND METABOLITES

Ellagitannins (ETs) are a family of bioactive polyphenols from fruits and nuts such
as pomegranates, black raspberries, raspberries, strawberries, walnuts, and almonds (1,
2). Squeezing whole pomegranate fruit (Punica granatum L.) yields the richest source
of ellagitannins among fruit juices. This juice has been used for centuries in ancient
cultures for medicinal purposes (3). Commercial pomegranate juice (PJ), which has
recently become popular in the United States, has more potent antioxidant properties
than other common fruit juices attributed to its high content of polyphenols. Emerg-
ing science has demonstrated anti-cancer effects with the most impressive data so far
in prostate cancer. However, the inhibition of sub-cellular pathways of inflammation
triggered by nuclear factor kappa-B (NF-κB), angiogenesis under hypoxic conditions
triggered by hypoxia-inducible factor-1 alpha (HIF-1α), and cellular proliferation along
with stimulation of apoptosis suggests that ellagitannins through multiple pathways may
find utility as a dietary agent for the prevention and treatment of many common forms
of cancer.

The most abundant polyphenols in PJ are ellagitannins (ETs), which are hydrolyz-
able tannins that release ellagic acid (EA) on hydrolysis (4) and following metabolism
by gut flora form urolithins such as urolithin A (see Fig. 1). Punicalagin is unique to
pomegranate and is part of a family of ellagitannins which include the minor tannins
called punicalin and gallagic acid (structures not shown). All these ellagitannins have in
common the ability to be hydrolyzed to ellagic acid resulting in a prolonged release into
the blood of ellagic acid.

Among the pomegranate ETs, punicalagin, which is the largest polyphenol known
with a molecular weight of greater than 1,000, has been reported to be responsible for
over half of the juice’s potent antioxidant activity (4). Punicalagin is most abundant in
the fruit husk as opposed to the juicy seeds called arils found within the fruit. It is by
pressing the whole fruit during processing that ellagitannins are extracted into PJ in sig-
nificant quantities, reaching levels of >2 g/l juice (4). PJ also contains other polyphenols
such as anthocyanins (cyanidin, delphinidin, and pelargonidin glycosides) and flavonols
(quercetin, kaempferol, and luteolin glycosides) (4). In all some 124 phytochemicals
have been identified in the pomegranate (5).

Following metabolism by gut flora, urolithins A and B are formed and conjugated in
the liver prior to excretion in the urine over 12–56 h after a single administration of 8 oz
of pomegranate juice. These urolithins circulate in the blood as well and can reach many
of the target organs where the effects of pomegranate ellagitannins are noted.
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Fig. 1. Chemical structures of punicalagin isomers, the major ET present in pomegranate juice and its
metabolites, dimethylellagic acid glucuronide, ellagic acid, and urolithins A and B.

3. CANCER PREVENTIVE POTENTIAL OF POMEGRANATE
POLYPHENOLS

Results from studies in cells, animals, and humans clearly point to the importance of
following ellagitannin metabolites as markers of PJ intake and studying them in detail
to explain the effects of PJ on inhibition of prostate cancer cell growth in vitro and in
SCID mice with orthotopically transplanted human prostate cancer cells.

Our group and others have also shown that pomegranate fruit extract and its purified
ETs inhibit the proliferation of human cancer cells and modulate inflammatory sub-
cellular signaling pathways and apoptosis (6–8).

Based on the observation that a pomegranate fruit extract inhibited prostate can-
cer growth in athymic nude mice, some authors have proposed that anthocyanins are
responsible for the inhibition observed (9). However, these studies did not identify the
metabolites that might be responsible for this activity, and it is unlikely that antho-
cyanins account for the unique profile of activities observed with pomegranate juice and
pomegranate extracts. In fact, ETs have previously been shown to exhibit in vitro and
in vivo anticarcinogenic properties such as induction of cell-cycle arrest and apoptosis,
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as well as the inhibition of tumor formation and growth in animals (10). Therefore, it is
unnecessary to invoke the idea that the anthocyanins are required for the health benefits
observed in cancer models and in the human intervention studies to date.

Inflammation is a hallmark of prostate cancer and is universally found in prostate tis-
sue at the time of prostatectomy. Inflammation has also been implicated in colon cancer,
breast cancer, and other common forms of cancer. In fact, proliferative inflammatory
atrophy may be a precursor to PIN and prostate cancer (11).

Multiple molecular targets are related to the inflammatory pathway in prostate and
other types of cancer cells (see Fig. 2). Inflammatory cells are found in prostate tissue
at the time of prostatectomy and expression of NF-κB is increased in more advanced
lesions. In fact, nuclear localization of NF-κB is a risk factor for prostate cancer recur-
rence following prostatectomy (12). In other cancers as well this transcription factor has
been found to be central. It is fair to say that without this transcription factor, you cannot
have inflammation. Whether this is the only pathway mediating the effects of ellagitan-
nins is unknown and it is entirely possible that other interacting pathways reviewed
below may well be involved.

Fig. 2. NF-κB activation in inflammatory cells can lead to oxidant stress and inflammation in prostate
epithelial cells. Constitutive activation of NF-κB is then found in prostate cancer cells and may be the
result of the interaction of inflammatory stromal cells and epithelial cells.

NF-κB activation leads to immune activation, inflammation, and cell proliferation
(13, 14). NF-κB can also upregulate the transcription of genes that produce collagenases,
cell adhesion molecules, and inflammatory cytokines including TNFα, IL-1, 2, 6, and 8
(15–17). NF-κB regulates genes involved in the immune and inflammatory responses, as
well as cell-cycle control and cell death in response to pro-inflammatory cytokines such
as IL-1 and TNFα (18, 19). NF-κB is also associated with the transcription of genes
involved in cell survival such as Bclx and inhibitors of apoptosis.

Constitutive activation of NF-κB has been identified in prostate cancers (20). Interest-
ingly, the genes coding for the NF-κB proteins p52 and p65 have been mapped to sites
of frequent rearrangement and amplification which give rise to many cancers. PC-3 and
DU145 prostate cancer cell lines and prostate carcinoma xenografts have demonstrated
constitutive NF-κB activity through constitutive activation of the IκB kinase α (IKKα)
protein complex (21–23).
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Activation of NF-κB also regulates a number of downstream genes including
cyclooxygenase-2 (COX-2). COX-2 is the key enzyme regulating the production of
prostaglandins, central mediators of inflammation. The expression of cyclooxygenase-
2 is induced by several extracellular signals including pro-inflammatory and growth-
promoting stimuli. Expression of cyclooxygenase-2 mRNA is regulated by several tran-
scription factors including the cyclic-AMP response element binding protein (CREB),
NF-κB, and the CCAAT-enhancer binding protein (C/EBP). Cyclooxygenase-2 is also
affected post-transcriptionally, at the level of mRNA stability. Inflammatory cells such
as macrophages and mast cells release angiogenic factors and cytokines such as TNFα,
IL-1, and VEGF (24) which signal cell growth and proliferation.

ETs and their hydrolysis product, ellagic acid (EA), inhibit prostate cancer cell
growth through cell-cycle arrest and stimulation of apoptosis (10, 25, 26). In addition,
they inhibit the activation of inflammatory pathways including but not limited to the NF-
κB pathway. Inhibition of angiogenesis has also been demonstrated both in vitro and in
vivo for prostate cancer. The universal nature of these mechanisms in common forms of
cancer suggests that pomegranate ellagitannins which have been tested in both prostate
and colon cancer cells by our group may also be useful dietary agents for the prevention
and treatment of other forms of cancer such as breast cancer.

4. MECHANISTIC INSIGHTS FROM CELL CULTURE AND ANIMAL
STUDIES

In cell culture, combinations of ellagitannins are more potent than any single com-
pound (27–30). They have activity in combination against both prostate and colon cancer
cells. While punicalagin is the most active of the ellagitannins, it is possible to design
experiments which demonstrate the additional effects of the other phytochemicals found
in pomegranate juice.

Overall, the significance of these in vitro findings is in doubt since only ellagic acid is
found in the circulation after ingestion of pomegranate juice along with urolithins. The
latter are formed by gut bacteria and recirculated through the liver prior to excretion in
the urine. Urolithins also inhibit the growth of both androgen-dependent and androgen-
independent prostate cancer cell lines, with IC50 values lower than EA. Future studies to
evaluate the mechanistic basis for the anti-proliferative effects of urolithins are required.
On the basis of current knowledge of polyphenol bioavailability, the IC50 values that we
observed in the in vitro anti-proliferative assays far exceeded physiologically achievable
levels.

Angiogenesis is critical to tumor growth and is stimulated by tissue hypoxia due to
poor oxygen delivery. In turn, cellular hypoxia leads to angiogenesis via the induction
of hypoxia-inducible factor-1alpha (HIF-1alpha) and vascular endothelial growth factor
(VEGF) at a cellular level. Pomegranate juice and extracts, which are rich sources of
ellagitannins, have been shown to have chemopreventive potential against prostate can-
cer, but there have been no studies on the effects of an ellagitannin-rich pomegranate
extract on angiogenesis. Human prostate cancer cells (LNCaP) and human umbilical
vein endothelial cells (HUVEC) were incubated with a pomegranate extract standard-
ized to ellagitannin content (POMx), under normoxic and hypoxic conditions in vitro.
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POMx inhibited the proliferation of LNCaP and HUVEC cells significantly under both
normoxic and hypoxic conditions. HIF-1 alpha and VEGF protein levels were also
reduced by POMx under hypoxic conditions (30).

Recently there have been a number of reports on anti-proliferative, pro-apoptotic,
and antiangiogenic activities by pomegranate polyphenols, as well as inhibition of NF-
κβ activity and xenograft growth (6, 25, 26). In a recent study from our group (Sar-
tippour et al.) human prostate cancer cells (LAPC4) were injected subcutaneously into
severe combined immunodeficient (SCID) mice and the effects of oral administration
of POMx on tumor growth, microvessel density, and HIF-1alpha and VEGF expression
were determined after 4 weeks of treatment. POMx decreased prostate cancer xenograft
size, tumor vessel density, VEGF peptide levels, and HIF-1alpha expression after 4
weeks of treatment in SCID mice (30). These results demonstrate that an ellagitannin-
rich pomegranate extract can inhibit tumor-associated angiogenesis as one of several
potential mechanisms for slowing the growth of prostate cancer in chemopreventive
applications. Further studies in humans are needed to confirm that angiogenesis can be
inhibited by an ellagitannin-rich pomegranate extract administered orally as a dietary
supplement.

5. EVIDENCE OF BIOACTIVITY FROM HUMAN CLINICAL STUDIES

A clinical study in men with rising PSA after surgery or radiotherapy was begun
in January, 2003. Eligible patients had a detectable PSA greater than 0.2 ng/ml and
less than 5 ng/ml, and a Gleason score of 7 or less. Patients were treated with 8 oz of
pomegranate juice daily (wonderful variety, 570 mg total polyphenol gallic acid equiva-
lents). Interim results were published in 2007 (31) and showed a significant increase in
mean PSA doubling time following treatment, from 15 months at baseline to 54 months
post-treatment (p < 0.001). The PSA doubling time is a predictor of survival in prostate
cancer patients with recurrent disease. The study was amended to allow patients to con-
tinue treatment and to undergo evaluation in 3 month intervals until disease progres-
sion. In an ex vivo mitogenic bioassay, serum obtained from these PJ-treated patients
who were given 8 oz of PJ daily for 2 years also inhibited proliferation and stimulated
apoptosis of LNCaP prostate cancer cells in vitro. Future studies have been designed to
determine if EA, urolithins, and related metabolites in patient sera are responsible for
these anti-proliferative and pro-apoptotic effects.

6. DETAILED STUDIES OF BIOAVAILABILITY AND METABOLISM

Since bioavailability of phytochemicals is critical to their bioactivity, this was studied
in 18 volunteers to quantitate the plasma appearance and disappearance rates of EA
hydrolyzed from ET’s in administered PJ (32). In addition, it was demonstrated that
the absorbed EA hydrolyzed from PJ punicalagin is converted to dimethylellagic acid
glucuronide in plasma and urine on the day of administration of PJ (32, 33). Urolithins
derived from EA appeared in human urine after the disappearance of DMEAG about
12 h after juice administration.
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Additional bioavailability data on DMEAG and urolithins were obtained in mice in
support of our planned studies of PJ effects on orthotopically transplanted LNCaP cells
in SCID mice (34). Studies in rats and in humans have shown that ETs are hydrolyzed in
the gut to EA and that EA is metabolized by the colon microflora to form the urolithins
A and B. Urolithins can be absorbed into the enterohepatic circulation and excreted in
urine and feces (35–37). EA and urolithins can accumulate in the intestine and prostate
(34, 38). ET’s, EA, and urolithin-A exhibit cancer chemopreventive activities in various
cell and animal models. Oral administration of PE to wild-type mice led to increased
plasma levels of EA, but EA was not detected in the prostate gland. On the other hand,
intraperitoneal administration of PE led to 10-fold higher EA levels in the plasma and
detectable and higher EA levels in the prostate, intestine, and colon relative to other
organ systems. The detectable EA levels in prostate tissue following intraperitoneal but
not oral administration were likely due to higher plasma levels attained after intraperi-
toneal administration.

Intraperitoneal and oral administration of synthesized UA led to uptake of UA and it
conjugates in prostate tissue, and UA levels were higher in prostate, colon, and intestinal
tissues relative to other organs. It is unclear why pomegranate ET metabolites localize
at higher levels in prostate, colon, and intestinal tissues relative to the other organs stud-
ied. Importantly, the predilection of bioactive pomegranate ET metabolites to localize in
prostate tissue, combined with clinical data demonstrating the anti-cancer effects of PJ,
suggests the potential for pomegranate products to play a role in prostate cancer chemo-
prevention. Whether urolithins in human prostate tissue can be used as a biomarker
following long-term administration of PJ or PE remains to be determined.

7. CONCLUSIONS

The ellagitannins found in pomegranate fruit are very potent antioxidants exceeding
the in vitro antioxidant potency of other common refrigerated juices (39). While there
are limited treatment options for prostate cancer patients who have undergone primary
therapy such as radical prostatectomy with curative intent but have progressive elevation
of their PSA, PJ given daily for 2 years to 40 prostate cancer patients with rising PSA
provides evidence for the possible utilization of a non-toxic option for prevention or
delay of prostate carcinogenesis. It is remarkable that 85% of patients responded to PJ
in this study. Both in vitro and in vivo investigations in prostate cancer models of the
molecular mechanisms that may account for these PJ effects have been explored.

However, while researchers tend to focus on the idea of a single pathway, it is evident
that pomegranate ellagitannins like other phytochemicals work through multiple tar-
geted pathways. Nonetheless, evidence that NF-κB activation is associated with height-
ened proliferation, increased neo-angiogenesis, and resistance to apoptosis suggests that
the anti-tumor action of PJ polyphenols is significantly mediated through their NF-κB
inhibitory effects. This hypothesis is given added support by the recent implication of
NF-κB as an independent risk factor for PSA rise (i.e., biochemical recurrence) after
prostatectomy. Studies of the effects of pomegranate juice and dietary supplements
made from pomegranate extract in patients prior to prostatectomy and after biochem-
ical recurrence with rising PSA are ongoing and should provide further information on
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the prostate cancer preventive and treatment potential of the juice made from this ancient
fruit. Additional studies in other forms of cancer including colon cancer and breast can-
cer may reveal additional potentials for pomegranate juice in cancer chemoprevention.
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31 Alcohol and Cancer: Biological Basis

Keith Singletary

Key Points

1. For decades, it has been well documented that alcohol intake increases risk for cancers of the upper
aerodigestive tract (oral cavity, pharynx, larynx, and esophagus), especially at high levels of intake,
as well as for breast, colon, and liver cancers.

2. Many types of cancer associations were observed for all types of alcoholic beverages, suggesting
that ethanol is the main carcinogenic constituent of alcohol drinks.

3. Alcohol has multiple actions in modifying carcinogenesis, not only directly, such as disordering
cell membranes, but also indirectly, such as a consequence of ethanol oxidation to acetaldehyde
and other reactive intermediates.

4. The magnitude, specificity, and variability of ethanol’s actions can depend on the dose and dura-
tion of exposure and on specific biochemical and molecular characteristics of the tissues to which
ethanol comes in contact.

5. The possible mechanisms underlying alcohol’s carcinogenicity include the causation of DNA dam-
age by alcohol’s metabolic product acetaldehyde, alcohol’s effect in increasing estrogen levels,
alcohol being a solvent for carcinogens, alcohol-induced generation of reactive oxygen species,
alcohol-associated alterations in nutritional status, and deleterious effects of alcohol on the host
immune system.

Key Words: Alcohol; ethanol; acetaldehyde; carcinogen; oxidative stress; hormones; cancer

1. INTRODUCTION

For decades, it has been well documented that alcohol intake increases the risk for
cancers of the upper aerodigestive tract (oral cavity, pharynx, larynx, and esophagus),
especially at high levels of intake (1–4). For instance, as early as 1977, alcohol intake
was identified as a risk factor for breast cancer and resulted in numerous subsequent
epidemiological reports supporting the role of alcohol in breast cancer causation
(5, 6). In fact, alcohol’s interrelationship with breast cancer was listed as 1 of the
top 10 greatest recent discoveries in nutrition (7). Thus, alcohol consumption can
augment to varying degrees carcinogenesis at several organ sites including those in
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the upper aerodigestive tract, liver, colon, and breast. The epidemiological evidence
for the role of alcohol in these and other cancers has recently been reviewed in depth
(5) and will not be discussed at length in this chapter. The evidence that alcohol
enhances cancer risk is strongest for tumors of the upper aerodigestive tract (UADT),
colon (particularly in men), and the female breast (5, 6, 8–10). There is also strong
evidence that alcohol intake is an independent risk factor for liver cancer, especially
as a consequence of cirrhosis (4). Collectively, data from various animal models
provide supportive evidence that ethanol can increase cancer when provided alone
(liver, head, neck, fore-stomach, and breast) and when co-administered with known
carcinogens (2, 11–14). In these carcinogen-induced animal tumor models, ethanol
has been observed to be a stimulator of both the initiation and the post-initiation
stages of experimental carcinogenesis (15–28). In light of the total evidence, the
IARC has concluded that there is “sufficient evidence” of ethanol’s carcinogenicity in
animals (2, 11). Likewise based on findings of epidemiological studies and preclinical
mechanistic data, the IARC indicates that alcohol drinking is “carcinogenic to humans”
(2, 11). In general, these cancer associations were observed for all types of alcoholic
beverages, suggesting that ethanol is the main carcinogenic constituent of alcohol
drinks. It also should be kept in mind that many of these alcohol–cancer associations
are most prominent at high levels of alcohol consumption. The biological basis for
this enhancing effect of alcohol intake on these various cancers remains an area of
active scientific inquiry, especially the extent to which other dietary and lifestyle factors
and genetic predisposition can modify the impact of alcohol on cancer risk (29). This
chapter, therefore, will focus on providing insights into potential mechanisms of action
whereby alcohol stimulates cancer development and highlighting areas for future
investigation.

It is readily apparent that alcohol has multiple actions in modifying carcinogenesis,
not only directly, such as disordering cell membranes, but also indirectly, such as a
consequence of ethanol oxidation to acetaldehyde and other reactive intermediates
(2, 4, 16, 29–31). The magnitude, specificity, and variability in ethanol’s actions can
depend on the dose and duration of exposure and on specific biochemical and molec-
ular characteristics of the target tissues. A recent summary of possible mechanisms
underlying alcohol’s carcinogenicity provides strong evidence that acetaldehyde causes
DNA damage and alcohol increases estrogen levels; moderate evidence that alcohol is
a solvent for carcinogens, generates reactive oxygen species (ROS), and alters folate
status; and weak evidence that alcohol causes cancer by reducing host defenses and
causing nutritional deficiencies (2).

The literature may use various terms to describe units of alcohol consumption. Gen-
erally in the United States, an alcoholic drink is recognized to contain about 14 g of
ethanol which translates to approximately 1.5 oz (44 ml) of liquor, a 5 oz (148 ml) glass
of wine, or a 12 oz (355 ml) glass of beer. For purposes of this overview, high alcohol
intake is considered ≥3 drinks/day. Furthermore, the term alcohol will be used inter-
changeably with the word ethanol, the major biologically active constituent of alcoholic
beverages.
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2. ETHANOL METABOLISM: ACETALDEHYDE AND OXIDATIVE
STRESS

Ingested ethanol is absorbed predominantly in the stomach and duodenum and is
eliminated from the body by several metabolic processes. The liver is the main site
of ethanol metabolism, although it may occur in other tissues. Individual variability in
absorption, distribution, and elimination of ethanol is affected by genetic and environ-
mental factors, which cumulatively can contribute to differences in the clinical conse-
quences, harmful effects, and cancer risks associated with chronic ethanol consumption
(4, 32–35).

There are three metabolic pathways for the oxidation of ethanol to its primary prod-
uct acetaldehyde (Fig. 1), a known carcinogen (36). Peroxisomal catalase-mediated
metabolism to acetaldehyde is considered a minor pathway. A second oxidative pathway
involving microsomal cytochrome P4502E1 (CYP2E1)-catalyzed conversion of ethanol
to acetaldehyde may have particular importance in metabolizing ethanol in non-liver
tissues, especially those lacking appreciable alcohol dehydrogenase (ADH) activity.
CYP2E1-dependent ethanol oxidation (Km = 8–10 mM) plays a greater role in ethanol
elimination following consumption of large amounts of alcohol that subsequently result
in elevated blood alcohol content. Reactive oxygen species (ROS) such as hydroxyl rad-
icals, superoxide anions, and hydroxyethyl radicals are also a by-product of cytochrome
P450 catalysis and can contribute to cancer-promoting tissue damage. By far the
major contributor to ethanol oxidation to acetaldehyde is cytosolic ADH (Km of liver
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ADH= 0.2–2.0 mM). Acetaldehyde is subsequently converted to acetate (37) through a
reaction catalyzed primarily by mitochondrial acetaldehyde dehydrogenase 2 (ALDH2).
To a smaller extent acetaldehyde may also be detoxified in the liver by CYP2E1, which
is referred to as the microsomal acetaldehyde oxidizing system (38). Acetate ultimately
can be oxidized to CO2 or metabolized to acetyl-CoA. Allelic variation in ADH and
ALDH2 enzymes, as discussed below, may have considerable impact on risk for several
alcohol-related cancers. Particularly, individuals with elevated acetaldehyde levels fol-
lowing drinking due to increased formation and/or impaired elimination exhibit higher
rates of alcohol-related cancers and other problems. There also are nonoxidative path-
ways of ethanol metabolism to phosphatidyl ethanol (catalyzed by phospholipase D) and
fatty acid ethyl esters that, to date, make only a small contribution to ethanol’s impact
on carcinogenesis (36).

Acetaldehyde, the primary oxidative metabolite of ethanol, is considered to be an
important mediator of ethanol’s cancer-promoting actions, particularly in the upper
aerodigestive tract (UADT) and colon (39– 41). Actually, exposure of tissues to
acetaldehyde may come from several sources. First, alcoholic beverages, especially
whiskey and beer, may contain high levels of acetaldehyde (4). Second, as discussed
above, acetaldehyde can be formed from ethanol by ADH in a variety of tissues such as
liver, UADT mucosa, colon, and the parotid glands. An under-appreciated third source
of acetaldehyde results from microbial metabolism of ethanol in the oral cavity and the
colon (4, 42). Salivary acetaldehyde concentrations measured after ethanol intake have
been detected at levels many-fold higher than those in corresponding blood samples, a
response that can be ameliorated by using an antibiotic rinse prior to consuming alcohol
(43). In alcoholics it has been also noted that smoking and poor oral hygiene can further
increase acetaldehyde levels (44). Likewise, in the colon, high acetaldehyde levels may
be a consequence of microbial oxidation of ethanol (45). Depending on the organ, Neis-
seria species, Streptococcus (viridans group), Rothia species, and the yeast Candida
albicans are micro-organisms identified as being potential participants in this conver-
sion (46, 47). High levels of acetaldehyde in the oral cavity also may be explained by
the fact that the ALDH activity of microbes and oral mucosa is low. Dissimilarities in
relative activities of ADH and ALDH have been observed at several sites along the GI
tract. For example, Yin et al. (48, 49) reported that esophageal ADH activity was 4-fold
higher than ADH activity in the gastric mucosa, whereas esophageal ALDH activity
was 20% stomach ALDH activity. This would then account for selective tissue accumu-
lation of acetaldehyde during alcohol ingestion. Of interest, alcohol consumers with the
less active aldehyde dehydrogenase enzyme encoded by the ALDH2∗2 allele exhibited
2–3-fold higher concentrations of acetaldehyde in the mouth compared to those with
normal ALDH2, and salivary acetaldehyde concentrations 9-fold higher than blood lev-
els (50). Tissue accumulation and toxicity of acetaldehyde also may be a concern in
other sites beyond the UADT. Recently, it was reported that acute oral administration
of ethanol to female rats (0.6 g–6.3 g/kg body weight) resulted in prolonged accumula-
tion of acetaldehyde in mammary tissue to levels higher than those measured in blood
(51). These researchers also have suggested that, at least in mammary tissue, xanthine
oxidoreductase and CYP2E1 may be additional enzymes contributing to steady-state
acetaldehyde levels (52–54).
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Acetaldehyde is considered by the International Agency for Research on Cancer
(IARC) as a human carcinogen, and is classified as an animal carcinogen, too. In rodents
acetaldehyde inhalation leads to nasal and laryngeal cancers and its consumption leads
to hyperproliferation and inflammation of UADT mucosa (2). In humans, those popu-
lations having allelic variants that lead to higher tissue exposure to acetaldehyde have
higher cancer risks (4, 50, 55).

Acetaldehyde’s action as a carcinogen is due, in part, to its genotoxicity and the
consequent generation of genetic abnormalities (56–59). Both stable and unstable
adducts can be formed not only with specific amino acid residues of proteins but also
with nucleic acids (such as that formed by reaction with deoxyguanosine, N2-ethyl-dG).
Covalent DNA adduct formation is considered to be a critical initiating event in the
process of chemically induced cancer. This DNA adduct and acetaldehyde can be
detected in human urine, although the extent of its mutagenicity in cancer target
tissues is not well characterized (60, 61). In Aldh2–/– mice, having minimal capacity
to metabolize away acetaldehyde, consumption of ethanol led to higher covalent
binding of ethanol metabolites to DNA in several organs compared to Aldh 2+/+ mice
with normal acetaldehyde oxidizing capacity (62). In human alcohol abusers, white
blood cell (WBC) acetaldehyde–DNA adducts may reach levels 7-fold greater than
those in non-consumers (63). Habitual or moderate drinkers with polymorphisms in
alcohol metabolizing enzymes that lead to elevated circulating acetaldehyde have
significantly higher frequencies of sister chromatid exchanges and micronuclei fre-
quency in peripheral lymphocytes, an established biomarker of genomic instability
(64–67). DNA–acetaldehyde adducts can be formed in a dose-dependent manner
even at low concentrations that are relatively nontoxic to human buccal epithelial
cells (57). Moreover, acetaldehyde in combination with other biological molecules
(such as polyamines) that accumulate in tissues damaged by ethanol exposure may
generate other forms of stable DNA damage such as crotonaldehyde–DNA and
N2-propano-dG–DNA adducts that can lead to particularly damaging DNA–DNA and
DNA–protein cross-links (56). Again, habitual drinkers with polymorphisms leading
to inactive forms of ALDH2 evidence a greater frequency of chromosomal aberrations
and other evidence of genetic damage in blood samples (68). What may compound
this carcinogenic and genotoxic action of acetaldehyde is that it also may bind to
and compromise the function of cellular proteins involved in DNA synthesis and
repair, in maintaining normal DNA cytosine methylation and in mounting antioxidant
defenses (69–71). Furthermore, ethanol metabolism may disrupt critical intracellular
signaling events that contribute to maintaining genomic stability (72, 73). Recently, for
example, ethanol-treated hepatic cells exhibited more highly acetylated microtubules,
presumably due to acetaldehyde, that substantially disrupted microtubule integrity (74).
Acetaldehyde–protein adducts and malondialdehyde adducts (generated from lipid per-
oxidation) also may stimulate an immune response and induce inflammatory processes
particularly in certain types of liver cells, all of which can further exacerbate local
tissue damage and elevate disease risk (58, 75–77). Acetaldehyde may contribute to
precancerous lesion formation, as has been reported in the colon (accelerated crypt cell
formation, polyp formation, and hyper-regeneration) and in the oral cavity (leukoplakia)
(78–81).
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There is another consequence of ethanol metabolism that may be important in con-
tributing to cancer particularly in the liver and that is the generation of oxidative stress
(32, 58, 82–85). ROS may be produced by multiple pathways that are triggered follow-
ing consumption of ethanol (Fig. 1). For example, ethanol oxidation via P4502E1 and
oxidation in the mitochondria of NADH (that is generated by ADH as ethanol is oxi-
dized) produce ROS. Ethanol-associated inflammation also can produce ROS. Besides
contributing to liver cirrhosis and cancer, ROS generation may also be associated with
extrahepatic cancers. For example, ethanol-induced oxidative stress and acetaldehyde
formation have been detected in rat mammary tissue that was accompanied by ultra-
cellular aberrations in epithelial cell structure (52, 54). The magnitude of ROS gener-
ated depends on the amounts of ethanol consumed as well as the individual’s genotype
encoding for ethanol metabolizing enzymes. Whatever the source of increased ROS, the
consequences can include increased direct DNA damage (such as formation of 8-oxo-
dG) or indirect DNA damage following ROS-induced lipid peroxidation. Lipid perox-
idation produces malondialdehyde, 4-OH nonenal, and other metabolites, all of which
subsequently can form adducts and modify cellular proteins (75, 86). In fact, exocyclic
etheno adducts, generated by reaction of DNA bases with lipid peroxidation products
such as trans-4-hydroxy-2-nonenal, can be detected in the urine of alcoholics with fatty
liver. There are other damaging cellular consequences of ROS formation. For example,
in mouse liver the oxidation of cytosolic proteins, such as those participating in stress
responses, intermediary metabolism, and antioxidant defense, leads to increased pro-
tein degradation (87). This may certainly create cellular dysfunction and susceptibility
to toxic agents that are contributors to cancer development. Moreover, oxidative stress
may contribute to redox imbalance and disturbances in signaling cascades within liver
cells, such as those described for mitogen-activated protein (MAP) kinases, NFkappaB,
and AP-1 (88). The extent to which these ROS-induced processes of protein degradation
and signaling disruption occur in tissues other than the liver deserves further study and
is likely to depend on the dose of ethanol.

Lastly, exposure of tissues to ethanol-generated ROS and acetaldehyde can lead to
enhanced cell proliferation and damage-induced hyper-regeneration (81), at least in the
gastrointestinal tract. Such consequences of acetaldehyde and ROS formation combined
with their genotoxic effects and their impairment of cellular repair capacities likely con-
tribute to a tissue environment conducive to cancer promotion.

3. ALCOHOL AND CARCINOGEN BIOACTIVATION

Direct exposure of tissues to ethanol such as occurs in the UADT may lead to solvent
effects of ethanol on membranes that may enhance the bioavailability of tobacco-related
and other carcinogens. Carcinogens and xenobiotics normally can be metabolized and
detoxified to excretable forms by numerous enzymes (84, 89). However, in numerous
tissues ethanol may stimulate carcinogenesis by inducing enzymes involved in carcino-
gen bioactivation (84, 89–93). Specifically, ethanol may induce enzymes that metabol-
ically activate inert procarcinogens to DNA-reactive intermediates. Decades ago it was
discovered that chronic exposure of the liver to ethanol resulted in increased activity of
the cytochrome P450s of the microsomal ethanol oxidizing system, especially CYP2E1
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(84). There is substantial human variability in CYP2E1 induction but, nonetheless, its
induction can increase the metabolic activation of such carcinogens as hydrazines and
nitrosamines (94). Likewise, induction of CYP3A4 and possibly CYP1A2 by ethanol
increases activation of such procarcinogens as aflatoxin and heterocyclic amines such as
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), which in animals are know
to cause tumor formation in several tissues (90, 91). The induction of CYP 3A4 activ-
ity was due to multiple mechanisms including stabilization of mRNA and protein
(91). It is of interest to note that exposure of human breast epithelial cells to ethanol
and acetaldehyde increased adduct formation by the polycyclic aromatic hydrocarbon
benzo[a]pyrene (BP, 95). This occurred at physiologically relevant concentrations of
ethanol and acetaldehyde, and in part, was the result of an ethanol-induced decrease
in expression of the phase II detoxification enzyme glutathione-S-transferase π. Fur-
thermore, this effect of ethanol on these human breast epithelial cells led to formation
of 8-oxo-dG adducts and the inhibition of the BP–DNA adduct removal (96). These
data suggest, therefore, that ethanol may impact the steady-state levels of DNA-reactive
metabolites by affecting both activation and detoxification of suspected carcinogens.
With regard to the latter, ethanol-induced CYP2E1 metabolism may not only stimulate
carcinogen bioactivation but also stimulate the release of ROS that in turn could deplete
the cell of reduced glutathione and other thiol substrates that are important for carcino-
gen detoxification pathways (32, 82, 84).

Another consequence and concern related to ethanol-induced enzyme activity, specif-
ically for CYP3A4 is that sex hormone metabolite profiles may be altered. CYP3A4 is
the most abundant enzyme in human liver and, due to its role in steroid hormone inter-
conversions, may play a role in breast and prostate carcinogenesis (97).

It should be noted that the consequences of ethanol-associated induction of carcino-
gen and hormone metabolizing enzymes are complex and depend in large part on the
structure of the carcinogen as well as whether ethanol exposure is acute or chronic. In
contrast to the stimulating effects of chronic ethanol consumption, acute ethanol expo-
sure may inhibit the metabolism of drugs and carcinogens (84). For those enzymes capa-
ble of reacting with ethanol (and/or acetaldehyde) following acute alcohol dosing, the
reaction with ethanol can occur at the expense of another substrate, such as a carcino-
gen, leading to competitive inhibition of carcinogen bioactivation. In mice, for exam-
ple, concomitant dosing with alcohol and the lung carcinogen N-nitrosodimethylamine
(NDMA) actually resulted in competitive inhibition of NDMA metabolism in the liver,
which led to enhanced exposure of the lungs to NDMA in the circulation and subse-
quently to increased lung tumorigenesis (98).

4. ALCOHOL AND GENE INTERACTIONS

The primary enzymes catalyzing alcohol metabolism are ADH and ALDH. There
is considerable ethnic variation in the distribution of these forms and their biological
characteristics. Augmented formation of acetaldehyde and/or its deficient detoxification
can lead to elevated tissue exposure and resultant deleterious consequences. Thus, vari-
ant alleles encoding ADH and ALDH2 enzymes can play particularly important roles
in determining peak blood acetaldehyde and ROS concentrations that can ultimately
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impact the magnitude of acetaldehyde- and ROS-mediated damage to cellular macro-
molecules (4, 33, 34). Several examples of these polymorphisms and their impact on
risk of certain cancers will be illustrated. A more detailed description of the genetics of
alcohol metabolism can be found in the review by Edenberg (34).

ADH polymorphisms. There are seven ADH enzymes encoded on genes in chromo-
some 4q that are capable of oxidizing ethanol. Polymorphic forms of at least two genes
have been studied for their impacts on alcohol drinking and cancer risk. The polymor-
phisms of ADH1B and ADH1C are ADH1B∗1, ADH1B∗2, ADH1C∗1, and ADH1C∗2.
ADH1B genes encode β subunits and ADH1C genes encode γ subunits of ADH that
are capable of forming homo- or heterodimers (33). ADH1B∗2 exhibits considerably
more (about 40-fold) activity compared to the reference allele ADH1B∗1 (Fig. 2). The
frequency of ADH1B∗2 allele is higher in Asians and less prevalent in individuals of
Caucasian and African descent. Those East Asian heavy drinkers heterozygous for the
ADH1B alleles (ADH1B∗1/2) are reported to have higher levels of ethanol persisting in
the blood for longer periods as compared to those homozygous for the ADH1B∗2 allele
(99). Furthermore, acetaldehyde levels in saliva of ADH1B∗1 carriers were higher than
in their corresponding blood samples and were about 30-fold higher than salivary levels
in those ADH1B∗2 carriers. The higher salivary acetaldehyde levels in the ADH1B∗1
carriers were associated with considerable oral micro-organism overgrowth. The less
active ADH1B∗1 form is associated with the higher risk for UADT cancer in East
Asian drinkers and also may confer higher risk in Central Europeans as well (4, 55,
99–102). Its presence has a dramatic multiplicative effect on those consuming both alco-
hol and tobacco (103), and there also appears to be significant gene–gene interaction
with ALDH2 (55).
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Fig. 2. Polymorphisms in alcohol and aldehyde dehydrogenases that may influence the alcohol–cancer
relationship.

Among Western populations, ADH1C is a rate-limiting factor in acetaldehyde
metabolism (55). The ADH1C∗1 form has been estimated to have about 2.5-fold the
activity in metabolizing ethanol compared to the reference ADH1C∗2. In this regard,
it has been reported that individuals homozygous for ADH1C∗1 have nearly twice the
salivary acetaldehyde concentration following alcohol intake compared to heterozygous
populations (104). The prevalence of the ADH1C∗1 is more consistently associated with
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increased risk for cancers of the head, neck, and esophagus for populations consum-
ing high amounts of ethanol (>40 g/day). On the other hand, at low levels of ethanol
consumption, evidence for this relationship is inconsistent (4, 105). Similarly, the rela-
tionship of ADH1C∗1 to alcohol and colon cancer is inconsistent (4). On the other
hand, a majority of studies of alcohol and breast cancer that include examination of
the role of ADH polymorphisms report findings that ADH1C∗1 homozygosity increases
risk (4, 106, 107).

As far as other ethanol oxidizing enzymes are concerned, no associations between
cytochrome P4502E1 and liver and esophageal cancers have been reported (4).

ALDH polymorphisms. Two main ALDH enzymes metabolize acetaldehyde to
acetate, the cytosolic ALDH1 and mitochondrial ALDH2 (33, 34) (Fig. 2). The low Km
homotetrameric mitochondrial ALDH2∗1 is most active in metabolizing acetaldehyde.
The variant of ALDH2 that codes for a nearly inactive form of ALDH2 is ALDH2∗2.
This inactive allele is much more common in Chinese, Japanese, and Koreans com-
pared to those of European or African descent and is responsible for the acetaldehyde-
induced alcohol flushing reaction that usually mitigates high alcohol consumption (33,
34). Those that are heterozygous or homozygous for ALDH2∗2 exhibit nearly unde-
tectable acetaldehyde metabolizing activity. This explains why alcohol-consuming pop-
ulations, homozygous or heterozygous for the inactive allele, have about 18-fold and
5-fold higher concentrations of peak blood and saliva acetaldehyde, respectively, com-
pared to those with ALDH2∗1/1 (108). Moreover, those with the ALDH2∗1/2 genotype
who consume moderate doses of alcohol exhibit salivary acetaldehyde levels 2–3-fold
higher than those levels measured in individuals with the ALDH2∗1/1 genotype (109).
This is consistent with the observation that those males with low-activity ALDH2 alle-
les who consume high amounts of alcohol have greater than a 10-fold elevation in oral,
throat, laryngeal, and esophageal cancer risks (55, 101, 102, 110). A particularly com-
pelling demonstration of the impact of ALDH genetics on cancer risk was reported in
a case–control study of Japanese men by Yokoyama et al. (101). These investigators
observed that light-to-moderate drinkers with inactive ALDH2 evidenced a 5–10-fold
increase in esophageal cancer risk compared to those with the active allele. Of note,
they detected that the risk for light drinkers with the inactive allele was comparable to
the risk for moderate drinkers with the active allele. Likewise, risk for moderate drinkers
with the inactive allele was similar to heavy drinkers with the active allele. Furthermore,
those with the inactive allele were at increased risk for a second tumor. Much less infor-
mation has been gathered regarding increased cancer risks in women harboring these
inactive alleles, and current observations suggest that male–female disparities do exist
among lifestyle-associated risk factors for UADT cancers (55). There is also disturbing
evidence that alcohol consumption is increasing for those Japanese with the ALDH2∗2
polymorphism, a group previously thought to be protected from alcoholism (due to aver-
sive effects of the flushing response to drinking) and consequent high UADT cancer risk
(34). It has been reported that low vegetable and fruit intake also contributed to higher
UADT risk among high alcohol consumers (101, 102, 111).

Other polymorphisms. Polymorphisms for glutathine-S-transferase (GST), a phase II
enzyme involved in carcinogen detoxification, have been studied.Women who are drink-
ing alcohol and null for GSTM1 or GSTT1 have been reported to have either increased
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breast cancer risk or have had increased levels of carcinogen–DNA adducts detected in
their breast tissue (112–114). This relationship deserves further clarification. No associ-
ation of GSTM1 genotype and lifestyle factors with esophageal cancer in Japanese was
reported (101). Data regarding alcohol intake and cancer risk in those with polymor-
phisms for the CYP2E1 gene, genes encoding enzymes for folate metabolism, and for
DNA repair genes are inconclusive (2, 115, 116). There is some evidence that CYP2E1
expression may interact with certain ADH and ALDH alleles in modifying an alcohol–
cancer interaction (81, 117). Also related to this topic, it will be informative to confirm
in multiple cancer target tissues how loss of tumor suppressor gene function (such as
p53) exacerbates the carcinogenic effects of alcohol in mice (118).

5. ALCOHOL, HORMONES, AND GROWTH FACTORS

Alcohol intake, particularly at high levels, impairs normal functioning of most
endocrine systems and can affect the hormone sensitivity of endocrine target tissues
(119, 120). The magnitude and direction of change in hormone levels depends on
numerous factors including the specific hormonal system, target tissue, gender, lifestyle
factors, age, and alcohol drinking pattern. Epidemiological, clinical, and preclinical
studies point to several ways by which ethanol may affect the hormonal environment
of normal and neoplastic cells, especially as it relates to estrogen and breast cancer
(16, 30, 31) (Fig. 3). This is especially important, since it is considered that lifetime
exposure to estrogens directly contributes to breast cancer risk (121). Circulating estro-
gens in women may be generated from ovarian synthesis or from peripheral conversion
(aromatization) of other steroid substrates such as testosterone, androstenedione, and
hydroepiandrosterone sulfate. Alcohol-associated changes in the hormonal milieu have
been observed in both premenopausal and postmenopausal women. For example, in a
cross-sectional study of premenopausal women, alcoholic beverage intake was associ-
ated with significantly higher levels of estradiol, androstenedione, and testosterone aver-
aged throughout the menstrual cycle, as well as higher progesterone levels during the
luteal phase (122). The literature collectively suggests that there is a positive associa-
tion between chronic and acute ethanol intake and circulating estrogens (123–131). The
effect of alcohol may also include derangements of menstrual cycle and reproductive
hormone function. The relationship between alcohol intake and levels of androgens and
progesterone appears to be less consistent. In postmenopausal women, observational
studies are inconsistent (132–134), although in a recent large cross-sectional study, a
significant positive relationship between alcohol drinking and sex steroids in the blood
of both pre- and postmenopausal women was detected (123). Of particular interest are
reports that postmenopausal women who consume alcohol and use exogenous estro-
gen have substantial elevations in serum estradiol concentrations (128, 133), although
a recent large study found no significant interactions (123). It is likely that the impact
of ethanol on circulating estrogens is, in part, a result of decreased metabolic clearance
and/or increased production (119, 120, 133). This cancer-promoting environment due
to higher estrogen exposure may be further exacerbated by the fact that blood levels
of acetaldehyde are significantly increased during the peak estradiol phase of the men-
strual cycle of women who drink and for those female alcohol consumers using synthetic
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Fig. 3. Potential actions of ethanol in stimulating hormone-responsive breast cancer.

estrogens (135). The interaction of alcohol and oral estradiol needs to be more carefully
characterized for their combined impact on circulating estrogen and ultimately cancer
risk (134).

As with other cancers, genetic variability may contribute to this hormonal mechanism
of alcohol and breast cancer. Coutelle et al. (136) reported that those women with the
ADH1C∗1 allele consuming small amounts of alcohol (0.225 g ethanol/kg body weight)
exhibited both an increase (27–38%) in circulating estradiol levels and an increase (1.8-
fold) in breast cancer risk. In another study, however, ADH1C genotype was not found
to influence the relationship between alcohol and breast cancer (137).

An additional hormone-related issue to consider is that there is some evidence in cell
cultures that ethanol exposure may stimulate androgen aromatization in breast cancer
cells (138, 139).

The effect of a hormone on a target cell is in large part determined by binding of the
hormone ligand to its cognate receptor. Therefore, it is important to consider how alco-
hol may affect hormone receptor expression or ligand–receptor dynamics. For example,
a well-characterized response of some cells to estradiol binding to the estrogen receptor-
alpha (ERα) is upregulation of a number of estrogen-responsive genes including that for
the progesterone receptor (PR). Therefore, ethanol intake may stimulate cancer cell pro-
liferation not only by increasing circulating levels of estrogens but also by increasing
cancer cell hormone receptor expression and hormone responsiveness. The association
of alcohol intake with specific steroid hormone receptor tumor subtypes in breast cancer
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has been the subject of numerous investigations with inconsistent results. Recently, a
meta-analysis of such epidemiological studies found support for a positive relation-
ship between alcohol drinking and the development of all ER-expressing (ER+) tumors,
including ER+PR+ and ER+PR− tumors (140). The mechanisms responsible for this
finding are unknown, but, in light of the observation that both PR+ and PR− subtypes
of tumors were increased, biological explanations would need to include both classical
ER-mediated estrogenic modes of action as well as hormone-independent pathways.

Cell culture experiments point to the capacity of ethanol to increase the content of ER
in human breast cancer cells (138, 141). These changes in ER content were associated
with an increase in cancer cell proliferation particularly in ER+ cells (141). Moreover,
treatment of breast cancer cells in culture with ethanol-induced ligand-independent acti-
vation of the ERα that in part involved signaling by cyclic AMP and protein kinase A
pathways (142). Fan et al. (143) reported an ethanol-induced downregulation of the
tumor suppressor BRCA1 along with an upregulation of ERα expression and tran-
scriptional activity in human breast cancer cells in vitro. Others have also reported a
decreased BRCA1 expression that occurred along with decreased expression of proteins
maintaining tissue organization, such as E-cadherin and α- and β-catenin (144, 145).
These findings are consistent with other studies using a variety of cancer cell lines,
which show that ethanol exposure can affect cell adhesion and substantially enhance
invasiveness. This action of ethanol was due in part to its action on a number of bio-
logical intermediates including vascular endothelial growth factor (VEGF), matrix met-
alloproteinases, NFkappaB, transforming growth factor-beta (TGFβ), and ErbB2/Her2
(146–152). Taken together, these data suggest that breast and other neoplasms may be
affected by ethanol in multiple ways leading to increased exposure to estrogens and
other hormones, to heightened sensitivity to hormonal stimulation, and to aberrations in
hormone-associated signaling cascades. Thus, ethanol may have a variety of actions that
could lead to greater tumor development, including increased tumor cell proliferation,
suppression of tumor suppressor gene-mediated genomic stability, and stimulation of
tumor invasiveness and metastases. These in vitro observations warrant confirmation in
appropriate animal models.

Alcohol drinking may affect carcinogenesis by mechanisms other than those involv-
ing sex steroid hormone levels and responsiveness. For example, insulin-like growth
factor-1 (IGF-1) is a peptide hormone that exhibits multiple actions in regulating
cell proliferation and apoptosis, largely mediated through the IGF-1 receptor (153,
154). IGF-1 bound to its binding proteins (BP), predominantly IGFBP-3, makes IGF-1
unavailable for binding to its receptor. Thus, the expression of IGF-1 and its BP con-
tributes to regulation of breast cancer proliferation. There is evidence that increasing
blood concentrations of IGF-1 are associated with increased risk not only for pre and
postmenopausal breast cancer but also for prostate and colorectal cancers (155, 156). It
has been suggested that the promotion of breast cancer by alcohol also may be a con-
sequence of perturbations in growth factor dynamics (157, 158). Both controlled and
cross-sectional studies in women have examined the relationship of alcohol to circu-
lating IGF-1 levels and some to IGFBP status, but the results are mixed (159–162).
Cell culture and animal studies have reported inconsistent effects of ethanol on IGF-1
levels, cell division, and intracellular signaling pathways. Some of these inconsistent
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findings may be due to variability in ethanol doses used and tissue-specific differences
in responses to ethanol (163–171). Because of the importance of IGF-I in chronic dis-
ease risk, the dose–response relationship and the factors contributing to variability in
IGF-I and IGFBP responses to alcohol drinking need to be better characterized, partic-
ularly for breast cancer. Furthermore, the effects of ethanol on other growth factor and
hormonal systems as well as diverse signaling pathways that can influence numerous
cancers, such as AMPK, PPAR, and G-proteins, deserve more attention (172–178).

In regard to other hormones, there is inconsistent evidence linking circulating pro-
lactin levels with breast cancer risk. In humans, it is unclear how alcohol intake affects
this relationship. In preclinical studies, ethanol influenced prolactin homeostasis and in a
short-term feeding study alcohol intake (0.4 g/kg body weight) increased blood concen-
trations of prolactin (179–181). Characterizing the effects of alcohol on prolactin status
is important since locally produced prolactin and stimulation of the prolactin receptor in
mammary tissue can affect breast carcinogenesis (182).

A phenomenon related to the alcohol–breast cancer interaction is that alcohol intake
is associated with the development of high-risk breast characteristics (mammographic
parenchymal or fibroglandular densities) that are influenced by sex hormones and
growth factors. The number of breast parenchymal cells and the integrity of the sur-
rounding collagen matrix are reflected in the amount of radiologically dense breast tis-
sue. Mammographic percent density has been identified as a strong and independent
risk factor for breast cancer (183, 184). In fact, women with mammographic densities
occupying over 60–70% of the breast have 4–6 times higher risk for breast cancer than
those women with breast densities occupying <10% of the breast. These dense patterns
are associated with atypical hyperplasia, carcinoma in situ, with atypical cytology of
nipple aspirates, and may be the consequence of enhanced mitogenesis and mutagenesis
in the breast (183–185). Estrogens and growth factors are associated with the preva-
lence of these breast structures as are dietary factors (183, 186–189), such as alcohol
consumption. In regard to alcohol intake, most but not all investigations report a pos-
itive association between alcohol drinking and the percentage of the breast occupied
by mammographic densities (189–198). These human data are supported by preclinical
experiments in rodents. In the rat mammary gland of young, virgin females, immature
terminal end bud (TEB) structures are highly susceptible to carcinogen-induced DNA
damage and tumorigenesis. With ageing, TEB mature into more differentiated alveolar
bud (AVB) structures that are less sensitive to carcinogen-induced damage. Compared
to control rats, it was observed that the intake of ethanol by young, virgin female rats
was associated with an increased ratio of TEB to AVB structures, a change indicative
of less differentiation and maturation of the TEB to AVB (199, 200). This action was
associated with a small decrease in estradiol and more marked suppression of circulat-
ing progesterone levels (199). These changes would suggest that ethanol-fed rats would
have greater mammary gland susceptibility to carcinogen-induced tumorigenesis. This
contention is supported by other studies in which female rats consuming ethanol exhib-
ited enhanced initiation of chemically induced breast carcinogenesis (16). The molecu-
lar mechanisms responsible for these effects of ethanol on maturation and differentiation
of breast structures and, potentially, on development of preneoplastic breast lesions war-
rants further scrutiny.
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6. OTHER BIOLOGICAL ACTIONS/INTERACTIONS

There are additional actions of alcohol that have been identified as potential medi-
ators of its procarcinogenic influence. For example, alcohol drinking, especially at
high levels, may affect the risk of cancer by compromising the status and function of
nutrients that participate in maintenance of normal cell proliferation, differentiation,
and routine functions. Evidence from preclinical studies suggest that ethanol compro-
mises the bioavailability of dietary folate and interferes with folate-mediated methion-
ine synthesis (201–205). Thus, low folate intake along with exposure to ethanol and/or
acetaldehyde could lead to inhibition of important methylation reactions catalyzed by
S-adenosylmethionine, and consequently affect DNA repair processes, DNA stability,
and the epigenetic control of gene expression through hypomethyation of DNA. This
alcohol–folate interaction may in part explain epidemiological observations that ethanol
consumption and low dietary folate increase risk for several cancers (115, 201, 206–
214), although the results are not entirely consistent. The interrelationships among alco-
hol, one-carbon metabolism, and carcinogenesis are complex and depend not only on
folate status but also on the activity of other dietary factors such as vitamins B12, B6,
and riboflavin, and the lipotropes choline and betaine (206, 215). Alcohol consump-
tion also has been associated with changes in the status of nutrients and biologically
active dietary constituents such as beta-carotene, lutein, zeaxanthin, and vitamins A,
B12, C, and alpha-tocopherol (216–221). Taken together these findings suggest that
alcohol intake, especially at high levels, may contribute to increased cancer risks by
disrupting the disposition or biological functions of cancer preventive dietary factors.
Thus, considerable additional research is needed to better understand the overall impact
of alcohol on these dietary constituents and their molecular/epigenetic consequences
before a public health recommendation on alcohol, vitamin nutrition, and cancer can be
made.

Alcohol has distinctly different effects on the immune system depending on dose
and frequency of exposure. A biphasic influence has been reported in that high doses
of alcohol result in broad suppression of immune system activities that are associated
with greater susceptibility to infectious diseases. On the other hand, moderate intake
appears to have a beneficial effect on the immune system and inflammatory processes
when compared to heavy drinkers and abstainers (222–227). Based on observations from
numerous preclinical studies, the deleterious effects of alcohol exposure on immunity
are due to its actions in compromising humoral competence of the host, delaying acti-
vation of adaptive immunity, and altering inflammatory cytokine responses and neu-
roendocrine functions, to name a few (228–235). Some of these actions may be due to
ethanol-induced generation of ROS or lipid peroxidation products (236, 237). However,
there are fewer studies that have characterized the interplay of alcohol and immunity
in affecting the development at several sites. Some studies indicate that ethanol intake
by mice can suppress host resistance to metastatic spread of implanted tumors (espe-
cially melanomas) in rodents, in part due to the effect of alcohol in decreasing natural
killer (NK) cell activity and compromising associated signaling pathways (237–249).
This aspect of alcohol’s impact on cancer deserves further attention in both preclinical
and clinical studies.
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7. CONCLUSIONS AND FUTURE RESEARCH OPPORTUNITIES

Overall, there is clearly a need for better characterization of individual risk factors
affecting the alcohol–cancer relationship so that prevention and early detection strate-
gies can be enhanced. Some of these issues are especially important in situations where
an alcohol-associated cancer risk may be modest in a general population, but greater in
subgroups with biological characteristics that make them at substantially higher risk for
cancers due to alcohol intake. Several research questions still need to be addressed:

What is the dose–response relationship between alcoholic beverage intake or ethanol
exposure and the mechanisms associated with cancer promotion? Increased cancer risk
is most evident at high intakes of ethanol, but what is the magnitude of the effect at lower
levels of ethanol exposure? Furthermore, particularly in extrahepatic and nonUADT tis-
sues, the local concentrations of ethanol, acetaldehyde, and other reactive metabolites
(e.g., ROS) need to be better quantified, since these local metabolite levels may be con-
siderably different in quality and quantity compared to those in the circulation.

What are other contributors to genetic variability in alcohol-associated cancer risks?
Attention has been given to ADH and ALDH polymorphisms as modifiers of the
alcohol–cancer relationship. Yet, further insights into the impact of gene variants for
enzymes involved in one-carbon metabolism, in DNA methylation, in DNA repair, and
in phase I and II metabolism of hormones and xenobiotics are warranted. For example,
the interactive effects of methyl group diet, alcohol intake, and specific MTHFR poly-
morphisms need to be better understood (215). Related to this is the issue as to whether
and with what magnitude other lifestyle factors modify the alcohol–gene–cancer
interaction.

What is the impact of ethanol intake on endocrine-related and growth factor-
associated signaling pathways? And how might subtle changes in immune system effi-
cacy affect susceptibility to cancer? The dose-, gender-, and cancer-specific differences
in the influence of ethanol on these signaling pathways, physiological control of cell
growth and differentiation, and even immune surveillance should be better character-
ized. This hormone and growth factor issue is likely to be of particular importance for
breast cancer, but may have implications for other cancers as well.
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Key Points

1. The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor of the helix-loop-
helix/PAS family. Many compounds interact with the AhR including xenobiotic (“xeno”= foreign)
polycyclic aromatic hydrocarbons (PAH) and dioxins, endogenous ligands, and natural bioactive
compounds. The activation of the AhR leads to increased expression of Phase I enzymes at xeno-
biotic responsive elements (XRE) and production of chemically reactive species known to induce
cancer. Conversely, activation of the AhR leads to decreased expression of the tumor-suppressor
genes p16 and BRCA-1.

2. Data from both animal and human studies suggest that the persistent activation of the AhR may
be a risk factor and promote various types of cancer. In particular, PAH appear to preferentially
induce mammary tumors in preclinical models. Natural modulators of the AhR include the phy-
toalexin resveratrol, the indole compounds indole-3-carbinol (I3C) and its condensation product
3,3′-diindolylmethane (DIM), several flavonoids, and catechins.

3. Data from cell culture and animal studies suggest that at relatively low concentration (∼10 μM),
DIM may exert antagonistic protective effects, whereas at higher levels (∼100 μM), it may exert
agonistic effects and activate the expression of P450. Animal studies reported that the compound
I3C may also promote tumor development. The therapeutic properties of these compounds may be
influenced by various factors including cell context, timing of exposure, concentration, and relative
binding affinity for the AhR.

4. Both the bioavailability and pharmacokinetics of AhR ligands from phytochemicals may influence
the therapeutic values of preventative strategies based on AhR antagonists.

5. Although further investigations are necessary to assess the potential benefits of AhR-based strate-
gies against cancer, it is suggested that several phytochemicals may exert protective effects and
reduce the risk of toxicity and cancer through competitive transformation of the AhR.
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1. INTRODUCTION

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor of
the helix-loop-helix/PAS family which comprises hypoxia-inducible factor-1α (HIF1α),
PAS, and SIM (1). Many compounds interact with the AhR including xenobiotics,
endogenous ligands, and natural bioactive compounds (Table 1). In the absence of
exogenous ligands, the AhR is found in the cytoplasm associated to a number of chaper-
one proteins including Hsp90, XAP2, and p23. This complex stabilizes the AhR in the
cytoplasm and protects it from degradation. The binding of ligands to the AhR induces
the displacement of XAP2 and allows migration of the liganded AhR to the nucleus
where it associates with the aryl hydrocarbon receptor nuclear translocator (ARNT),
of which three different isoforms have been identified (ARNT-1, ARNT-2, and ARNT-
3). Upon nuclear release of the Hsp90 protein, the AhR/ARNT heterocomplex binds to
specific DNA core sequences termed xenobiotic or dioxin-responsive elements (XRE =
5′-GCGTG-3′) (Fig. 1).

Table 1
Xenobiotic, Endogenous, and Natural AhR Ligands

Class Examples Sources

Exogenous xenobiotic AhR ligands
Halogenated
aromatic
hydrocarbons
(HAHs)

2,3,7,8-Tetrachlorodibenzo-p-
dioxin
Dibenzofurans
Azo(xy)benzenes,
Naphthalenes

Contamination from industrial
processes including chlorine
bleaching in paper manufacturing
and waste incineration, dietary
exposure from fatty foods such as
milk, fish, and meat

Polychlorinated
biphenyls (PCBs)

3,3′,4,4′-Tetrachlorobiphenyl
(tetraCB),
3,3′,4,4′,5-pentaCB,
3,3′,4,4′,5,5′-hexaCB

Transformer oils, capacitors, heat
exchangers, hydraulic fluids, flame
retardants, adhesives; dietary
exposure from meat, liver, milk,
and eggs

Polyaromatic
hydrocarbons
(PAHs)

Benzo(a)pyrene
Benzanthracenes
Benzoflavones
3-Methylcholanthrene

Products of combustion found in
smoke exhaust, chimney soot, and
charbroiled foods; other dietary
sources include cereals, oils, fats,
some fruits, and vegetables

Phthalates Butyl phthalate (BBP)
Dibutyl phthalate (DBP)

Perfumes, cosmetics, lotions, nail
polish, lacquers, and varnishes,
present in indoor air and dust,
found in a variety of foods, milk,
breast milk
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Phenols Bisphenol A (BPA)
4-n-Nonylphenol (nNP)

Polycarbonate plastic, detected in
drinking water, canned meats,
vegetables, fruit, and infant
formula
Additive in some plastics, soaps,
cosmetics, paints, herbicides,
pesticides

Candidate endogenous AhR ligands
Indigoids Indigo

Indirubin
Heme metabolites Bilirubin

Biliverdin
Degradation of heme

Arachidonic acid
metabolites

Prostaglandin G2
Lipoxin A4

Produced from cyclooxygenase and
lipoxygenase pathways

Tryptophan
metabolites

Tryptamine
Indole acetic acid (IAA)

Tryptophan
photoproducts

6-Formylindolo[3,2-
b]carbazole (FICZ)
6,12-Diformylindolo[3,2-
b]carbazole
(dFICZ)

Produced from UV irradiation of
tryptophan in the skin

Natural dietary AhR ligands
Indoles Indole-3-carbinol (I3C)

Indolo[3,2-b]carbazole (ICZ)
3,3′-Diindolylmethane
(DIM)

Cruciferous vegetables such as
broccoli, brussels sprouts,
cabbage, cauliflower, collard
greens, kale, radish, rutabaga, and
turnip

Polyphenolic
curcuminoid

Curcumin Found in turmeric, a spice obtained
from rhizomes of Curcuma longa

Polyphenolic
stilbene

Resveratrol Grapes, wine, peanuts, soy, and
some berries

Flavonoids Quercetin, kaempferol,
chrysin, galangin, baicalein,
genistein, daidzein, apigenin

In a variety of fruits and vegetables
including apples, onions, kale,
broccoli, berries, teas

Data presented in Table 1 were compiled from Amakura (103), Ciolino (127), Phillips (140), Safe (85),
Zhang (96), Denison (97), Krüger (86), La Rocca (141), Moon (142), Nguyen (143), Sathyanarayana
(144), and Willhite (145).

The CYP1A1 gene has been used extensively as a sentinel marker of exposure to envi-
ronmental ligands of the AhR and to investigate the regulation of Phase I enzymes in
detoxification (2, 3). The binding of the dioxin prototype 2,3,7,8 tetrachlorodibenzo-
p-dioxin (TCDD) to the AhR triggers the recruitment of the AhR/ARNT complex
to XREs located in the enhancer region of CYP1A1 inducing changes in chromatin
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Fig. 1. Effects of xenobiotics, natural ligands, and endogenous compounds on activation of the AhR
pathway. Upon binding to ligands, the AhR translocates to the nucleus where it activates (CYP1A1,
Nrf2, COX-2, NQO1, UGT) or represses (BRCA-1) transcription of target genes at xenobiotic respon-
sive elements (XRE) or through interaction with transcription factors bound to their cognate elements
(Sp, AP-1, ERE). The activation of Nrf2 leads to parallel activation of Phase II enzymes by Nrf2/Maf
transcription complexes at antioxidant responsive elements (ARE). The activation of the AhR leads to
parallel phosphorylation of the epidermal growth factor receptor (EGFR) by the cytosolic factor c-src
and downstream activation of the MAPK pathways and related targets. These events are triggered by
various ligands of the AhR including xenobiotic PAH, dioxins, and PCB as well as endogenous lig-
ands (PG2). Natural compounds may exert agonistic or antagonistic effects based on concentrations,
timing of exposure, and cell context. Details are in the text.

organization and DNA bending. These conformational changes facilitate the interac-
tion with a series of transcription cofactors, including p/CIP, p300, and GTFs, which
in turn interact with NF-1 and TBP proteins bound to CAAT and TATA boxes, respec-
tively. The coordinate recruitment of these factors leads to activation of Pol II-mediated
transcription (4).

Several studies have also documented that the AhR may regulate expression through
non-XRE-mediated mechanisms. For example, the AhR binds directly to cofactors that
possess histone acetyl transferase (HAT) activity including SRC-1 and CBP or to tran-
scription factors bound to their cognate response elements such as Sp1 and the estrogen
receptor (ER). Through these mechanisms the AhRmay sequester or tether transcription
factors thus influencing transcription of target genes (5).

1.1. Activation of Phase I and II Enzymes by AhR
Specific genes that harbor XRE sequences in their promoter include members of

the cytochrome P450 family of Phase I metabolizing enzymes such as CYP1A1,
CYP1B1, and CYP1A2 and the Phase II detoxification NAD(P)H:quinone oxidoreduc-
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tase1 (NQO1) and UDP-glucuronosyltransferase-1A6 (UGT1A6) genes (6). The activa-
tion of Phase I enzymes leads to the production of chemically reactive species, which
are modified to inactive products by Phase II enzymes. For example, benzo[a]pyrene
(B[a]P), a prototype polycyclic aromatic hydrocarbon (PAH) found in tobacco smoke
and grilled foods activates the expression of CYP1A1, which in turn participates in the
biotransformation of B[a]P to the highly mutagenic diol-epoxide 7r,8t-dihydroxy-9t,10-
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) (7). Phase II enzymes such as glu-
tathione S-transferase (GST) inactivate BPDE through enzymatic conjugation. The acti-
vation of the AhR by TCDD also induces transcription of Phase I (CYP1A, CYP1A2,
and CYP1B1) and Phase II (UGT and GST, NQO1) enzymes (8, 9). However, unlike
PAHs, TCDD is resistant to metabolic breakdown and this property is responsible for
its accumulation in the food chain and fatty tissue. A possible consequence of TCDD
accumulation in tissue (half-life ∼8–10 years) may be the persistent activation of the
AhR increasing the likelihood for tumor development (10).

The expression of Phase II enzymes is linked to the transcription activity of the AhR,
which directly stimulates transcription of the nuclear factor erythroid 2-related factor-2
(Nrf2) through the AhR/XRE pathway (11). The Nrf2 protein is localized in its inactive
form to the cytoplasm bound to a Keap1 complex. However, both the accumulation of
AhR/CYP1A1-generated reactive oxygen species and electrophiles (12) and thiol mod-
ification of Keap1 cysteine residues by isothiocyanate compounds induce the release of
Nrf2 from the Keap1 complex. The released Nrf2 forms a heterodimer with Maf proteins
(MafF, MafG, MafK) activating the transcription of GST and NQO1 genes at antioxi-
dant responsive elements (ARE = 5′-A/GTGAC/GNNNGCA/G-3′) (Fig. 1). Whereas
the ARE is found in many Phase II genes, the XRE is found in both Phase I and Phase
II genes.

The fact that the AhR can control directly or indirectly the expression of Phase I and II
enzymes provides an integrated system of detoxification against potential carcinogens.
Therefore, the dietary intake of bioactive compounds that couple inhibition of Phase I
and activation of Phase II enzymes may have beneficial effects against AhR-mediated
carcinogens (11).

1.2. Endogenous Role for the AhR
In addition to acting as a sensor of exposure to xenobiotics and natural ligands, the

AhR may modulate the effects of endogenous ligands (Table 1) (13). Several eicosanoid
molecules, in particular 5,6 dihydroxy-eicosatetraenoic acid isomers (5,6-DiHETEs)
and prostaglandin-2 (PG2), are activators of the AhR. The cross-talk between eicosanoid
and AhR-mediated pathways may have important implications in inflammation and
cancer. Using human pulmonary microvascular endothelial cells under conditions of
hypoxia, Zhang and Walker (14) showed constitutive elevation of CYP1A1 mRNA,
which was dependent on expression of the AhR in the absence of exogenous ligands.
Moreover, Baba et al. (15) demonstrated that the AhR played a central role in female
reproduction by regulating the expression of the ovarian P450 aromatase, Cyp19, an
enzyme involved in estrogen synthesis. These studies indicated that the AhR directly
regulated the expression of the CyP19 gene through physical interaction with the nuclear
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orphan receptor Ad4BP/SF-1, thus providing a mechanism through which the AhR may
influence estrogen levels.

1.3. Cross-Talk Between AhR- and ER-Regulated Pathways
Mechanisms through which the AhR interferes with the physiological actions of

steroid hormones, in particular estrogen, have been extensively reviewed (16). The
ligand-activated AhR alters transcriptional activation by the ER through binding to
XREs located in proximity to estrogen receptor elements (ERE) (5). The occupancy
of XRE by the AhR heterocomplex and the direct interaction with the AhR have been
shown to disrupt the formation of ER/SP-1 and ER/AP-1 DNA complexes and com-
pete for limited cofactors (e.g., NF-1) (Fig. 1). The activation of the AhR by exoge-
nous ligands can rapidly reduce ER protein levels through proteasomal degradation (17).
Reducing the nuclear levels of ERα protein or its transcriptional activity may lower the
expression of the progesterone receptor (PR). In turn, reduced PR levels may hamper
the actions of progesterone on endometrial differentiation during the secretory phase
and favor the development of endometrial pathologies (18, 19).

The liganded AhR activates ERα signaling in the absence of estrogen. Two possi-
ble mechanisms have been described. First, the binding of ligands to the AhR induces
the release of c-src from a cytosolic complex that comprises hsp90 and cdc37 (20). The
released c-src activates several protein kinases leading to phosphorylation and activation
of the ERα. Second, in the absence of estrogen, the AhR/ARNT complex interacts with
the nuclear ERα and the cofactor p300/CBP activating the expression of ER responsive
genes. Conversely, in the presence of estrogen, the activated AhR inhibits transcrip-
tion of estrogen-responsive genes (21). Recent studies suggested that the ability of the
AhR to activate the ER in the absence of estrogens was limited to PAH including 3-
methylcholanthrene (3-MC) and B[a]P, whereas no proestrogenic effects were seen in
the presence of TCDD. Moreover, TCDD exerted antiestrogenic effects due to prefer-
ential reduction of ERβ activity (22). Therefore, the activation of the AhR can lead to
induction or inhibition of estrogen-regulated genes depending on type of AhR ligand,
cell context, and involvement of specific (ER/Sp1 or ER/AP-1) transcription complexes.

1.4. AhR Cross-Talk with EGFR Pathways
The epidermal growth factor receptor (EGFR) family is involved in the regulation

of cell proliferation, differentiation, and embryonic development by controlling several
downstream signaling transduction cascades, principally MAPK, Akt, and JNK path-
ways (23). Increased expression of EGFR has been described in most human epithelial
cancers. Administration of EGF induces effects similar to those caused by dioxin intox-
ication including fatty liver, lack of palatal fusion, and skin tumors.

The AhR-induced release of c-src from the hsp90/cdc37/c-src complex has been pro-
posed as a mechanism of activation of the EGFR pathway (Fig. 1). The c-src translo-
cates to the plasma membrane and phosphorylates the EGFR, which in turn acti-
vates MAPK/ERK1/2 signal transduction leading to transcriptional activation of genes
involved in inflammation including cyclooxygenase-2 (COX-2) (24). It has also been
suggested that activation of the AhR may increase the levels of cAMP, which in turn
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activates PKA-mediated phosphorylation of EGFR and CREB proteins (25). Under nor-
moxic conditions, EGFR signaling activated by the phosphoinositide 3-kinase/Akt path-
way leading to increased expression of HIF-1α. The HIF-1α stimulates the expression
of genes necessary for cell survival and inhibition of apoptosis under hypoxic conditions
(26). Thus, cross-talk between AhR and EGFR/HIF-1α pathways may be important in
cancer since activation of the EGFR and hypoxia in tumors are conditions that increase
resistance to apoptosis.

1.5. AhR-Mediated Effects on Cell Cycle Checkpoints
Several observations point to an inhibitory role of the AhR in regulation of cell cycle

progression through the G1 phase (27). The Rb protein is functionally inactivated in
its hyperphosphorylated form. Two models have been proposed for AhR-mediated cell
cycle arrest through pRb. In the first model, the AhR forms a quaternary structure com-
prising hypophosphorylated “active” pRb, E2F, and DP. The latter is an E2F-binding
partner in transactivation. The direct binding of the AhR/pRb complex to E2F represses
transcription of genes necessary for cell cycle progression including cyclin E. The sec-
ond model suggests that suppression of cell cycle progression by AhR ligands results
from interaction between pRb and the liganded AhR, where pRb is functioning as a
coactivator bound to the AhR. The heterocomplex comprising pRb, AhR, and ARNT
activates at XRE the expression of p27 (28). Both mechanisms seem to coexist and
block cdk2 activity thus preventing pRb inactivation.

The AhR-mediated cell cycle arrest and stimulation of p27 expression are in contrast
with the evidence TCDD is one of the most potent tumor promoters in animal model
systems (29). In keeping with this notion, TCDD has been shown to repress expression
of the cell cycle checkpoints p53 and p16 through hypermethylation of the p16 and p53
promoter regions (30). This silencing effect was dependent on the concomitant expres-
sion of the AhR. Also, activation of the AhR by the dioxin TCDD induced expression of
c-fos and c-jun proto-oncogenes and a large increase in transcription factor AP-1 (31).
Moreover, the recruitment of the activated AhR to XRE has been shown to repress the
expression of the BRCA-1 gene (32), while increasing transcription of the proinflamma-
tory gene, COX-2 (33, 34). The lack of functional cdk inhibitors p16 and p53, combined
with mysregulation of DNA repair linked to BRCA-1 and increased COX-2 expression,
is a recognized hallmark of many human cancers. These cumulative observations have
led to the conclusion TCDD may accelerate the rate at which DNA-damaged cells con-
vert to a neoplastic phenotype through a yin-yang mechanism: under normal conditions
of exposure to DNA-damaging agents the AhR would function as a transient checkpoint.
However, under conditions of persistent exposure to AhR ligands or severe DNA dam-
age caused by AhR ligands (e.g., PAH) the binding of the AhR to E2F-1 may block its
apoptotic properties leading to proliferation. This yin-yang mechanism may explain, at
least in part, how activation of the AhR pathway contributes to tumorigenesis (29).

Expression levels of the AhR protein may influence this mechanism and alter cell
cycle regulation. For example, the constitutive overexpression of the AhR resulted in
promotion of hepatocarcinogenesis in mice that were treated with a single injection of
the hepatocarcinogen N-nitrosodiethylamine (35). Moreover, constitutively active AhR
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was reported to upregulate CYP1B1 before tumor formation in a rat model of mammary
tumorigenesis (36). Furthermore, higher binding affinity of AhR ligands may reduce the
rate of proteosomal degradation of the AhR increasing the activity of the AhR/ARNT
heterocomplex at target promoter elements and the activation of growth factor pathways.

2. AHR-MEDIATED CARCINOGENESIS

2.1. Animal Models
The use of AhR knockout models has provided insights into the role of the AhR in

normal physiology and carcinogenesis. AhR knockout mice exhibit reduced viability,
lower fertility, and impaired liver development (37). AhR-null mice had reduced basal
and inducible CYP1A1 expression (38), and were resistant to malignancies induced
by PAHs and dioxins. Reduced B[a]P-induced mutagenesis and genotoxicity in AhR
knockout mice was attributed to impaired CYP1A1 expression and metabolism of B[a]P
to reactive intermediates (39). In the absence of exogenous ligands, AhR-null mice with
transgenic adenocarcinoma of the mouse prostate (TRAMP) displayed increased fre-
quency of prostate tumors compared to AhR wild-type TRAMP mice (40), implying the
AhR may function as a tumor suppressor.

Results of animal studies suggested that the exposure to PAH may be a risk factor
in the etiology of mammary tumors. For example, DMBA, a prototypical PAH and lig-
and of the AhR, preferentially induced mammary cancers in rats (41) and mice (42). The
DMBA-induced rat and mouse mammary tumors expressed higher levels of AhR protein
(43). In female rats treated with DMBA, levels of CYP1B1, but not CYP1A1 mRNA,
were elevated in mammary tumors (44). CYP1B1 is a 17β-estradiol-hydroxylase that
catalyzes the production of 4-hydroxyestradiol (4HE), a known mammary carcinogen
(45). The incidence of DMBA-induced rat mammary tumors was reduced by cotreat-
ment with the AhR ligands 6-methyl-1,3,8-trichlorodibenzofuran (6-MCDF) and 8-
methyl-1,3,6-trichlorodibenzofuran (8-MCDF) (43). The preventive properties of these
compounds were related to their weak agonist activity for the AhR. The ability of diox-
ins to induce tumors differed between males and females. The treatment with TCDD
induced hepatocelullar carcinogenesis in female, but not male, Sprague-Dawley rats
implying the existence of cross-talk between AhR and ovarian steroid-regulated path-
ways (46).

2.2. In Utero Exposure to AhR Ligands
In transplacental carcinogenesis studies, AhR ligands administered to mothers

increased the incidence of cancer in offsprings (47). To examine the role of AhR poly-
morphisms on susceptibility to transplacental carcinogenesis, 3-MC and DMBA were
administered to either AhR responsive or AhR non-responsive pregnant mice during
gestation (48). Offsprings that were AhR responsive had greater incidence of lung and
liver tumors compared to AhR non-responsive littermates. In a mouse model, the in
utero exposure to the PAH compounds, dibenzo[a,l]pyrene (DB[a,l]P), induced aggres-
sive T-cell lymphoblastic lymphoma and lung tumors in offsprings (49). Compared to
exposure after 3 weeks of nursing, the in utero exposure to DB[a,l]P resulted in greater
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lung tumor multiplicity in offsprings (50). In a rat mammary cancer model, prenatal
exposure to TCDD altered mammary gland differentiation and increased the suscepti-
bility of female offsprings to DMBA-induced mammary tumors (51).

2.3. Human Studies
The AhR is expressed in a wide variety of normal human tissues. Basal expression

for both AhR and ARNT was detected in liver, heart, spleen, testis, and at higher levels
in the lung and kidney (52). However, there appears to be a large inter-individual vari-
ation between AhR and ARNT mRNA expression levels in liver and lungs. In another
study, levels of AhR mRNA were relatively lower in normal pancreatic tissue, inter-
mediate in 60% of chronic pancreatitis samples (9/15), and expressed at higher levels
in 93% (14/15) of pancreatic cancer samples (53). Increased AhR expression was also
observed in about 50% (49/107) of human lung adenocarcinomas. The increased levels
of AhR were associated with increased expression of CYP1A1 in smoking adenocar-
cinoma patients (54). Studies examining AhR expression in bronchiolar epithelial cells
reported increased expression of the AhR in neoplastic cells, especially adenocarcinoma
samples (55).

The expression of ARNT2, a homolog of ARNT, was found in 75.2% of breast tumor
tissue compared to only 17.6% in normal tissue and was associated with favorable dis-
ease outcome for patients (56). Many of the tumors expressing ARNT2 were also ER-
positive. In human primary acute lymphoblastic leukemia tumors, the AhR gene was
methylated in 33% of cases, suggesting the AhR could be a tumor suppressor (57). In
addition, studies have suggested that AhR polymorphisms influence individual suscep-
tibility to colon cancer following exposure to AhR-carcinogens (58–61).

The AhR repressor (AhRR) protein negatively regulates the AhR pathway through
competitive binding to ARNT reducing the recruitment of the AhR/ARNT heterocom-
plex to XREs harbored in promoters of various genes. In normal human tissues, AhRR
mRNA expression was detected in human liver, breast, colon, kidney, lung, bladder,
uterus, testis, ovary, and adrenal gland tissues (62). Conversely, the expression of AHRR
was downregulated in tumors of the colon, breast, lung, stomach, and ovary. Further-
more, hypermethylation of the AHRR promoter was observed in the majority of colon,
ovarian, prostate, and cervical cancers (63). These observations suggested the reduced
expression of AhRR may be a predisposing factor in tumorigenesis.

Breast tissues from breast cancer patients showed a disproportionate presence of
PAH:DNA adducts suggesting there exists an important link between exposure to AhR
ligands and risk of breast cancer (64).

3. HUMAN EXPOSURE TO AhR XENOBIOTICS

3.1. PAH
Through diet, environmental pollution, and cigarette smoke, humans are exposed to

a complex mixture of xenobiotics and ligands of the AhR including PAHs, dioxins,
dioxin-like polychlorinated biphenylenes (PCB), and bisphenols. The relative binding
affinity of these compounds for the AhR influences the transcriptional activity of the
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Table 2
Binding Affinity of TCDD and Various PAH for the AhR

Selected AhR ligand EC50 AhR-binding values

High affinity
TCDD
3-Methylcholanthrene

1.0 × 10–8 M
2.8 × 10–8 M

Intermediate affinity
Dimethylbenzo[a]anthracene
Benzo[a]pyrene

3.2 × 10–7 M
3.6 × 10–7 M

Low affinity
Benzo[e]pyrene 1.0 × 10–4 M

Data in Table 2 were obtained from Piskorska-Pliszczynska (146).

AhR (Table 2). Of the many PAHs present in the environment, B[a]P is considered a
prototype and classic DNA-damaging agent and mammary carcinogen (65, 66). The
daily average ingestion of B[a]P from food sources is estimated to be ∼2.2 μg/day (67,
68) with a median intake level of ∼ 3 μg/day ( 69, 70). The concentration of B[a]P
in foods is influenced by geographical location and industrial environment (71, 72).
Common dietary sources of B[a]P are well-cooked meats, cereals, oils, and fats (73).

3.2. Dioxins
An important class of environmental contaminants found in foods is halogenated

hydrocarbons, of which TCDD is the prototype (74, 75). TCDD was classified as a
Group 1 human carcinogen by the International Agency for Cancer Research (IARC)
(10, 76). Dioxins found in the environment originate from waste incinerators, chlorine
bleaching in pulp and paper manufacturing, and the production of some pesticides, her-
bicides, and fungicides (77). It is estimated that approximately 90% of human exposure
to dioxins is from dietary ingestion from fish, meat, and dairy products (78, 79). The
average daily intake of TCDD toxic equivalents (TEqs) per adult in the US is estimated
to range from 0.3 to 3.0 pg/kg body weight (80).

Population studies detected the accumulation of TCDD in breast milk (81, 82), sug-
gesting this agent may accumulate in breast tissue at levels sufficient to induce mammary
neoplasia. The mean dietary dioxin and dioxin-like PCB intake estimates for adults in
the USA were the highest in a study that compared the risk of exposure in several indus-
trialized countries (83). Increased incidence of breast cancer has been reported in human
populations residing in industrialized areas for which high levels of dioxins were found
in air, soil, drinking water, and cow’s milk (84).

3.3. PCB and Bisphenols
Many PCB, found in insulators, flame retardants, and adhesives, are chemically sta-

ble and environmentally ubiquitous (85). Phthalates and phenols found in plastic that
modulate AhR activity include bisphenol A (BPA), 4-n-nonylphenol (nNP), benzyl butyl
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phthalate (BBP), 4-chloro-3-methylphenol (CMP), 2,4-dichlorophenol (DCP), resor-
cinol, bis(2-ethylhexyl) phthalate (DEHP), diisodecyl phthalate (DIDP), and dibutyl
phthalate (DBP) (86). The exposure to PCB and bisphenols during gestation and through
breast milk may increase cancer risk (87–89).

4. SYNTHETIC MODULATORS OF THE AHR

4.1. α-Naphthoflavone and 3′-Methoxy-4′-Nitroflavone
Compounds that have antagonistic activities may prevent the formation of the

AhR/ARNT heterocomplex. For example, the synthetic compound 3′-methoxy-4′-
nitroflavone (3M4NF) has been characterized as a “pure” antagonist of the AhR by
blocking the translocation of the AhR to the nucleus (90). A second mechanism of action
of AhR antagonists is the formation of an AhR/ARNT heterocomplex that binds DNA
but is less active at the transcriptional level (91). For example, the synthetic compound
ANF was reported to antagonize the TCDD-induced binding of AhR/ARNT complexes
to XRE by forming an inactive complex with the AhR (92). The ANF has been catego-
rized as a “partial” antagonist by directly competing for binding sites of the cytosolic
AhR (93, 94). Studies documented that the cotreatment with ANF reversed in a dose-
dependent fashion the repressive effects of B[a]P on BRCA-1 expression, while prevent-
ing the activation of CYP1A1 (95). These cumulative observations provide important
experimental clues for the development of dietary strategies based on natural modula-
tors of the AhR (96, 97).

5. NATURAL LIGANDS OF THE AhR

5.1. Resveratrol
The compound resveratrol (3,5,4′-trihydroxystilbene) (RES) is a phytoalexin found

in grapes, wine, berries, peanuts, and soy (98). RES has multiple anticancer effects
including induction of cell cycle arrest and apoptosis (99, 100). Studies have docu-
mented that RES inhibited carcinogen-induced preneoplastic lesions in the murine mam-
mary gland (101) as well as tumorigenesis in the mouse-skin model (102). Resvera-
trol has been shown to antagonize TCDD-induced AhR activity as measured by a AhR
bioassay (103, 104). Interestingly, RES has a similar molecular size and planar structure
to TCDD. In human mammary epithelial cells, RES inhibited TCDD-induced AhR-
binding activity and expression of CYP1A1 and CYP1B1 (105). RES can also act as a
phytoestrogen and it is a partial agonist for the ER (106). It induced mRNA levels of
BRCA-1 in a panel of breast tumor cell lines (107).

5.2. Indoles
The consumption of cruciferous vegetables is believed to protect against several

types of cancer through the action of glucosinolates (108). Upon metabolic breakdown,
glucosinolates generate several compounds including isothiocyanates, thiocyanates,
nitriles, cyanoepithioalkanes, and indoles. Indoles include indol-3-carbinol (I3C), which
is produced during crushing of plant tissue. In the acidic environment of the stomach,
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I3C condenses to generate 3,3′-diindolylmethane (DIM) and indolo[3,2-b]carbazole
(ICZ) (97, 109). The metabolite ICZ (Kd = 1.9 × 10–10 M) is a potent activator of
the AhR whereas DIM (Kd = 9 × 10–8 M) and I3C (Kd = 2.7 × 10–5 M) are weaker
ligands (4, 110, 111). The relative binding affinity of ICZ approximates that of the dioxin
compound TCDD (Kd = 7.1 × 10–12 M).

The consumption of 25 g of Brassica vegetables generates intake levels of I3C in
excess of 700 μg/day (110). Other estimates suggest that human consumption of 100 g
of Brussels sprouts may generate plasma levels of I3C ranging from 10 to 50 μM
(112). Several studies have shown that I3C has chemopreventive properties against
chemically-induced and spontaneous tumors (113–116). Experimental evidence indi-
cated I3C reduced the formation of colonic aberrant crypt foci and DNA adduct forma-
tion in rat models of colon carcinogenesis (117). In MCF-7 and MDA-MB-468 breast
cancer cell lines, the treatment with I3C resulted in the dose-dependent accumulation of
BRCA-1, a nuclear factor required in DNA repair (118). The ability of I3C to modulate
the cancer process appeared to be influenced by the timing of exposure. For example,
when administered before a carcinogen, I3C acted to protect cancer initiation, whereas
when administered after a carcinogen, I3C promoted carcinogenesis (113, 119). More-
over, I3C has been shown to promote development of colonic lesions in a rat model
(120) and enhance uterine carcinogenesis (121). The latter effect was attributed primar-
ily to induction of CYP1B1-dependent 4HE activity. The enzyme CYP1B1 catalyzes
the metabolism of estradiol to the catechol 4HE. The latter is a strong ligand of the ER
and stimulates uterine and mammary tumor development. These data suggest that I3C
may exert protective effects in normal cells, whereas it may enhance growth of existing
lesions.

Pharmacokinetic studies indicated that DIM is the predominant I3C-derived
metabolic product (122). These results likely explain why the treatment with DIM
(5 mg/kg body weight) was more effective than IC3 in reducing the formation of mam-
mary tumors induced by the carcinogen and AhR ligand, DMBA. At concentrations
ranging from 10 to 50 μM, the condensation product DIM induced the formation of the
nuclear AhR heterocomplex, but it did not influence basal CYP1A1 expression. At con-
centrations ranging from 10 to 50 μM, DIM repressed estrogen-induced expression in
MCF-7 cells (123, 124). In contrast, concentrations of 100 μM DIM induced CYP1A1
expression to a degree similar to that observed for 1 nMTCDD (123). These data suggest
that at relatively low levels of exposure, DIM may exert protective effects and interfere
with the activity of the AhR, whereas at higher concentrations (>50 μM) DIMmay favor
transformation of the AhR and activation of P450s (117). Therefore, through diet it may
be advantageous to achieve human plasma concentrations of DIM (∼10 μM) sufficient
to exert antagonistic effects against the AhR, while preventing activation of P450s. The
short-term bioavailability of DIM (4–12 h) suggests that daily intake of Brassica vegeta-
bles or repeated dosing may be necessary to reach target micromolar levels of DIM in
human plasma (125). Through the AhR-mediated activation of Nrf2 expression, indoles
and isothiocyanates may exert synergistic effects and inducing Phase II enzymes such
as GST (6, 126).
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5.3. Flavonoids
The total dietary intake of flavonoids from plants has been estimated to be ∼1 g/day.

Several flavonoids that have been investigated for their antagonistic and agonistic
actions on the AhR include kaempferol, quercitin, and apigenin. Although these com-
pounds are structurally related, hydroxyl substitutions seem to influence their binding
affinity for the AhR (Table 3). Compared to kaempferol and apigenin, quercitin pos-
sesses an extra OH group on the B-ring, which may increase its binding affinity for the
AhR. Results of AhR-binding affinity studies varied and were influenced by cell type,
time of exposure, and concentration of flavonoids used. Kaempferol at concentrations
ranging from 1 to 10 μM did not induce CYP1A1 expression in MCF-7 breast can-
cer cells (127). These results suggested that kaempferol did not exhibit significant AhR
agonist activity. However, in human hepatoma H2pG2 cells at concentrations ∼10 μM
or higher kaempferol acted as an AhR antagonist by interacting with the AhR-ligand
binding site and preventing TCDD-induced CYP1A1 expression (128). In MCF-7 cells,

Table 3
Antagonistic IC50 of α-Naphthoflavone and Natural Lig-
ands of the AhR

Compound IC 50 against TCDD

α-Naphthoflavone 0.39 × 10–6

Flavones
Apigenin 3.2 × 10–6

Luteolin 6.5 × 10–6

Flavonols
Galangin 0.2 × 10–6

Kaempferol 2.1 × 10–6

Quercetin 1.5 × 10–6

Flavanones
Naringenin 6.7 × 10–6

Isoflavones
Daidzein >5.0 × 10–5

Genistein >5.0 × 10–5

Catechins
(-)-Epigallocatechin gallate 3.5 × 10–5

(-)-Epicatechin gallate 8.0 × 10–5

(-)-Epigallocatechin >2.0 × 10–4

Indoles
3,3′-diindolylmethane 5.0 × 10–5

Indol-3-carbinol 2.3 × 10–3

Phytoalexins
Resveratrol 1.9 × 10–6

Data were obtained from Amakura et al. (103), Jellinck et al.
(111), and Ashida et al. (130).
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both kaempferol and quercitin at doses ranging from 1 to 10 μM exerted antagonistic
activity and inhibited TCDD-induced XRE-promoter activity (96). In human hepatoma
HepG2 cells, apigenin (at least 10 μM) exhibited antagonistic activities (128).

5.4. Cathechins
Catechins represent ∼15–30% of dry weight of green tea although composition of

green tea extracts can be highly variable. The major catechins present in tea are cate-
chin (-)-epigallocatechin-3-gallate (EGCG), (-)epigallocatechin (EGC), (-)-epicatechin-
3-gallate (ECG), and (-)-epicathenic (EC). Results of studies that measured the effects
of these compounds on AhR activity have been discordant. Dietary levels of EGCG
(∼1–2 μM) were found to suppress transformation of the AhR by TCDD (129) and
CYP1A1 expression (130, 131). These concentrations approximated those measured in
human serum (4.4 μM) following supplementation with 525 mg EGCG (132). However,
in other studies higher concentrations of green tea extracts (25–50 μM) (133) or EGCG
and EGC (∼50 μM) (134) were required to antagonize the activation of the AhR by
TCDD.

6. CONCLUSIONS

The AhR has a promiscuous ligand-binding site that interacts with many dietary xeno-
biotic and natural compounds (97). The daily intake of natural compounds has been
estimated to be higher than the reported exposures to dioxins and dioxin-like PCBs. For
example, potatoes, cruciferous vegetables, breads, hamburgers, grapefruit juice (135),
fruits, and herbs (136) have been shown to contain agonists of the AhR. The activa-
tion of the AhR has been reported to directly induce at XRE the expression of COX-2
(33, 34) which converts arachidonic acid to prostaglandins. Prostaglandin-2 and 12-
R-HETE have been shown to activate the AhR (97, 137). Therefore, chemopreventative
approaches targeted to the AhR should take into account the contribution of both dietary
natural and endogenously occurring AhR agonists (128).

In designing preventative strategies based on AhR modulators it may be important to
consider whether these compounds exert tissue-specific effects, the influence of concen-
tration and timing of exposure, the relative binding affinity for the AhR, and whether
AhR ligands present in physiological mixtures exert additive cancer preventing or pro-
moting effects (Fig. 1). For example, human studies have reported AhR-related induc-
tion of the P450 enzyme CYP1A2 following intake of cruciferous vegetables (138).
Moreover, animal studies showed that the Brassica-derived compound, I3C, promoted
tumor development (139). Whereas these results could be related to use of supraphysi-
ological concentrations, it is possible that several ligands administered as part of a diet
may reach levels sufficient to activate the AhR pathway. Therefore, both the bioavail-
ability and pharmacokinetics of AhR ligands from phytochemicals may influence the
therapeutic values of preventative strategies based on AhR antagonists. Although fur-
ther investigations are necessary to assess the potential benefits of AhR-based strategies
against cancer, it is suggested that several vegetable bioactive compounds may exert
protective effects and reduce the risk of toxicity and cancer through competitive trans-
formation of the AhR.
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1. Health and nutrition advice from the United States (U.S.) government and many health associations
and nutrition experts emphasizes the need for Americans to include more healthful foods in their
diets. Yet, despite the wealth of sound nutrition advice available to consumers, obesity and many
other chronic diseases still plague a staggering number of Americans.

2. What type of information will provide the motivation consumers need to improve their lifestyles to
avoid chronic diseases like obesity, heart disease, or cancer? As the science of food and nutrition
continues to evolve, communication strategies that consider consumer perceptions are imperative.
Health professionals, educators, and journalists can help change consumer behaviors by first under-
standing their attitudes, awareness, and interest in foods and beverages that may provide added
health benefits.

3. This chapter provides a detailed discussion of consumer research that was fielded to gauge
Americans’ attitudes toward food and health, including attitudes toward foods and food compo-
nents with added health and wellness benefits. With information that considers the consumer per-
spective, food and nutrition communicators can better relate with consumers and guide them to
make informed and healthful food choices that maintain good health and minimize disease risk.
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1. INTRODUCTION

Health and nutrition advice from the United States (U.S.) government and many
health associations and nutrition experts emphasizes the need for Americans to include
more healthful foods in their diets. Yet, despite the wealth of sound nutrition advice
available to consumers, obesity and many other diet-related chronic diseases still plague
a staggering number of Americans.What type of information will provide the motivation
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consumers need to improve their lifestyles to avoid chronic diseases like obesity, heart
disease, or cancer?

As the science of food and nutrition continues to evolve, communication strategies
that consider consumer perceptions are imperative. Health professionals, educators, and
journalists can help change consumer behaviors by first understanding their attitudes,
awareness, and interest in foods and beverages that may provide added health benefits.
This chapter provides a detailed discussion of two consumer research surveys that were
fielded to gauge Americans’ attitudes toward food and health, including attitudes toward
foods and food components with added health and wellness benefits.

In 2009, the International Food Information Council (IFIC) commissioned its sixth
survey to study Americans’ awareness and attitudes toward “functional foods” – foods
and beverages that provide benefits beyond basic nutrition. Functional foods include a
wide variety of foods and food components believed to improve overall health and well-
being, reduce the risk of specific diseases, or minimize the effects of other health con-
cerns. Examples can include fruits and vegetables, whole grains, fortified or enhanced
foods and beverages, and some dietary supplements.

Results from IFIC’s 2009 Functional Foods/Foods for Health Survey, conducted
every 2–3 years since 1998, provide ongoing consumer insights into the interests and
beliefs about foods and food components and their roles in reducing the risk of disease
and promoting health and wellness (1). The research was designed to:

• measure and track changes in consumer awareness and interest in functional foods and
food components;

• explore how awareness levels and maturity of food/benefit pairs impact behavior and per-
ceptions; and

• gauge consumer awareness and attitudes toward using individual genetic information to
make nutrition and diet-related recommendations.

This chapter also includes some key findings from the IFIC Foundation Food &
Health Survey, a survey conducted in early 2009 to explore consumer attitudes toward
food, nutrition, and health (2). A segment of this survey also explored consumer percep-
tions of and interest in added benefits offered by foods and beverages. With information
that considers the consumer perspective, food and nutrition communicators can better
relate with consumers and guide them to make informed and healthful food choices that
maintain good health and minimize disease risk.

2. METHODOLOGY

2.1. IFIC Functional Foods/Foods for Health Survey
IFIC commissioned Cogent Research of Cambridge, MA, to conduct a quantitative

study of American consumers’ attitudes, awareness, and interest in functional foods.
Between May 11 and 20, 2009, 1,000 adults, 18 years and older, were randomly
selected to participate in a 20-min web-based survey. Questions were either open-
ended or participants were prompted and asked to rate specific responses. Data were
weighted by education, age, and ethnicity to allow the findings to be representative of the
American population.



Chapter 33 / Opportunities and Challenges for Communicating Food and Health 785

This chapter predominately reports on key findings from this web-based quantitative
survey and offers perspectives on the trends and evolution of consumer attitudes and
awareness to help enhance understanding of consumer behaviors specifically related to
foods and food components for added health and wellness benefits.

Note: When consumers were asked questions about “food,” it was defined as “everything
people eat, including fruits, vegetables, grains, meats, dairy, as well as beverages, herbs,
spices, and dietary supplements.”

2.2. IFIC Foundation Food & Health Survey
The 2009 IFIC Foundation Food & Health Survey, also highlighted in this chap-

ter, is designed to provide ongoing consumer insights into how consumers view their
own diets, their efforts to improve them, and their understanding of the components of
their diets. The 2009 survey builds upon the data released in the 2006, 2007, and 2008
Food & Health Survey, which included questions to evaluate consumers’ knowledge and
attitudes toward overall diet, physical activity, weight, nutrients, and food safety. New
questions were added in 2009 to explore consumers’ interests in certain functional com-
ponents when making good and beverage selections for themselves and, if applicable,
their children.

This chapter includes a few key findings from the 2009 Food & Health Survey, which
offer additional perspectives and insights into findings from the IFIC 2009 Consumer
Attitudes Toward Functional Foods/Foods for Health consumer research.

3. RESEARCH FINDINGS

3.1. General Attitudes Toward Health
Findings from the IFIC Foundation Food & Health Survey reveal that although the

majority of Americans (81%) rate their health status as “excellent,” “very good,” or
“good,” significantly fewer (58%) say they are “somewhat” or “extremely satisfied” with
their health status. This gap indicates that some Americans who consider themselves to
be healthy also perceive room for improvement.

The IFIC Functional Foods/Food for Health Survey shows that the majority (66%) of
U.S. consumers remain confident that they have a “great amount” of control over their
own health. U.S. consumers who believe they have a “great amount” of control over their
own health include those who also believe that “food and nutrition” play a “great role”
in maintaining or improving overall health (73 vs. 53% who believe it plays a “moderate
role” and 26% who believe it plays “no or a limited role”); consumers who are single
(72 vs. 57% of those who are married); females (70 vs. 62%males); and consumers who
state their overall health is “excellent” (86%) or “good” (66%) vs. 46% of those who
report their health as “fair” or “poor”.

Consistent with previous surveys, consumers overwhelmingly believe food and nutri-
tion play the greatest role in maintaining or improving health (72%), more so than exer-
cise (62%) or family history (39%). Americans who are most likely to cite the role of
“food and nutrition” in improving health as “great” are consumers who state that their
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overall health is “excellent” (82%) or “good” (78%) vs. 68% of those who state their
health is “fair” or “poor”; supplement users (78 vs. 62% of non-users); and those who
are the primary household shopper (75 vs. 57%who are not the primary household shop-
per). Americans’ belief that family health history plays a “moderate” to “great role” in
maintaining and improving health (87%) has remained fairly stable since 2005 (90%),
but reflects an overall increase compared to previous years (82% in 2002, 80% in 2000,
and 85% in 1998).

Heart-related and circulatory conditions, including general heart health, blood pres-
sure, stroke, and high cholesterol, remain top health concerns of consumers. Almost
half (48%) of all Americans cite heart disease as their top health concern, which is a
significant decrease from 2007 (53%) and 2005 (54%). This decline may be the result
of significantly fewer Americans reporting concern about cholesterol (9%) compared to
2007 (13%). Consistent with 2007, the number of consumers mentioning weight as a top
health concern remains higher (31%) than cancer (24%). Interestingly, while the num-
ber of Americans mentioning weight as a top health concern (31%) remains consistent
with 2007 (33%) 2005 (34%), this percentage has doubled since 2000 (14%). Females
are more likely to mention weight as a top health concern (36 vs. 25% males). Dia-
betes remains as the fourth largest health concern (17%). Although other health issues
continue to be consistently less of a concern, nutrition/diet has increased in concern
compared to previous years (16 in 2009 and 2007 vs. 7% in 2005 and 12% in 2002)
(Fig. 1).

In previous Surveys, consumers were asked to report specific dietary changes they
have made over the past year to improve or maintain their overall health. These changes
were categorized as either additions or reductions to the diet. Americans continue to

Americans’ Top Health Concerns

What are your top three health concerns, listed in order of importance to you?

(Unaided, Multiple Responses) (n=1005)

14%

16%

17%

24%

31%

48%

Exercise

Nutrition/Diet

Diabetes  

Cancer  

Weight  

Heart/Circulatory
Health Issues*

*Includes heart disease,
blood pressure, 

cholesterol, and stroke 

Fig. 1. Americans’ top health concerns (1).
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focus on removing foods or food components from the diet with about half of con-
sumers reporting changes that involve reductions, including trying to consume less fat,
reducing calorie intake, and eating less sugar. In contrast, only about one in four con-
sumers report changes that involve adding more healthful foods to the diet, including
eating more vegetables, fruits, and grains, getting more fiber, and drinking more water.
Food & Health data indicates that Americans generally make changes to their diet in an
effort to improve overall well-being (64%) and to lose weight (61%).

The vast majority (89%) of consumers agree that certain foods have health benefits
that go beyond basic nutrition and may reduce the risk of disease or other health con-
cerns. Consumers most likely to “strongly agree” that certain foods have health benefits
beyond basic nutrition are those who report that their healthy status is “excellent” (71
vs. 51% “good” and 44% “fair” or “poor”); dietary supplement users (58 vs. 44% non-
users); those with a college education (60 vs. 49% of those who have a high school
degree or less and 53% of those who have some college); and those who are single (56
vs. 47% of those who are married).

Overall, consumers believe in very specific benefits offered by certain foods and
beverages. These include improving heart health (85%), improving physical energy or
stamina (82%), maintaining overall health and wellness (82%), improving digestive
health (81%), improving immune system function (80%), providing higher levels of
satiety (73%), and reducing the risk of getting specific diseases (73%), among others. In
line with this finding, more than 85% of all Americans say they are currently consuming
or would be interested in consuming foods or beverages for these added benefits, as well
as others.

3.2. Awareness and Interest in Functional Foods/Foods for Health
Similar to 2007 and 2005, 9 out of 10 Americans are able, on an unaided basis, to

name a specific food or component and its associated health benefit. This represents a
steady and significant increase compared to 84% in 2002, 82% in 2000, and 77% in
1998. On an unaided basis, the top “functional foods” named by consumers in the 2009
Functional Foods/Foods for Health quantitative survey were

1. fruits and vegetables;
2. fish, fish oil, seafood;
3. dairy (including milk and yogurt);
4. meat and poultry;
5. herbs/spices;
6. fiber
7. tea and green tea;
8. nuts;
9. whole grains and other grains;

10. water;
11. cereal;
12. oats/oat bran/oatmeal; and
13. vitamins/supplements.
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Seven out of ten (71%) consumers name fruits and vegetables as foods that provide
benefits beyond basic nutrition, either generically or specifically, which has significantly
increased from 2007 (66%). Significantly more Americans mention fruits (48%) com-
pared to 2007 (37%) while slightly fewer mention vegetables (40% in 2009 vs. 44% in
2007).

When asked about the type of health benefit associated with the named foods, con-
sumers’ reported food/health associations are dominated by their top health concerns
of heart disease, weight maintenance, and cancer. Most Americans report (unaided)
food/health associations for reduced risk of cardiovascular disease (34%) followed by
digestive health (19%); vitamin deficiency (19%); general health (18%); bone health
(14%); reduced risk of cancer (11%); eye health (11%); immune health (9%); and weight
maintenance (6%). More specifically, on an unaided basis, Americans associate fish/fish
oil/seafood, oats/oat bran, garlic, cereal, and whole grains with benefits related to car-
diovascular disease. For cancer, Americans associate broccoli, tomatoes, other fruits,
and green, leafy vegetables. The top foods/food components that consumers associate
with weight maintenance include green tea and vegetables. Other top food/food compo-
nent and health benefit associations include dairy for bones and osteoporosis, carrots for
eye health, and fiber and whole grains for intestinal health.

In the 2007 IFIC Functional Foods/Foods for Health Survey, consumers were asked
to consider a specific health concern and name a food or food component believed
to reduce the risk of that disease or condition. Overall, awareness of the associations
between specific foods and reduced risk of health concerns grew stronger. Compared to
previous years, significantly more Americans are able to name a specific food or food
component associated with menopause, aging, breast cancer, high blood pressure, colon
cancer, eye disease, mental performance, diabetes, and weight management/maintaining
a healthy weight.

The following foods and food components were mentioned by consumers as poten-
tially reducing the risk of certain cancers: milk, broccoli, green, leafy vegetables, and
soy for reducing the risk of breast cancer; tomatoes and saw palmetto for the reducing
the risk of prostate cancer; and fiber, whole grains, green leafy vegetables, broccoli,
water, and bran for reducing the risk of colon cancer.

Americans remain highly interested in learning more about foods and food com-
ponents to improve health and decrease risk for disease. This high level of interest –
43% are “very interested” and another 41% are “somewhat interested” – has remained
unchanged over previous years. Americans who are more likely to be “very interested”
in learning more about functional foods are those who report their health as “excellent”
(57 vs. 51% of those who consider their health to be “very good,” 40% “good,” and
37% “fair” or “poor”); dietary supplement users (52 vs. 28% non-users); those who are
single (52 vs. 31% of those who are married); and females (49 vs. 37% males).

3.3. Consumption Behaviors and Awareness of Food/Health Benefit Pairs
Consumers were then asked, on an aided basis, whether they are aware of specific

food components, their corresponding food sources, and associated health benefits. With
the exception of a few associations, awareness increased significantly since 2007. The
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dominant food/health associations continue to be those related to bone health (e.g.,
calcium and vitamin D), cardiovascular disease (e.g., omega-3 fats, fiber, and whole
grains), cancer, and benefits associated with fiber (e.g., digestive health and reduced
risk of heart disease and cancer).

With regard to cancer, awareness of “soy protein/soy found, for example, in soy-based
products such as meat alternatives, nutritional bars, and beverages, such as soymilk, for
reduced risk of cancer” significantly increased (55%) from 2007 (47%). Awareness of
“fiber, found, for example, in vegetables, fruits, and some breads and cereals, for reduced
risk of cancer” remained stable (78%). Awareness of “antioxidants, found for example
in fruits and vegetables, dark chocolate, and certain teas, for protection against free
radical damage implicated in aging and various chronic diseases” and “lycopene, found
for example in processed tomato products, such as tomato sauce, for the reduced risk of
cancer” also increased (81 vs. 72% in 2007 and 61 vs. 49% in 2007, respectively).

Additional specific food/health associations that have increased in terms of con-
sumers’ awareness since 2007 include: calcium and vitamin D for the promotion of
both health (93 vs. 89% and 90 vs. 81%, respectively); whole grains and B vitamins for
reduced risk of heart disease (83 vs. 72% and 78 vs. 61%, respectively); potassium for
reduced risk of high blood pressure and stroke (78 vs. 64%); (monounsaturated fats for
reduced risk of heart disease (73 vs. 63%); probiotics for maintaining a healthy diges-
tive system (72 vs. 58%); omega-3 fatty acids for cognitive development, especially in
children (72 vs. 53%), folate or folic acid for reduced risk of heart disease (70 vs. 55%)
among several others.

The functional foods or food components already being consumed by Americans
parallel their awareness of food associations. When prompted with specific food or food
component and health benefit pairs, consumers report they are already eating specific
foods or components related to some of their top health concerns, including cardio-
vascular disease, weight management, cancer, and benefits related to bone health. Of
those who are aware of various associations, roughly 25–60% of all Americans are cur-
rently consuming specific foods/food components for related health benefits. The foods
or components that Americans are most likely to be eating for a specified health con-
dition are calcium, found for example in dairy foods such as milk, cheese, or yogurt or
in calcium-fortified foods or beverages, for the promotion of bone health” (58%); “vita-
min D, found for example in fortified foods and beverages, for the promotion of bone
health” (56%); “fiber, found for example in vegetables, fruits, and some fortified foods
such as breads and cereals, for a reduced risk of heart disease” and “. . .for digestive
health” (both at 56%); “protein, found, for example, in meat, dairy, beans, nuts, soy, and
some fortified foods and beverages, for maintaining optimal health” (56%); and “antiox-
idants, found for example in fruits and vegetables, whole grains, dark chocolate, coffee,
and certain teas, for protection against free radical damage implicated in aging and var-
ious chronic diseases” (54%). Fiber is the food component most likely to be eaten by
Americans for the reduced risk of cancer (54%).

In addition, 35–60% of consumers report they are “very likely” to begin eating spe-
cific food components or nutrients for health benefits. Generally, Americans who are
more likely to consume foods and beverages for a specific benefit are those who believe
they have a “great amount” of control over their health; those who report being in “excel-
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lent” health; are dietary supplement users; are single; and are 55 years and older com-
pared to those 54 years and younger. In addition, food/health associations with lower
levels of awareness tend to be those involving lesser health concerns, such as cogni-
tive development, eye health, oral health, or lesser known food components, such as
lutein, lycopene, prebiotic fiber, plant sterols, and xylitol. Similarly, food components
less likely to be consumed for health benefits also tend to be lesser known, such as
probiotics, prebiotic fiber, plant sterols, xylitol, and soy protein.

3.4. Communication and Sources of Information on Health and Nutrition
The mass media continue to be Americans’ top source of information on health and

nutrition (unaided). Similar to 2007, nearly three-quarters of Americans name the news
media (70%), especially electronic media outlets such as the Internet (54%) and televi-
sion news (25%), as their top source of information about health and nutrition. Roughly
a third of all consumers name medical sources (34%), including physicians (31%), as
a top source of information on health and nutrition. However, this reflects a significant
decrease from 2005 (44% medical sources with 43% physicians).

Although Americans may look to the media for information on health and nutrition,
they do not consider this to be the most credible source. Similar to 2007, many con-
sumers (36%) name medical sources such as physicians, nutritionists, and dietitians as
the most believable providers of information on the health benefits of food or food com-
ponents (unaided). However, the mass media remain a credible source among nearly a
quarter of all consumers (27%), and this has remained consistent over the years (24% in
2007, 23% in 2005 and 2002, 22% in 2000, and 29% in 1998). (Fig. 2).
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Top Sources vs. Most Believable Sources
of Health & Nutrition Information

(Unaided, multiple response): What are your top two 
or three sources of information about health and 
nutrition? (n=1005)

(Unaided, multiple response): Who or what would
you say is the most believable source for 
information on the health benefits of food or food 
components? (n=1005) 

Fig. 2. Top sources vs. most believable sources of health and nutrition information (1).
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Americans most likely to mention medical sources among their top sources of infor-
mation are those who perceive “food and nutrition” as playing a “great” (36%) or “mod-
erate” (33%) role in maintaining or improving their overall health vs. 15% of those who
believe that it plays a “small” or “no role.”

When asked to rate specific sources of information that impact their decision to try a
food or food component with added benefits, Americans continue to rate health profes-
sionals as the most influential (83% cite either a “moderate” or “great extent”). Dieti-
tians (71%); health associations (68%); and fitness experts (57%) were also mentioned
as very influential. Compared to 2007, significantly fewer Americans named health asso-
ciations (68% vs. 73% in 2007); TV news programs (48% vs. 54%); magazines (44%
vs. 53%); newspapers (38% vs. 44%); government officials (32% vs. 40%); and radio
news programs (28% vs. 36%) as influential sources of information.

3.5. Nutrigenomics/“Personalized Nutrition”
In 2005, questions were added to the IFIC Functional Foods/Foods for Health Survey

regarding the concept of nutrigenomics; this line of questioning was also included in the
2007 and 2009 surveys. Consumers were asked how much they have heard or read about
using individual genetic information to provide personalized nutrition or diet-related
recommendations. Results indicate that awareness is similar to 2007. Approximately
half of Americans report knowing “a little bit” about this practice (46%). The percentage
of Americans in 2009 knowing “a lot” or “a fair amount” about this practice (24%)
remained stable since 2007 (25%), however, this is elevated from when the question
was first asked in 2005 (18%). Those who are most likely to know “a lot” or about this
concept include consumers who consider their health status to be “excellent” (23% vs.
4% reporting “very good,” 3% reporting “good,” and 3% in “fair” or “poor” health);
consumers who take dietary supplements (6% vs. 3% of non- users); and those who are
single (7% vs. 3% who are married). (Fig. 3).

The majority of Americans (78%) expressed favorability toward the concept of using
genetic information to provide personalized nutrition and/or diet recommendations.
However, it appears that favorability may have softened as significantly less people say
that they are “very favorable” toward this concept (26% vs. 32% in 2007 and 29% in
2005) and significantly more saying that they are “somewhat favorable” (52% vs. 47%
in 2007 and 42% in 2005). Americans most likely to have a “very favorable” opinion
toward personalized nutrition are consumers who consider themselves to be in “excel-
lent” health (42% vs. 27% “very good,” 22% “good,” and 26% “fair” or “poor”) and
believe “food and nutrition” play a “great” role in overall health (29% vs. 18% who
believe it plays a “moderate” role and 6% who say it plays “limited” or “no” role).
In 2007, when asked why they are favorable toward nutrigenomics, “maintaining health
and preventing disease” remains the primary reason cited by 18% of Americans (Fig. 4).
This question was not repeated in 2009.

More than three-quarters (78%) of Americans are interested in learning more about
the use of genetic information to provide nutrition and/or diet-related recommendations
to optimize health and reduce the risk of diseases to which they are genetically predis-
posed (vs. 77% in 2007 and 70% in 2005). About a third remain “very interested” (32
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Americans” Awareness of  Nutrigenomics
or “Personalized Nutrition”

Recent advances in science are making it possible to look at an individual’s genetic information (i.e. 
DNA) to determine a wide range of things about that person’s current or future health. Genetic 
information can be used to provide people with important nutrition and/or diet-related 
recommendations in order to optimize overall health and reduce the risk of diseases to which they 
are genetically predisposed.  How much, if at all, have you heard or read about this area? (n=1005)

Nothing
30%
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A fair amount
20%

A lot
5% 46%

Fig. 3. Americans’ awareness of nutrigenomics or “personalized nutrition” (1).

Americans’ Favorability toward 
Nutrigenomics or “Personalized Nutrition”

In general, how favorable are you toward the idea of using genetic information to provide
people with nutrition and/or diet-related recommendations? (n=1005)

Not at all
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6% 

Not very
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9% 

Somewhat 
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Very favorable
25%

Don't know
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Fig. 4. Americans’ favorability toward nutrigenomics or “personalized nutrition” (1).

vs. 31% in 2007 and 28% in 2005). Those who are “somewhat interested” remained
stable compared to 2007 (47% vs. 45% in 2007 and 41% in 2005). Fewer Americans
are “not very” or “not at all interested” (17% vs. 19% in 2007 and 23% in 2005). Those
most likely to be “very interested” in learning more about nutrigenomics or “personal-
ized nutrition” are consumers who believe food and nutrition play a “great” (31%) or
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“moderate role” (16%) in maintaining or improving overall health (vs. 17% “limited
or no role”); consumers who believe that they have a “great” amount of control over
their health (35% vs. 26% who say they have “moderate” control and 17% who say they
have “small” or “no” control over their health); those who report their health status to be
“excellent” (49% vs. 35% “very good,” 29% “good,” and 28% “fair” or “poor”); dietary
supplement users (37% vs. 22% non-users); consumers with children under the ages
of 18 living at home (37% vs. 30% without children at home); and primary household
shoppers (37% vs. 23% of those who are not the primary shopper).

In 2007, we asked questions about terminology with respect to this emerging sci-
ence. American consumers overwhelmingly continue to prefer the terms “personalized
nutrition” (76%) and “individualized nutrition” (73%) rather than “nutrigenetics” (50%)
or “nutritional genomics” (40%) to describe the practice of using genetic information
to develop personalized diet and health recommendations. Compared to 2005, slightly
fewer consumers say that medical sources, including physicians, nutritionists, dietitians,
and other medical professionals, are the most believable information resource on genet-
ics as it relates to diet and nutrition (33 vs. 37% in 2005). According to our 2009 survey,
physicians continue to be the most believable source, although this has decreased (21 vs.
28% in 2005). Similar to 2005, very few cite dietitians (4 vs. 2% in 2005) and nutrition-
ists (3% in both 2005 and 2007) as the most believable source. Other sources cited by
less than 10% of consumers include news media, medical journals/books, government
agency/U.S. Surgeon General, and friends and family.

4. CONCLUSIONS

This research confirms many of IFIC’s earlier findings about foods and beverages that
provide added benefits and reveals some new trends in consumers’ attitudes, beliefs, and
behaviors about food and health. Americans continue to have a high level of awareness
and interest in “functional foods,” or foods and food components with added benefits,
and how a personalized nutrition plan that incorporates these foods can help optimize
health and reduce the risk of disease. The vast majority of Americans believe that they
have some control over their health, with food and nutrition identified as playing a great
role in improving or maintaining health, followed by exercise and family history. Heart
disease, weight, and cancer continue to be the top health concerns of Americans, while
diabetes and nutrition/diet follow as other important health concerns.

Americans are increasingly aware of specific health benefits associated with vari-
ous foods and food components. Accordingly, consumers are most aware of food/health
benefit associations related to their greatest health concerns of cardiovascular disease,
weight maintenance, and cancer, as well as those that have been well established and
promoted over time, such as calcium for bone health. Still, newer food associations have
entered the minds of some Americans, including health benefits related to probiotics
and soy/soy protein. However, as in past surveys, consumers more easily identify whole
foods that are generic in nature and fall into a wide spectrum of non-descript categories
such as “vegetables,” “fruits,” or “dairy foods.” In some respects it is not surprising that
consumers more readily mention certain foods or food categories that contain health-
ful components rather than the components themselves. For example, consumers may
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identify fish, fish oil, certain nuts, and flax as being “good” for their hearts and other con-
ditions, but they may not be able to articulate that omega-3 fatty acids are the healthful
component that they all have in common. Cross-promotion of foods containing specific
components can be helpful and may contribute to increased consumer awareness and
consumption over time.

The emerging science of nutrigenomics – preferentially called “personalized nutri-
tion” by most consumers – was explored again after being introduced in the survey in
2005. Americans are increasingly open to the concept of genetic information being used
to provide personalized nutrition recommendations. This survey found that Americans
report a greater knowledge of this new development, and they are interested in learning
more.

Results from the 2009 IFIC Foundation Food & Health Survey indicate that about
two-thirds of Americans are making changes to improve the healthfulness of their diet.
The majority of Americans who report that they are consuming certain foods and food
components for health benefits are doing so for benefits related to bone health, car-
diovascular disease, and cancer. Still, even more consumers are willing to begin eating
specific foods and food components for these and other health benefits.

The majority of Americans believe in the concept that certain foods and food compo-
nents have specific benefits, such as decreasing the risk of certain diseases or improving
health attributes such as immune health, and their interest in learning more about foods
and their relationships with specific health benefits remains strong. The findings from
this research suggest that today’s consumers are primed for information and messages
about foods and food components that provide benefits beyond basic nutrition and how
to incorporate them into their diet. Many are already attempting to make changes to
improve the healthfulness of their diets in an effort to reduce risk of disease, yet still
more can be done to increase their knowledge about the benefits of specific foods and
food components and their consumption.

In 2002, IFIC completed quantitative research with Americans to better understand
how to build effective health messages (3). Four factors, time, level of awareness, belief
in efficacy, and relevance of the health concern or issue, play an important role in deter-
mining where to start a conversation about food and health.

This earlier research conducted by IFIC revealed that the longer the length of time
a person had been exposed to information related to a diet and health relationship, the
more likely they were to be aware of the benefits certain foods can provide in reducing
the risk of disease. For example, the message “calcium builds strong bones” has been
touted by many different and trusted information sources for many years, and through
this quantitative research, IFIC found that Americans are very aware of this diet and
health pairing. The same is not necessarily true for more recent diet and health pairings
such as lycopene and a reduced risk of prostate cancer.

Level of awareness is the second factor in effective health messaging. Of those who
had heard something about a diet and health pair, those who had heard “a lot” were more
likely to believe in the efficacy of the association. Efficacy is the belief that a certain food
can, in fact, provide a specific health benefit.

Belief in efficacy – the third factor in building effective health messages – increases
with time and level of awareness. Efficacy is a challenging concept for many consumers



Chapter 33 / Opportunities and Challenges for Communicating Food and Health 795

to grasp because the benefits of food or food components on their health status are
usually not an effect that is easily seen or felt immediately. Rather, it can take decades
before the effects of eating well seem to “pay off.” IFIC’s research in this area revealed
that if a person believes that a food can provide a specific health benefit then they are
more likely to be consuming that food for that benefit.

Finally, it is also important to consider the individual themselves and their perception
of the particular health concern or issue. One of the most common barriers cited for not
increasing the consumption of foods that provide benefits is that the associated disease
or health issue is “not a concern” or the individual perceives they are “not at risk.”

Effective health messaging is the key to motivating people to take health into their
own hands. Messages that provide the appropriate information for the individual’s level
of knowledge and help them to set actionable goals regarding foods that are relevant to
their lifestyle and health conditions will likely be successful. One size does not fit all.

Collectively, this body of publicly available consumer research provided by IFIC and
the IFIC Foundation indicates that there is a window of opportunity for nutrition and
health professionals to communicate the potential health benefits of foods and food com-
ponents and how they may be associated with the practice of “personalized nutrition.”
Both the media and health professionals are looked upon as sources of credible and
influential information related to the role of food in health and disease. Health profes-
sionals, researchers, educators, and journalists can seize this opportunity to deliver more
personalized nutrition messages that help consumers enjoy health-promoting foods as
part of an overall healthful lifestyle.

4.1. Guidelines for Communicating the Emerging Science of Dietary
Components for Health

Americans acquire health and nutrition information from numerous sources (4). With
more and more information coming from mass media, it is important for everyone in
the communication chain to provide consistent and scientifically accurate information.
To aid in this process, the IFIC Foundation partnered with the Institute of Food Tech-
nologists (IFT) to develop the Guidelines for Communicating the Emerging Science of
Dietary Components for Health. These Guidelines include a checklist for communica-
tors to help enhance the public’s understanding of foods, food components, and dietary
supplements and their role in a healthful lifestyle.

Communicators, ranging from health professionals, educators, scientists, scientific
journal editors, government officials, and journalists, should consider these points when
translating how the latest research about food and nutrition could change what’s on the
public’s plate:

• Serve up plain talk about food and health.
• State that scientific research is evolutionary, not revolutionary.
• Carefully craft communications.
• Make messages meaningful.
• Cite study specifics.
• Point out the peer-review process as a key measure of a study’s objectivity.
• Consider the full facts when assessing a study’s objectivity.
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For more information on the Guidelines, visit http://www.foodinsight.org/Resources/
Detail.aspx?topic=Guidelines_for_Communicating_the_Emerging_Science_of_Dietary
_Components_for_Health.

5. ADDITIONAL RESOURCES

1. International Food Information Council Foundation. (2001) IFIC Review: How to
Understand and Interpret Food and Health-Related Scientific Studies. September 2001.
http://www.foodinsight.org/linkclick.aspx?fileticket=d8IZK7B4MGY%3d&tabid=93.
Accessed February 25, 2010.

2. International Food Information Council Foundation. (2007) Understanding and
effectively communicating food and nutrition science: Leading consumers to better
health. IFIC Foundation Continuing Professional Education Module. November 2007.
http://foodinsight.staging.r2integrated.com/Resources/Detail.aspx?topic=Understanding
_and_Effectively_Communicating_Food_and_Nutrition_Science_Leading_Consumers_
to_Better_Health_CPE_Program. Accessed February 25, 2010.

3. International Food Information Council Foundation. (2008) Tools for Effective
Communication: Beginning a New Conversation with Consumers. http://www.
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676–693
spice production in tons and cancer

rates, 673t
spices/herbs (phytochemicals) with

chemopreventive properties, 672
therapeutic properties of herbs and spices, see

Herbs and spices, therapeutic properties
Western medicine, 672

Antioxidant-responsive element (ARE), 32, 538,
764f, 765

Antioxidants, 57, 73, 76–78, 169t, 176, 312, 317,
471, 488, 500, 521, 636, 644, 674,
789–790

Antitumor effects of zinc
apoptotic antitumor effects, 521
inhibitory effects of zinc on apoptosis,

520–521
in prostate cancer, 520

AOAC, see Association of Official Analytical
Chemists (AOAC) method

AP-1, see Cruciferous
vegetables/ITCs/indoles/cancer
prevention

Apaf-1, see Apoptotic protease-activating factor 1
(Apaf-1)

APC, see Annual percent change (APC)
APE, see Annurca polyphenol extract (APE)
Apoptosis, 50–54, 645–646

“apoptotic-bodies,” 50
Bcl-2 family of proteins

anti-apoptotic proteins, 51
proapoptotic proteins, 51

characterization, 50
concentrations of EGCG, 54
dietary components, 54

quercetin and ellagic acid, 54
red clover-derived isoflavones, 54
resveratrol and quercetin, 54
selenium and vitamin E, 54
tomato sauce consumption, 54

mitochondrial proteins
cytochrome c, 50
Smac and DIABLO, 50

mitochondria-mediated pathway, 51
pathways, two, 50–51f
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extrinsic (death receptor pathway), 50
intrinsic pathway (mitochondrial pathway),

50
proteolytic cleavage, 50
regulation, 645f
triggering factors, 50
See also Garlic and cancer prevention; Zinc in

cancer development and prevention
Apoptotic protease-activating factor 1 (Apaf-1), 50,

645f
ARE, see Androgen-responsive elements (ARE);

Antioxidant-responsive element (ARE)
Aromatase, 640–641

to genistein, 641
stimulation of brain protein synthesis, 641

Aryl hydrocarbon receptor-mediated
carcinogenesis and modulation

activation of phase I and II enzymes by AhR,
764–765

AhR cross-talk with EGFR pathways,
766–767

AhR-mediated carcinogenesis, 768–769
AhR-mediated effects on cell cycle checkpoints,

767–768
expression levels of the AhR protein, 768

cross-talk between AhR- and ER-regulated
pathways, 766

endogenous role for AhR, 765–766
histone acetyl transferase (HAT) activity, 764
human exposure to AhR xenobiotics,

769–771
natural ligands of the AhR, 771–774

antagonistic IC50 of α-Naphthoflavone and
natural ligands, 773t

cathechins, 774
flavonoids, 773–774
indoles, 771–772
resveratrol, 771

synthetic modulators of AHR
α-Naphthoflavone and

3′-Methoxy-4′-Nitroflavone, 771
xenobiotic, endogenous, and natural AhR

ligands, 762t–763t
effects on activation of the AhR pathway,

764f
Aspirin/Folate Polyp Prevention trial,

401–402
Association of Official Analytical Chemists

(AOAC) method, 167
ATBC, see Alpha-Tocopherol, Beta-Carotene

(ATBC) Trial
ATF, see Activating transcription factor (ATF)
Axin fused (AxinFu) model, 108

B

Barrett’s metaplasia, 428
Basic leucine zipper (bZIP) transcription factors, 30
Benign prostate hyperplasia (BPH), 113,

324t–325t, 517t, 690
Berry powders/anthocyanins for animal cancer

prevention, 706–716
anthocyanins, studies on, 712–714

colonic cell proliferation, 714
effect of diets containing BRB or BRB

residues/fractions, 714
HPLC, 712
MAPK activation, 712
preparation of extracts from freeze-dried

BRB, 713f
berry types, evaluation of, 711–712
cellular and molecular mechanisms, 714–716

BRB diets, 714
DNA microarray, 715
functions and associated genes affected by

BRB, 716t
freeze-dried BRB powder, 705–711

Barrett’s esophagus, 718–720
BRB treatment in post-initiation protocol,

709
colon cancer, 718
DMBA, 709
effect of 2.5/5/10% BRB diets, 710
effects of BRB/blueberry/ellagic acid diets

on tumor, 710t
effects of 5% BRB diet on NMBA-induced

rat esophageal tumorigenesis, 709f
nutrients levels and chemopreventive agents,

707t–708t
oral cancer, 718
protocols for complete carcinogenesis

bioassay, 708
preparation of freeze-dried berry powders, 705

BFCs, see Bioactive food components (BFCs)
Big Blue R© mice (BBM), 205
Bioactive food components (BFCs), 101

epigenetic mechanisms, 102f
Birth cohort (baby boomers) ages, 21
Bjelakovic Cochrane review, 434
BMI, see Body Mass Index (BMI)
Body mass index (BMI), 148, 280t–284t, 286,

318t–322t, 430f, 436, 545, 620
Brassica species/vegetables

prevention of cancer, 536
Breast cancer (BC), 33–34, 278

and calcium, 453–454
Cancer Prevention Study II, 453
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Breast cancer (BC) (Cont.)
dietary calcium intake and reduced risk of

BC, 453
mammographic breast density, 453
Nurses Health Study, 453
vitamin D intake and BC, 453

Broccolini and broccoli sprouts, 536
Butyrate, 33, 111–112, 169–170, 184–185,

187–188t, 189, 216–217, 224
bZIP, see Basic leucine zipper (bZIP) transcription

factors

C

Calcium and cancer, 449–461
epidemiological studies

breast cancer, see Breast cancer (BC)
colon cancer, see Colon cancer and calcium
prostate, see Prostate cancer (PC)

future research, 460–461
intervention studies, 455–459

calcium supplementation and its long-term
effects, 455–456

colorectal adenomas, 455
colorectal adenomas and calcium

supplementation, 459
CPPS, 455
cumulative incidence curves for PC, 458
dose of vitamin D, 457
double-blind, placebo-controlled,

randomized trial of calcium and vitamin
D, 457

ECP intervention study, 456
hormone replacement therapy

(HRT), 456
Lappe/WHI study, differentiation, 458
multivariate analysis, 457
non-skin cancer, 457
serum vitamin D concentrations,

458–459
WHI study, 456

recommendations for intake/dietary changes,
461

tissue specificity and totality of evidence,
459–460

Calcium Polyp Prevention Study (CPPS), 455
CALERIE, see Comprehensive Assessment of

Long-Term Effects of Reducing Intake of
Energy (CALERIE) study

Caloric restriction (CR) and cancer
ad libitum (AL)-fed animals vs. CR animals,

148
anti-aging effects of CR, 149

effect of CR on cancer, 149–150
energy balance-related hormones and growth

factors, 151–155
in humans and non-human primates, 150–151
and physical activity in humans and animals,

151
role of inflammation, between energy

balance/cancer, 155–156
sirtuins, 156

CAMP→PKA→CREB pathway, 291
Cancer, 3–21, 195–208, 213–224, 275–296,

411–439, 449–461
animal studies, advantages, 168–169
breast cancer, 174–175
chemopreventive agent/intermediate

biomarkers, 168
colon cancer, 168
dietary factors, 168
environmental/genetic factors, causes, 168
gastrointestinal cancer, 168
large bowel cancer, 173–174

dietary fiber consumption, 173
dietary fiber intake and risk of colorectal

cancer, 173
EPIC study, 174
PPT study, 173–174

other cancers, 175
See also Calcium and cancer; Cancer in U.S,

burden of; Cruciferous
vegetables/ITCs/indoles/cancer
prevention; Meats/protein/cancer; N-6
polyunsaturated fatty acids (n-6 PUFA)
and cancer; Saturated fatty acids (SFAs)
and cancer; Selenium (Se)

Cancer and n–3PUFAs, 253–268
anti-cancer activity of n–3 PUFAS

effect of lipid peroxidation, 259
effect on estrogen and testosterone

metabolism, 258–259
effect on mevalonate metabolism, 258
effects on angiogenesis, 257
effects on membrane structure and function,

257
as EPA, 267f
inhibition of eicosanoid production from

arachidonic acid, 258
translation initiation connection, 259–260

epidemiological/prospective/experimental
studies, 255–257

diet and dietary habits, 255
diet and risk of cancer, correlation between,

256
dietary and non-dietary risk factors, 256–257
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fat–cancer risk association, 255
Health Professionals Follow-up Study, 256
high consumption of n−3 PUFAs, 255
low incidence of breast cancer, 255
specific fatty acids intake risk factors, 255

fatty acid biosynthesis, 254
metabolism of essential fatty acids, 254–255
translation initiation and cancer, see Translation

initiation
Cancer biology and nutrigenomics, 25–37

gene × diet interactions, 28
age-increased susceptibility to cancer, 28
environmental/dietary factors, 28

multistage carcinogenesis, 26–28
nutrigenomics, 28–36

Cancer chemoprevention, 335, 349, 646, 686, 703,
731

See also Vitamin D and cancer chemoprevention
Cancer in U.S, burden of, 3–21

cancer data collection, 4
cancer surveillance, future studies, 21
case definition, 4
combined malignant cancers, 6
delay adjustment and trend analysis, 5
esophageal cancer, types/risk factors, 9–11

esophageal adenocarcinomas, 10
esophageal squamous cell carcinoma, 10
molecular biomarkers study, 11

impact of race and ethnicity, 20
incidence and death rates, 5
invasive cancer, prevalences, 15

combined and top three sites of cancer, 18t
survival rate by stage for three cancer sites,

17t
prognosis, 20–21
race and ethnicity, incidence and death rates by,

11–12
age-adjusted cancer incidence rates, 13t–14t

relative survival rates by stage distribution,
five-year, 15–16t

distant-stage disease, 15
localized-stage, 15
screening, 15

surveillance goal and factors influencing, 19–20
NCI-SEER Program, 19
population-based cancer statistics, 19

survival and prevalence, 5–6
top three cancer sites for men/women

age-adjusted cancer incidence and death
rates, 7t–8t

annual incidence and death rates, 9f
colon and rectum cancer or colorectal

cancer, 6–9

death rates for liver/intrahepatic bile duct
cancers, 9

declines in female breast cancer/prostate
cancer in male, 9, 11f

declines in rate of cancer of lung/bronchus,
9–10f

esophagus/primary esophageal cancer
histologies, 12f

male cancer deaths/female cancer deaths, 9
Cancer prevention, see Vitamin D and cancer

chemoprevention; Zinc in cancer
development and prevention

Cancer prevention and garlic, implications
antimicrobial response, 572–573

to alliin and allicin, 573
to allyl sulfurs, 573
antimicrobial properties, 572
Helicobacter pylori

colonization/proliferation, 572
against spoilage and pathogenic bacteria,

572
antitumorigenic response to garlic, 577–579

A549 lung tumor cells, 578
cell cycle arrest and apoptosis, 578
cellular and animal models, 578–579
lipid soluble allyl sulfur compounds, 577
MTK-sarcoma III xenographs, 578
p34cdc2 kinase, 578
tissue culture studies, 577–578

cellular processes, 571
garlic and allyl sulfur compounds, 575t
multiple cancer risk processes are influenced,

573–576
bioactivation and response to carcinogens,

574–576
carcinogen formation and bioactivation,

573–574
neoplasms to be inhibited by garlic, 577t
stinking rose, 571f
See also Garlic and cancer prevention

Cancer prevention by catechins/
flavonols/procyanidins

animal and in vitro experiments, 614–619
See also Animal and in vitro experiments,

catechins/flavonols/procyandins
epidemiological studies, 619–623

dietary flavonols/procyandins/cancer,
619–622

preventive effects of green tea, 619t
tea consumption and cancer, 619–622

future research, 625
cancer preventive activities,

mechanisms, 624
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Cancer prevention (Cont.)
efficacy of dietary effects, 625
safe levels of intake of compounds, 625

intervention studies in humans, 623–624
dietary flavonols and procyandins on

antioxidant status, 623
recommendations for intake, 625–626
structures of biologically important

catechins/flavonols/procyanidins, 614f
tissue specificity and totality of evidence,

624–625
Cancer prevention with berries, role of

anthocyanins
epidemiological studies, 716–717

Health Professionals’ Follow-up Study, 716
Nurses’ Health Study, 716

intervention studies in humans, 717–720
BRB powder on biomarkers of neoplastic

progression, 717–720, 719t
phase I clinical trial of BRB, 717

prevention of cancer in animals
with berry powders and anthocyanins,

706–716
See also Berry powders/anthocyanins for

animal cancer prevention
rationale for use of berries in cancer prevention,

704–705
anthocyanins, 704
chemical structure of anthocyanidins, 705
NMBA-induced cancer, 704

recommendations for intake/dietary changes,
720–721

tissue specificity, 720
Barrett’s esophageal lesions, 720

Cancer risk, see Folate; Iron and cancer
Cancer Statistics Review (CSR), 4, 8t, 13t–14t,

16t–18t
Cancer survival and relative survival, 5
CAPS study, 424, 426t–427t
Carcinogenesis, 48, 55–56, 74, 115, 125–129, 135,

148–151, 154, 157, 170, 207, 216, 224,
258, 347–348, 367, 371–372, 389,
394–396, 401–402, 455, 501, 506, 510,
518, 522, 536, 538, 540, 574–575, 580,
591, 597, 599, 614, 616–617, 641, 675,
686, 706, 708, 736, 738, 740, 746, 748,
761–774

breast carcinogenesis, 36, 747
colon carcinogenesis, 59, 278, 288, 402, 450,

505, 709, 772
esophageal carcinogenesis, 502, 505, 507, 509,

518, 520, 714–715
hepatocarcinogenesis, 116, 767

mammary carcinogenesis, 26–28, 218, 295,
348, 580, 598–599, 601, 604, 616, 638

multistage carcinogenesis, 26–28, 125
prostate carcinogenesis, 367, 607, 741
skin carcinogenesis, 132, 518, 543, 686

Cardiovascular diseases, 150, 276, 621, 635, 704,
788–789, 794

Carotenoids, 311–327
epidemiological studies

β-carotene, 317
consumption and PC cohort studies, 320t
consumption case–control studies, 318t–319t
serum lycopene and PC, 321t–322t
tomatoes/lycopene, 317

future research, 326
intervention studies

β-carotene, 317–323
lycopene clinical trials, 325t–326t
tomatoes/lycopene, 323

recommendations for intake/dietary changes,
327

tissue specificity and totality of evidence
β-carotene, 323–326
lycopene/tomatoes, 326

uses in cancer prevention/treatment, 311–313
lycopene and β-carotene, benefits of, 312
primary carotenoids/color/good dietary

sources, 312t
structures of six main carotenoids, 311–312f

in vitro studies and animal experiments
β-carotene, 313
lycopene in PC animal models, 316t
lycopene/tomato extracts, 313–315t

Catechins, 130–131, 613–626, 773t, 774
CDC, see Center for Disease Control and

Prevention’s (CDC)
CDKs, see Cyclin-dependent kinases (CDKs)
Cell-cycle regulation, 641–642

cell-cycle arrest by genistein, 641
G1/S checkpoint in cell-cycle regulation, 642f
retonone, chemical structure of, 642f

Cell differentiation, 28, 115, 216–217, 311,
337–338t, 344, 346–347, 350–351, 367,
450, 454, 459, 515t, 547, 712

Cell proliferation, 46–50
bioactive dietary components, 48

calcium or low-fat dairy foods or dietary
fiber, 49

curcumin, 49
EGCG plus curcumin, 49
flavonoid apigenin, 49
resveratrol, 48
sulforaphane, 49
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CDKI families
CIP/KIP family, 48
INK4 family, 48

cell cycle regulation, proteins in, 46–47
“check points,” activation and inactivation,

47
D cyclins, expression, 47–48
DNA damage checkpoints, 47
DNA replication, 48
E2F-responsive genes, 48
replicative phases, 47

deregulation of cell cycle, 48
phases of cell cycle, 47f
Rb and p53 pathways, 48
See also Zinc in cancer development and

prevention
Cellular cancer processes and molecular targets,

45–64
angiogenesis, 60–63, 61f
apoptosis, 50–54
bioactive dietary components

induce extrinsic/death receptor pathway of
apoptosis, 52t

induce intrinsic/mitochondrial pathway of
apoptosis, 52t–53t

inhibits angiogenesis, 62t–63t
molecular targets, 56t

cell proliferation, 46–50
immunity, 58–60
inflammation, 55–58

Cellular effects, 257, 262, 450
Cellular retinoid-binding proteins (CRBP), 341,

347
Center for Disease Control and Prevention’s

(CDC), 4
Cervical cancer, 81, 395, 542, 769
Cervical intraepithelial neoplasia, 395
Chemical structure of

8-C-glycoside of daidzein, 634f
daidzin, 634f
genistein, 634f
glycitein, 634f
puerarin, 634f

Chemoprevention
combinational, 603–606

BC chemoprevention with
genistein/resveratrol, 604–605, 604t

prevention of PC with genistein/resveratrol,
605–606, 605t–606t

models, 638, 646
ChIP, see Chromatin immunoprecipitation (ChIP)

assays

Chromatin immunoprecipitation (ChIP) assays, 31,
105, 112, 510, 653t

C-Jun N-terminal kinase (JNK), 56, 539
Colon cancer and calcium, 449–453

calcium effects
on colon cancer development, 450–451
epidemiologic evidence of, 452

calcium malnutrition, 450
calcium-sensing receptor (CaR), 450
“calcium switch” in crypt cells, 451
Cancer Prevention Study II Nutrition, 452
cell division/proliferation/differentiation, 450
colon carcinogenesis, 450
human colon carcinomas, 450
multiethnic cohort study, 452
risk of colon cancer

in men and women, 452
reduction of, 452

systemic calcium homeostasis, 450
vitamin D deficiency slows apoptosis, 451

Colorectal adenoma study, 27, 75, 86, 173,
401–402, 423–425, 427t, 431, 434,
436–437, 452, 455, 458–459, 482, 485,
690, 716

Colorectal cancer, see Gut micro-
biota/probiotics/prebiotics/colorectal
cancer

“Compound epigenetic mosaic,” 108
Comprehensive Assessment of Long-Term Effects

of Reducing Intake of Energy
(CALERIE) study, 151

Conjugated linoleic acid (CLA) and cancer,
235–249

alteration of lipoxygenase pathway, 243–245
calcium ionophore-stimulated 5-HETE

production, 243f
effect of FLAP over-expression, 245f
effect of 5-HETE, 244f
effect of select CLA isomers, 244f
HETE or LT production, 243
human mammary tumor cell line

MDA-MB-231, 243
tumor cell viability and co-incubation, 244

CLA mechanisms to alter breast tumorigenesis,
242

potential mechanisms, 242t
CLA specificity, 248–249
effects of CLA on breast cancer stem cells

(CSC), 246–248
definition of stem cells, 246
effect of fatty acids on MINOsphere

formation, 248t
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Conjugated linoleic acid (Cont.)
effect of fatty acids on tumorsphere

formation, 247–247t
effects of CLA on precancerous tissues, 248
MINO mouse, 247
multiple mutations, 246
terminal end buds (TEB), 246
therapy effects on tumors and tumor “stem

cells,” 246f
effects of CLA on extracellular matrix, 245–246
studies in humans, 242
in vitro studies

c9, t11-CLA/t10, c12- CLA isomers,
236–238

effect of fatty acids on cell viability, 237f
phase-contrast microscopy of mouse

mammary tumor cell line, 237f
in vivo animal experiments, 238–242

CLA concentrations, 238
c9, t11-CLA isomer study, 239
decreased metastasis after treatment, 241f
effect of dietary CLA, 238, 240f
effects of CLA, 240–241
forestomach tumors in Kun Ming mice,

238–239
MNU-induced mammary tumors, 238
pulmonary tumor burden, 239
steps in tumor metastasis, 239f
t10, c12-CLA isomer study, 239

CpG island methylator phenotype tumors, 33
CPPS, see Calcium Polyp Prevention Study (CPPS)
CR, see Caloric restriction (CR) and cancer
CRBP, see Cellular retinoid-binding proteins

(CRBP)
Cruciferous vegetable FFQ (CVFFQ), 545
Cruciferous vegetables/ITCs/indoles/cancer

prevention, 535–559
clinical studies and related BAFC, 556
efficacy of cruciferous vegetables, 557t–558t
epidemiological evidence, 547–556, 548t–554t

cruciferous vegetables intake, 555
polymorphisms in glutathione-S-transferase

genes, 555
“protective” polymorphism, 555
“responsive” genotype, 555

intake estimates, 543–545
assessment of intake and exposure, 545–547
bioactive metabolic end products, 546f
cruciferous vegetables included in FFQ,

544t–545t
ITCs/indoles, molecular mechanisms, see

Isothiocyanates (ITCs)/indoles,
molecular mechanisms

CSFII, see USDA 1994–1996 Continuing Survey
of Food Intake (CSFII)

CSR, see Cancer Statistics Review (CSR)
Curcumin

anti-inflammatory/antioxidant properties,
677–678

antioxidant, 678
COX-2 and NOX, 677
Interleukin 6 (IL-6), 677
scavenger of ROS, 678

effects on bacterial infections, 681
effects on cancer in intact animals, 679–680

angiogenesis, 679
immune response increase, 679
plaque-forming cells (PFCs), 679
regulation of immune cells by, 680f

effects on specific detoxifying enzymes,
680–681

activity of procarcinogen benzo[a]pyrene
(B[a]P), inhibition, 681

GCL gene expression, 680–681
effects on tumor cells in culture, 678

AP1, 678
TNF, 678

human intervention studies, 681–683
bioavailability, 683
clinical trials, 682

human observational studies, 681
lowest cancer rates on consumption, 681

CVFFQ, see Cruciferous vegetable FFQ (CVFFQ)
Cyclin-dependent kinases (CDKs), 46–47f, 152,

344
Cyclocondensation reaction assays, 546–547
Cyclooxygenases (COXs), 289–290

COX-2 activity
non-steroidal anti-inflammatory drugs

(NSAIDs), 289
three isoforms, COX-1/COX-2/COX-3, 289

CYP27b1, 359, 366, 369–370
CYP24 mRNA expression, 369
Cytochrome P450 2E1 (CYP2E1), 86–87, 574,

579, 687, 737–738, 740–742, 744
Cytochromes P450 1A1/1A2 (CYP1A1/CYP1A2),

574

D

Dark adaptation (night blindness), 336
DCIS, see Ductal carcinoma in situ (DCIS)
DCYTB, see Duodenal cytochrome b (DCYTB)
Deferoxamine (DFO), 484, 486–487
2D electrophoresis method, 658
DFO, see Deferoxamine (DFO)
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DHA, see Docosahexaenoic acid (DHA)
Diallyl disulfide (DADS), 53t, 101, 111–112, 568t,

569–570, 572–574, 576–581, 683,
685–688

Diallyl trisulfide (DATS), 568t, 569, 577–581, 683,
686, 688

Diet, see Fruit/vegetable consumption and cancer
risk

Diet and epigenetics, 101–118
diet and DNA methylation, 106–111
epigenetics and cancer, 103–106
histone modification by BFCs/diet composition,

111–115
PcG complexes, dietary modulation of, 115–116
small/noncoding RNA/epigenetics/dietary

factors, 116–117
Dietary energy balance, 147–158

CR and cancer
in humans and non-human primates,

150–151
in mechanistic targets, 151–155
and physical activity in humans and animals,

151
See also Caloric restriction (CR) and cancer

Dietary fiber, 165–168
American/US foods, 166–167
commercially produced carbohydrates, 168
definitions, 166–167
DRI panel, 166
effects on methane and sulfur gases, 172–173

methane production, 172
sulfate reducing bacteria (SRB), 172–173

effects on stool chemistry, 171–172
daily fecal weight or stool weight, 171–172
differential effects on fecal weight, 172
fiber sources, 171
increase in stool weight, 171
psyllium seed husk, 171

and fermentation products, protective effects,
169–171, 169t

colonic absorption of SCFA, 170
dietary fiber sources and components, 171
effects of butyrate, 170
fiber’s ability, 170–171
large intestine production from diet,

169–170
lignin, insoluble dietary fiber, 171
pectin effects, 171

other components in fiber-containing foods,
176–177

phytochemicals with cancer protective
properties, 176t

plant carbohydrates, 167

plant nonstarch polysaccharides, 167
potential functional fibers, 167–168
protect against western diseases, 166
resistant starch, 167
soluble and insoluble fibers, 167
three-dimensional plant matrix, 166

Dietary flavonols/procyandins/cancer,
619–622

cancer preventive effects of procyandins, 623
relationship between flavonoid intake and lung

cancer risk, 622
Dietary folate, 19, 81, 393–396, 401, 748
“Dietary folate equivalents” (DFE), 388, 390, 393,

396
Dietary freeze-dried BRB powder, 706
Dietary n-3 PUFA, 254–255, 267
Dietary recommendations, 190, 207–208, 224, 327,

351–352, 375–376, 438–439, 461, 488,
616, 720–721, 784, 791–792

3,3′-diindolylmethane (DIM), 30, 52t, 536, 546,
557t–558t, 645, 763t, 764f, 771–772,
773t

Dimethylbenz(a)anthracene (DMBA), 134, 150,
286, 316t, 372, 420, 575t, 576, 580,
591–594, 598–600, 604, 616–617, 638,
708t, 709, 768–769, 772

Dipropyl disulfide (DPDS), 573, 576
Divalent metal transporter 1 (DMT1), 474, 476t,

478t, 479
DMNTs, see DNA methyltransferases

(DMNTs/DNMTs)
DMT1, see Divalent metal transporter 1 (DMT1)
DNA methylation and diet, 106–111

APE, anticancer effects of, 110
dietary folate intervention, 109

folate supplementation/deficiency, 109
RFLP analysis, 109

dietary polyphenols effect, 110
murine metastable epiallele, AxinFu model, 108

Axin gene/AxinFu allele, 108
selenite treatment, 110–111
yellow agouti (Avy) mouse model

adult-onset disease hypothesis, 106
agouti gene, 107
dietary supplementations, 106
genistein effects methylation and epigenetic

pathways, 107
maternal methyl donor supplementation, 107
maternal obesity, 108

DNA methyltransferases (DMNTs/DNMTs), 32,
103, 111–112, 116

DNA microarrays, 31, 34, 368, 509, 648,
708, 715
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Docosahexaenoic acid (DHA), 31, 256–259, 282t,
284t, 290

Ductal carcinoma in situ (DCIS), 247
Duodenal cytochrome b (DCYTB), 476t,

478t, 479

E

“Ecogenetics,” 72
ECP, see European Cancer Prevention (ECP)
EGCG, see Epigallocatechin-3-gallate (EGCG)
Eicosapentaenoic acids (EPA), 31, 254, 256–258,

261–267, 282t, 284t, 290
eIFs, see Eukaryotic translation initiation factors

(eIFs)
Ellagic acid (EA), 54, 56t, 704–706, 707t,

710–711, 717, 726–727, 729
Ellagitannins (ETs), 711–714, 726–731
Endoplasmic reticulum (ER) stress,

54, 414, 418
E3N-EPIC study, 220
Energy balance-related hormones and growth

factors, 151–155
activation of RTKs and PIP3, 152–153
adiponectin and cancer risk, 154
factor influencing, 153
IGF-1, 151–152

cell cycle progression factor, 152
IGF-binding proteins (IGFBPs), 152
IGF-1 receptor (IGF-1R), 151
role in anti-cancer effects and GFBP activity,

152
insulin, effects of, 152
leptin administration, 153

JAK/STAT family of transcription factors,
154

mTOR activation, 153
PI3K/Akt pathway, 152
steroid hormones, 154–155

adipose tissue, 154
glucocorticoid hormones, 155
sex steroids, risk factors, 154–155

tuberous sclerosis complex (TSC), 153
EPA, see Eicosapentaenoic acids (EPA)
“Epiallele,” 108
EPIC, see European Prospective Investigation into

Cancer and Nutrition (EPIC)
EPIC-EURGAST study, 175, 201
EPIC Norfolk study, 83–84, 220
Epidemiology, see Vitamin A
Epidermal growth factor receptor (EGFR), 131,

287–288, 294, 512t, 580, 594, 596, 652t,
673–674, 764f, 766–767

Epigallocatechin-3-gallate (EGCG), 33, 48–49,
52t–53t, 54, 56t, 62t, 110, 115–116,
128–131, 543, 615–616, 618–619, 626,
645, 648, 659, 774

Epigenetic phenomena, 646
reduction of hypermethylation

of p16INK4a, 646
Epigenetics and cancer, 103–106

ChIP assays, 105
CpG dinucleotides (CpG islands), 103

-promoter hypermethylation, 104
DNA

cytosine methylation of, 103
hypomethylation, 104

DNMT3A and DNMT3B, “de novo”
methylation, 103

DNMT1, “maintenance” methyltransferase, 103
HDAC inhibitors, 104
histone acetylation/modifications, 104
“loss of function,” or “gain of function,” 104
PcG complex, 105
secondary structure of chromatin, 104
small noncoding RNA molecules, role of, 105
Swi/SNF complex, 105
TGS, 106

ERK, see Extracellular signal-regulated kinase
(ERK)

ESCC, see Oesophageal squamous cell carcinoma
(ESCC)

Esophageal adenocarcinoma (EAC), 10, 20, 394,
499, 505–507, 518, 718, 720

Esophageal and oral cancer, 498–499, 505, 520,
522

Esophageal squamous cell carcinoma (ESCC), 10,
20, 394, 431, 499, 503, 506, 510, 518,
520–522, 706, 720

Esophagus, 7t–8t, 12f, 13t, 14, 19, 74, 79, 148, 198,
204t, 393, 499, 501–504, 507–508f,
509–510, 512t, 518–519f, 520–521, 573,
575t, 615t, 619t, 687, 703–709, 711,
713–718, 720, 735, 743

Essential fatty acids (EFA), 254, 275, 279
Estimated average requirement (EAR), 166
Estrogen-like properties of isoflavones, 639–640

clover isoflavones, infertility in sheep, 639
metabolites of daidzein and genistein., 640f

Estrogen receptor alpha (ERα) and beta (ERβ), 634
Ethanol metabolism, acetaldehyde and oxidative

stress, 737–740
cell proliferation and damage-induced

hyper-regeneration, 740
covalent DNA adduct formation, 739
CYP2E1-dependent ethanol oxidation, 737
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damaging cellular consequences of ROS
formation, 740

damaging outcomes, 737f
DNA–acetaldehyde adducts, 739
ethanol-associated inflammation and ROS, 740
forms of stable DNA damage, 739
less active aldehyde dehydrogenase enzyme,

738
microsomal acetaldehyde oxidizing system, 738
microsomal cytochrome P4502E1

(CYP2E1)-catalyzed conversion of
ethanol, 737

peroxisomal catalase-mediated metabolism, 737
tissue accumulation and toxicity of

acetaldehyde, 738
Eukaryotic translation initiation factors (eIFs), 259
European Cancer Prevention (ECP), 456
European Prospective Investigation into Cancer and

Nutrition (EPIC), 75, 83–84, 174–175,
182, 198, 201, 205, 220, 222, 394, 545,
550t, 553t, 689

Evaluation of Weight Control and Physical
Activity, 148, 151

EVA study, 430
Exosome signaling, 647
Expression Analysis Systematic Explorer (EASE)

pathway, 510
Extracellular signal-regulated kinase (ERK), 56,

75, 127–131, 133–134, 155, 345t, 362,
539, 579, 601–602, 615, 636t, 644f

F

FADD, see Fas-associated death domain protein
(FADD)

False discovery rate (FDR), 517t, 648
FAO, see Food and Agricultural Organization

(FAO)
FAs, see Fatty acids (FAs)
Fas-associated death domain protein (FADD), 50,

52t, 643f
Fatty acids (FAs)

biosynthesis, 254
linoleic and linolenic acid, 254

synthase, 215
cerulenin, antifungal antibiotic, 215–216
increased levels of FAS, 215
palmitic acid, 215

Ferritin, 475
H-ferritin mRNA, 475
L-ferritin gene and protein, 475

FFQs, see Food frequency questionnaires (FFQs)
FGF, see Fibroblast growth factor (FGF)

Fiber and microbially generated active components,
165–177

cancer, 168–169
breast cancer, 174–175
large bowel cancer, 173–174
other cancers, 175

dietary fiber, 165–168
effects on methane and sulfur gases,

172–173
effects on stool chemistry, 171–172
and fermentation products, protecting

mechanism, 169–171, 169t
other components in fiber-containing foods,

176–177
Fibroblast growth factor (FGF), 60, 644f
“Field cancerization” effect, 499
Flavonoids, 46, 57, 81–82, 84, 135, 157, 176t, 207,

568, 622, 625–626, 633–635, 683, 704,
763t, 773–774

Flavonol compounds
equol treatment, 135
kaempferol, 133–135

MEK/ERK/AP-1 pathway, 134
onion leaves, highest flavonol content, 133
red wine, major flavonols in, 134
RSK2 activity, 133–134

myricetin, 134–135
quercetin, 134

Folate, 387–403
in cancer prevention

evidence from animal models, 401
human prevention trials, 401–402

to cancer risk, biologic mechanisms, 389
DNA methylation, 389
global DNA hypomethylation, 389
thymidylate/purine synthesis, 389

cancer types, case–control studies, 395–396
in carcinogenesis, role of, 401
in colorectal and breast cancer, 396
evidence for cancers with supporting data, 395
evidence from pooled or meta-analyses

breast cancer, 393–394
cancers with meta-analyses, 394–395
colorectal cancer, 390–393
of folate status and cancer risk, 391t–392t

genetics and nutrigenetics, role of, 401
intakes and esophageal cancer, correlation, 394
status/cancer risk, epidemiologic evidence

studies of dietary intake and biomarkers,
389–390

studies of genetic polymorphisms, 396–397
folate-mediated-one-carbon metabolism,

388f, 397–401, 398t
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Folate (Cont.)
meta-analysis results of MTHFR

polymorphisms, 400t
Folate-mediated-one-carbon metabolism (FOCM),

389
functional polymorphisms, 397
MTHFR activity, 397

677C>T (rs1801133) and 1298A>C
(rs1801131) polymorphisms, 397

risk of gastric cancer, 399
thymidylate synthase (TS), 399

Folic acid, 19, 78, 103, 106–108, 116, 319t, 388,
390, 393–394, 396, 401–403, 518, 789

Food and Agricultural Organization (FAO), 186,
196f, 675

Food frequency questionnaires (FFQs), 72, 176,
218, 220, 279, 296, 349, 390, 543, 545,
623

Former Yugoslav Republic of Macedonia
(FYROM), 422–423, 426t

Free radicals, 55, 312, 470, 501, 614, 685, 790
Fruits and vegetables, 317, 327, 348–349, 352, 396
Fruit/vegetable consumption and cancer risk

cruciferous vegetables/SNPs in metabolic
enzymes, 74–76

ATBC study, 74
case–control study in Europe/Sweden, 75
Chinese study, 75
colon cancer study, 75
EPIC study, 75
HPFS, 74
LIBCSP, 76
mercapturic acid pathway, polymorphic

genes in, 75
Shanghai Breast Cancer Study, 75–76
study of bladder cancer, 76
Western New York Diet Study, 74–76

dietary antioxidants/genetics of oxidative
stress/DNA repair, 76–78

Manganese superoxide dismutase (MnSOD)
synthesis, 77

superoxide radicals reduction, 76–77f
folate and folate metabolism, 78–81

alcohol metabolism, 79
bioactive nutrient/genetic polymorphism, 81
“double-edged sword,” 79
high-quality food sources, 79
MTHFR/CH3-THF, role of, 79–81
one-carbon metabolism TTCC, 79–80f
polymorphisms of genes, 79

Functional polymorphisms, 397, 421–422
FYROM, see Former Yugoslav Republic of

Macedonia (FYROM)

G

Garlic, 683–691
anti-inflammatory/antioxidant properties, 685

allicin inhibited inflammatory biomarkers,
685

ROS formation, lowering of, 685
effects of garlic on bacterial infections,

688–689
antibiotic spectrum against gram

positive/-negative bacteria, 688–689
garlic oil and OSC compounds, 688

effects on cancer
initiation/promotion/progression in intact
animals, 686–687

AGE, 686–687
effects on specific detoxifying enzymes,

687–688
carcinogen 1,2-dimethylhydrazine (DMII),

688
phase I detoxification reactions, 687

effects on tumor cells in culture, 685–686
antitumorigenic effects, 685
DADS/DAS/DATS, 686
E-cadherin, 685
NF-kB activation, 686

human intervention studies on cancer patients or
healthy subjects, 690–691

BPH, 690
double-blind intervention study, 690–691

human observational studies on garlic, 689–690
EPIC, 689
protective association, garlic intake and PC,

689
limitations of garlic research, 683–684

chemical structures of garlic compounds,
683–684f

organic compounds in garlic, 684f
organosulfur compounds (OCS), 683
potentially bioactive compounds, 683

Garlic and cancer prevention, 567–581
complex food

Allium sativum, 567
allyl sulfur compounds, 568–569
characteristics, 568
different dietary factors, 568
P450/liver monooxygenases, 569
with potential health benefit

properties, 568t
processing and steam-distillation, 569
sulfur-containing constituents, 568

dietary modifiers, 580–581
dietary fatty acid supply, 580–581
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DMBA mammary carcinogenesis, 580
membrane lipids, interaction with, 581
MNNG-induced stomach tumors, 580

exposures – range and safety, 569–571
DADS and allicin, 570
exaggerated intakes and complications, 570
long-term multiple dietary supplement,

569–570
TRPA1, 570
USDA reports, 569
warfarin pharmacokinetics or

pharmacodynamics, effect on, 570–571
genetic/epigenetic events influence garlic

response, 579–580
anticarcinogenic and antitumorigenic

response, 580
DADS, 579
epigenetic gene regulation mechanism, 579

implications in cancer prevention, see Cancer
prevention and garlic, implications

influence heart disease and cancer risk, 567
Gastric cardia cancer (GCC), 222, 431
Gastrointestinal tract cancer, 168, 399, 620
GCC, see Gastric cardia cancer (GCC)
Gene and miRNA expression profiling

modulation of gene expression, 509–518
EASE pathway, 510
effectiveness of cDNA array, 509–510
effects of zinc deficit and supplementation,

509
esophageal preneoplasia pathogenesis, 510
expression profiling of zinc-modulated rat,

511f
hyperplastic ZD vs. control ZS esophagus,

510
MT overexpression, 510
in precancerous zinc-deficient rat esophagus,

512t–517t
RAGE and S100A8 interaction, 518–519f
S100A8 and S100A9 proteins, role of, 518

modulation of miRNA expression, 518–520
in carcinogenesis, 518
folic acid-methionine-choline deficient diet,

518–519
miR-31 upregulation/overexpression, 520
precancerous ZD esophagus, 520

Gene expression, 28–29, 31–34, 36–37t, 102,
104–105, 109–110, 114–116, 118, 217,
224, 239, 242, 290, 294, 336–337, 341,
343–344, 347, 350, 360, 367, 399,
415–416, 420, 475, 487, 498, 500, 503,
509, 512t, 576, 580, 598, 601, 648–649,
650t, 657, 680, 690, 715, 718, 748

Gene interactions and alcohol, 741–744
ADH1C, rate-limiting factor, 742
ADH polymorphisms, 742–743, 742f
ALDH polymorphisms, 743
other polymorphisms, 743–744
polymorphisms in alcohol and aldehyde

dehydrogenases, 742f
Genistein

and BC
DMBA-induced mammary tumorigenesis,

591
mechanisms of action, 593–595
ontogeny of palpable mammary tumors, 592f
terminal ductal structures in mammary

glands, 594f
tumor suppressor gene, 594
in vitro results, 591
in vivo chemoprevention, 591–593, 593t

breast and prostate cancer epidemiology, 596
prevalence, 596

chemical structures of genistein and resveratrol,
591–591f

and PC
mechanisms of action, 596
in vitro results, 595
in vivo chemoprevention, 595

Ginger
chemical structures of ginger compounds, 692f

[6]-gingerol
ginger family (Zingiber officinale Roscoe,

Zingiberaceae), 132
characteristic properties, 132
[6]-gingerol and [6]-paradol, effects of,

132–133
oleoresin or oil from ginger root, 132

Global immunization campaign against Hepatitis
B, 20

Glutamate–cysteine ligase (GCL), 680–681
Glutathione peroxidase (GPX1), 422–423

cytosolic
bladder, 423
breast, 422–423
lung, 422
other cancers, 423
prostate, 423

proline/leucine SNP at codon 198,
3p21, 426t

Glutathione peroxidase (GPX4), 77, 422, 425, 617,
653t, 685, 688

Glutathione S-transferase (GST), 75–76, 87,
110–111, 216, 420, 538, 555–556, 576,
680, 685, 687–688, 741, 765, 772

GPx1 Pro198Leu polymorphism, 425
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Gut microbiota/probiotics/prebiotics/colorectal
cancer, 181–189

future research
distally targeted effects, 189–190
improved microbiota characterization,

187–189
prebiotics for butyrate production, 189

gut microbiota in colorectal cancer, 182–183
EPIC study, 182
microbial metabolic pathways, 183
protection methods, 182
risk factors, 182

human gut microbiota, 183–184
Bacteroides, 184
bifidobacteria and lactobacilli, 183
Clostridium spp., 184
colonic microbial ecosystem, 183
enterococci, 183–184
putrefaction, 183

probiotics and prebiotics, 186–187
anti-cancer activities, 187
inulin and galacto-oligosaccharides (GOS)

metabolism, 187
studies on rats for dietary factors, 188t
synbiotics, 187

in vitro, animal and human studies, 184–185
butyrate activity, 184–185
cell cycle checkpoints, 185
colon cancer, manifestation, 185
control diets experiments, 185
mutant p53 cells, 185
proteolytic/saccharolytic fermentation, 185
saccharolytic metabolism, 184

H

HAT, see Histone acetyltransferase activity (HAT)
HCC, see Hepatocarcinogenesis (HCC);

Hepatocellular carcinoma (HCC)
HDACs, see Histone deacetylase complexes

(HDACs)
Health professionals follow-up study (HPFS),

74–75, 77, 80, 256, 363–364, 549t, 716
“Healthy foods,” 396
Heat shock protein 27 (HSP27) pathway, 646
Heme/non-heme iron foods, 470
Hepatocarcinogenesis (HCC), 116, 290, 431, 651,

767
Hepatocellular carcinoma (HCC), 116–117, 431,

434, 436, 471–472, 475, 481t, 484–485,
487, 521

Herbs and spices, therapeutic properties, 673–676
anti-inflammatory properties, 673–674

molecular targets, 673–674
antioxidant properties, 674

ORAC assay, 674
synergistic effects, 674

effects on bacterial infections, 675
effects on cancer

initiation/promotion/progression in intact
animals, 675

effects on specific detoxifying enzymes, 675
effects on tumor cells in culture, 674

tumorigenesis, 674
human intervention studies with cancer patients

or healthy subjects, 676
human observational and population studies,

675–676
See also Spices and spice extracts, research on

HETE, see Hydroxyeicosatetraenoic acids (HETE)
Heterocylic amines (HCAs), 85–87, 198, 202
HFE

gene variants, 479
polymorphisms and cancer, 485–486

cervical neoplasia, 485–486
C282Y heterozygote hereditary

hemochromatosis, 485
HFE gene variants and brain tumors, 485
HFE gene variants and colorectal cancer,

relationship, 485
High density lipoprotein (HDL), 82, 150, 276, 581
High-performance liquid chromatography (HPLC),

243f, 244, 547, 712
Histone acetyltransferase activity (HAT), 32, 104,

361, 764
Histone deacetylase complexes (HDACs), 32–33,

103–104, 112–113
Histone methyltransferases (HMTases), 32, 112f
Histone modification by BFCs/diet composition,

111–115
dietary factors, role of, 111

butyrate, 111–112
diallyl disulfide (DADS) treatment, 112–113
epigenetic machinery in cancer cells, 112f
genistein, 113–114
histone acetylation, 111
lunasin, 114
maternal diet with chronic

consumption/caloric-dense, 114
phenethyl isothiocyanate, 113
sulforaphane (SFN), 112–113

HL-60 myeloid leukemia cells, 337
HMTases, see Histone methyltransferases

(HMTases)
Homocysteine (Hcy) concentrations, 80, 109, 388,

390, 397–399
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Hormone replacement therapy (HRT), 19, 281t,
284, 456–458, 471

Hormones, 29, 82, 151–155, 157, 215, 262,
280t–281t, 284t, 287, 295, 362, 744–747,
766

HPFS, see Health Professionals Follow-up Study
(HPFS)

HPLC, see High-performance liquid
chromatography (HPLC)

HRT, see Hormone replacement therapy (HRT)
Huixian intervention trial, 521
Human papillomaviruses (HPV), 395, 542
Human prostate cancer cells (LNCaP), 48–49,

52t–53t, 54, 110–111, 113, 216, 278,
314t–315t, 367, 369, 372, 421, 424, 428,
509, 520, 577t, 578, 595, 601, 641, 647,
653t–656t, 727, 729–731

Human umbilical vein endothelial cells (HUVEC),
62t–63t, 729–739

HUVEC, see Human umbilical vein endothelial
cells (HUVEC)

Hydroxyeicosatetraenoic acids (HETE), 243–244
Hypercalcemia, 370, 372–373
Hypermethylation

of SEP genes/increase cancer risk, 428–429
Barrett’s metaplasia, 428
LnCAP (lymph node metastasis), 428
methionine sulfoxide reductase 1 (MsrB1),

429
PC3 (bone metastasis) prostate cancer cell

lines, 428
post-prostatectomy metastasis, 428

Hypervitaminosis A, 336, 340, 352
Hypoxia-inducible factor-1α (HIF-1α), 729, 762

I

IARC, see International Agency for Research on
Cancer (IARC)

ICD-O-3, see International Classification of
Diseases for Oncology, Third edition
(ICD-O-3)

IEG, see Immediate-early-response genes (IEG)
IGF-1, see Insulin-like growth factor-1 (IGF-1)
Immature terminal end bud (TEB) structures, 246,

594, 604, 747
Immediate-early-response genes (IEG), 127
Immunity, 58–60

adaptive immune response, 58
B-lymphocytes and T-lymphocytes, 58

cancer immunosurveillance, 58
dietary components

energy restricted diet/exercise enhanced, 59

to enhance γδ T-cell function, 60
selenium, 59–60
yogurt and fish oil consumption, 59

“flags” on tumor cells, 58
immune system, role of, 59
innate immune response, 58
NK2GD, immune receptor, 58–59

Immunoblot assays, 574
Incidence, cancer, see Cancer in U.S, burden of
Indole-3-carbinol (I3C), 30, 536, 538, 540–543,

545–546, 558t, 763–763t, 771–772, 774
Indoles, 30, 176t, 185, 535–558, 763t, 771–772,

773t
Inducible nitric oxide synthase (iNOS), 55f–56f,

57, 60, 62t–63t, 216, 414,
715–716t, 718

Inflammation
bioactive food components

eicosapentaenoic acid, 57–58
chronic inflammation, 55–56
COX-2 transcription/upregulation, 57
between energy balance/cancer, role of,

155–156
acute inflammation, 155
chronic inflammation and cancer, 155
chronic (low-grade) systemic inflammation,

155–156
inflammatory cascade, 55f
nitric oxide, role of, 57

flavonoids, 57
nutritional prevention of cancer

COX-2 and NF-κB, genes, 56
proinflammatory cytokines, synthesis/secretion,

56
Inflammatory bowel disease (IBD), 173, 184, 201,

287, 498–499, 510
iNOS, see Inducible nitric oxide synthase (iNOS)
Insulin-like growth factor-1 (IGF-1), 31, 36, 60–61,

63, 151–154, 292, 315t, 324t, 367, 602,
655t, 746

Interleukin (IL-1/IL-6/IL-12), 56, 130, 154–155,
417, 579, 617, 677, 685

International Agency for Research on Cancer
(IARC), 148, 151, 202–203t, 736, 739,
770

International Classification of Diseases for
Oncology, Third edition (ICD-O-3), 4

Intestinal carcinogenesis, 401
Iowa women’s health study, 198, 522
Iron and cancer, 469–488

cancers associated with iron overload, 487
clinical studies, 486–487
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Iron and cancer (Cont.)
Desferri-exochelins, 487
effect of DFO and its treatment, 486
triapine, 487

dietary iron intake and cancer, 470–472
heme supplemented diet, 471
hemochromatosis, 472
lung cancer development, 471
perilla, 471
red and processed meat consumption, 470
risk of breast cancer, 471
risk of endometrial cancer/acute

lymphoblastic leukemia, 471
risk of other cancers, 471
risk of rectal cancer, 471
vegetarian diets, 471
vitamin C and acidic substances

consumption, 472
epidemiological studies

HFE polymorphisms and cancer, 485–486
transferrin receptor variants and cancer, 486

future research, 488
HFE and cancer, 479–480

C282Y alleles, 480
effect of wild-type HFE on Tf receptor and

ferritin, 480
HFE expression and iron metabolism,

relationship, 480
iron metabolism genes in cancer, 481t–483t
liver iron concentration and

hepatocarcinoma, 480
iron consumption, 470
iron metabolism/regulation in cancer tissue

body iron is predictor of cancer risk, 473t
divalent metal transporter 1 (DMT1), 474
effects of iron accumulation, 472
ferritin, 474
hepatocellular carcinoma, 472
hepcidin, 474
HFE, 474
iron-regulatory protein (IRP), 474
transferrin receptor (TfR), 474
type 3 hereditary hemochromatosis, 474

measurement of body iron, 472
measurement of ferritin, 472
measurement of transferrin, 472

preclinical studies, 480–484
antiproliferative effects of iron chelators, 484
anti-tumor effects of iron chelation, 484
caspase-3-mediated apoptosis, 484
combination therapies, 484
13762NF rat mammary adenocarcinoma

model, 484

recommendations for intake/dietary changes,
488

Iron chelation therapy, 486
Iron intake, 199, 470–472, 485, 488
Iron proteins, 479

DCYTB/DMT1, expression of, 479
ferroportin (MTP1), 479
hepcidin, 479
iron regulatory protein 1 (IRP1), 479

Isoflavone in cancer prevention
androgen-dependent carcinogenesis, 641
apoptosis, 645–646

regulation, 645f
aromatase, 640–641

to genistein, 641
stimulation of brain protein synthesis, 641

cell-cycle regulation, 641–642
cell-cycle arrest by genistein, 641
G1/S checkpoint in cell-cycle regulation,

642f
retonone, chemical structure of, 642f

chemical structure of
8-C-glycoside of daidzein, 634f
daidzin, 634f
genistein, 634f
glycitein, 634f
puerarin, 634f

chemoprevention models, 638
epidemiology of soy and cancer, 637–638

extensive immigration and cancer risk, 637
influence of diet–environment, 637
PIN, 637

epigenetic phenomena, 646
reduction of hypermethylation of p16INK4a,

646
estrogen-like properties of isoflavones, 639–640

clover isoflavones, infertility in sheep, 639
metabolites of daidzein and genistein., 640f

exosome signaling, 647
intake, 635

soy food products, 635
interactions with other phytochemicals,

647–648
combination of biochanin

A/EGCG/quercetin, 648
mechanisms of action of, 636–637

cellular targets of genistein, 636t
metabolism, 635–636

phase II metabolism, 636
UDP-glucuronyltransferases, 635

metastasis, 646
MAPK-HSP27 pathway, 646

nude mouse models, 638–639
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omics and mechanisms of action, 648–657
distribution of P values, 649
FDR, 648
genistein in gene expression, impact of,

650t–656t
microarray analysis (transcriptomics), 648
microarray data from cells, examination of,

657
origins, 634–635

A. americana (popular vegetable), 635
β-glycosides/C-glycosides, 634
principal sources, 635

proteomics, 657–659
advantage of Gel-LC method, 658
2D electrophoresis method, 658
fluorescent dyes (Cy dyes), 658
gel-free approach, 657
nanoLC-tandem mass spectrometry, 659
posttranslational modification (PTM), 658
protein separation, 658
proteins insoluble in IEF buffers, 658

PTK inhibition, 641
inhibitors, 641

signaling pathways, 642–645
antioxidant role of genistein, 644
G2/M checkpoint in cell-cycle regulation,

643f
MAP kinase regulation, 644f
MEKK1, 644
NF-kB pathway, 643f

tumor suppressor pathways, 646–647
genistein on BRCA1/BRCA2

expression/protein levels, effects, 647
PTEN expression in mammary gland, 647

Isothiocyanates (ITCs)/indoles, molecular
mechanisms

AP-1/NfκB transcription factors, inhibition,
539–540

oncogenic transcription factors, 539
overactivity of AP-1, 539
Rel or NFκB families, 539–540

apoptosis/cell cycle arrest, regulation of,
541–542

intrinsic/extrinsic pathway, 541
ITCs and SUL, 541
PEITC/BITC/I3C, role of, 542
SUL treatment to inhibit PC, 541

chemoprevention methods, 542
chemopreventive actions, 538f
COX-2/inflammatory response, inhibition,

540–541
cruciferous vegetables consumption, 537t

cytoprotection or Keap1/Nrf2 pathway,
536–538

Nrf2 activity (“double-edged sword”),
538

Nrf family (Nrf1/Nrf2/Nrf3), 536–538
effects in animal models, 542–543

combinations of natural products, 543
PEITC to Apc (Min/+) mice, 543
SCID mouse model in I3C blocked breast

cancer cells, 542

J

JACC, see Japan Collaborative Cohort (JACC)
study

JAK2/STAT3, see Janus kinase 2/signal transducer
and activator of transcription 3
(JAK2/STAT3) pathway

Janus kinase 2/signal transducer and activator of
transcription 3 (JAK2/STAT3) pathway,
154

Japan Collaborative Cohort (JACC) study, 220
Japanese Public Health Center-Based Prospective

Study (JPHC), 621
JNK, see C-Jun N-terminal kinase (JNK)
JNK/SAPK, see JNK stress-activated protein

kinases (JNK/SAPK)
JNK stress-activated protein kinases (JNK/SAPK),

127–128

L

Lactic acid bacteria, 187
Lecithin:retinol acyltransferase (LRAT), 341–342f,

346–347, 351
Leukoplakia, 336, 349, 473t, 739
LIBCSP, see Long Island Breast Cancer Study

Project (LIBCSP)
Linoleic acid (LA), 30, 60, 62t, 221, 235–249, 254,

276–277f, 319t
Linxian China Study, 323
Linxian nutrition intervention trial, 521
Lipopolysaccharide (LPS)-activated RAW264, 575
Lipoxygenase (LOX) enzymes, 243–245, 254–258,

287, 415, 575–576, 674, 678, 763t
Liquid chromatography–tandem mass spectrometry

assay, 547
Liver cancer, 20, 349, 395, 434, 436–437, 473t,

487, 637, 675, 736
Long Island Breast Cancer Study Project

(LIBCSP), 76–78, 80, 423
LRAT, see Lecithin:retinol acyltransferase

(LRAT)
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M

Malmo Diet and Cancer cohort, 220
Mammary and PC, rodent models

combinational chemoprevention, see
Chemoprevention

genistein, see Genistein
resveratrol, see Resveratrol

Mammary tumorigenesis, 31, 217–218, 238,
240–242, 245, 248, 286, 290, 293, 295,
401, 591–593, 598, 605–606, 617, 624,
647, 710, 768

Manganese superoxide dismutase (MnSOD)
synthesis, 77

ATBC study, 77
CARET study, 78
Carolina Breast Cancer Study, 77
German study of breast cancer, 77
Nurses’ Health Study, 77–78
Shanghai Breast Cancer Study, 77
study of prostate cancer, 78
XRCC1 gene polymorphisms, 78

MAPK, see Mitogen-activated protein kinase
(MAPK)

MARRS, see Membrane associated rapid response
steroid-binding receptor (MARRS)

Matrix metalloproteinases (MMPs), 60, 130, 414f,
415, 579, 618f, 655t, 746

Maximum tolerable dose (MTD), 202
MBPs, see Methyl-binding proteins (MBPs)
Meat consumption/genetics/cancer risk

breast cancer risk and colorectal cancer, 85
heterocyclic amines, 86–87
nitrosamines and colorectal cancer, 87
polycyclic aromatic hydrocarbons and breast

cancer, 87–88
prostate cancer, red and processed meat

consumption, 85
Meats/protein/cancer, 195–208

correlation, annual meat
consumption/age-standardised cancer
incidence rates, 196f

correlation coefficients, 196t
data from NIH-AARP prospective study, 197f
endogenous nitrosation, 199–201

heme induced formation of DNA adducts,
200f

nitric oxide (NO) concentrations, 201
nitroso-thiols, 200
N-nitroso compounds (NOC), 200–201
red and processed meats, 199

future research, 207
HCA AND PAH, 201–206

effects on cancer, 205
EPIC-Heidelberg cohort, 205
HCA compounds (IQ compounds/PhIP),

201–202
lipophilic PAHs, 202
mutagenicity and carcinogenicity data,

203t–204t
mutagenicity tests-Salmonella typhimurium

(Ames test), 202–205
HEME, 198–199

Canadian study, 198
cytotoxic and haemotoxic effects, 198
haem content in foods as haemoglobin

equivalent, 199t
haem-rich diet, 198
Iowa Women’s Health Study, 198
red and white meats, differentiation, 198

recommendations for intake/dietary changes,
207–208

relative risk for colorectal cancer, 197f
totality of evidence, 206–207

mechanisms linking dietary meat and protein
to cancer risk, 206f

Mechanism of Se, anti-cancer
activation of p53 tumor-suppressive activity,

419–420
androgen receptor down-regulation, 420–421
for anti-cancer effects, species of, 421–429

cytosolic GPX1, 422–423
frequency of GPx3 promoter

hypermethylation, 428t
hazard ratios for all-cancer, 430f
hypermethylation of promotor regions,

428–429
15 KDA selenoprotein, 423–424
phospholipid GPX4, 425
polymorphisms in

selenoproteins/selenoenzymes, 421–422
selenoprotein P, 424
selenoprotein polymorphisms and cancer

risk, 425
thioredoxin reductase 1, 424–425

anti-inflammatory effect, 415–416
antioxidant protection, 415
apoptosis (necrosis), 418
cell cycle arrest – decreases cell proliferation,

418
enhancement of cell-mediated immune

response, 416–417
inactivation of PKC, 420
inhibition of angiogenesis, 419
maintenance of genome stability, 417–418
modification of sulfhydryl groups, 413–415
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reduced tumor cell migration and invasion,
418–419

upregulation of phase II carcinogen-detoxifying
enzymes, 420

Membrane associated rapid response
steroid-binding receptor (MARRS), 362

Metabolomics, 28–29, 35t, 37, 690
Metallothioneins (MTs), 500–501, 510
Metastable epialleles, 108
Metastasis, 26, 57, 60, 111, 129, 182, 217, 236,

239–241, 245–246, 257, 277–278,
287–288, 290, 366, 414, 418–420, 428,
518, 578–579, 593, 595, 597, 616, 618f,
636–637, 646, 651t, 657, 679, 692, 715

Methionine sulfoxide reductase 1 (MsrB1), 429
Methyl-binding proteins (MBPs), 32, 37t
Methylenetetrahydrofolate reductase (MTHFR),

27, 79–81, 388f, 397–398t, 399–400t,
749

Methylguanine methyltransferase (MGMT), 33,
110

MGMT, see Methylguanine methyltransferase
(MGMT)

Microbial fermentation, 182
Microflora, 169t, 170, 183–184, 186–189, 546,

572, 731
MicroRNAs (miRNAs), 105–106, 116–117, 518,

520
MINO, see Mouse mammary intraepithelial

neoplasia outgrowths (MINO)
miRNAs, see MicroRNAs (miRNAs)
Mitogenactivated kinase kinase 1 (MEKK1), 643f,

644
Mitogen-activated protein kinase (MAPK), 36, 55f,

56, 62t, 127–128f, 295, 345t, 362, 450,
513t, 539, 541–543, 636t, 643–644, 646,
652t–653t, 674, 712, 715, 766

MMPs, see Matrix metalloproteinases (MMPs)
Molecular mechanisms, 242, 503, 536–543, 600,

705, 714–716
Molecular targets

for cancer prevention, 30
Monounsaturated fatty acid (MUFA), 214,

219–220, 223, 276–277, 280t–281t,
285–286, 291–292

Mortality, see Cancer in U.S, burden of
Mouse mammary intraepithelial neoplasia

outgrowths (MINO), 247–248
MTHFR, see Methylenetetrahydrofolate reductase

(MTHFR)
MUFA, see Monounsaturated fatty acid (MUFA)
Multistage carcinogenesis, 26–28

anticarcinogenic or procarcinogenic effects, 27

bioactive components and drugs, 27
cancer prevention, 26
co-carcinogens, 27
dietary-intervention strategies, 27
epigenetic silencing, 27
initiation/promotion/progression, phases, 26
nutrigenetics, 27
risk for cancer, Western diets, 26

“Multivitamin/Mineral Supplements and Chronic
Disease Prevention,” 352

Musculoaponeurotic fibrosarcoma (MAF) protein
families, 129, 765

Myrosinase, 546–547

N

National Cancer Act, 3
National Cancer Institute (NCI), 4–5, 15, 19, 460,

544t, 590
National Center for Health Statistics (NCHS), 4–5,

14t
1999–2002 National Health and Nutrition

Examination Surveys, 167, 430, 437
National Institute of Aging, 150
National Institutes of Health-AARP Diet and

Health Study, 174
National Program of Cancer Registries (NPCR), 21
NCHS, see National Center for Health Statistics

(NCHS)
NCI, see National Cancer Institute (NCI)
NER, see Nucleotide excision repair (NER)
Netherlands Toxicology and Nutrition Institute

study, 150
NFκB, see Cruciferous

vegetables/ITCs/indoles/cancer
prevention

NHANES III, see Third National Health and
Nutrition Examination Survey
(NHANES III)

NHNES III, see US Third National Health and
Nutrition Examination Survey
(NHNES III)

Nitroso compounds, 198–201, 207
N-methyl-N′-nitro-N-nitrosoguanidine (MNNG)

induced stomach tumors, 580
Non-cruciferous vegetables, 556
Non-Hodgkin’s lymphoma (NHL), 260, 395

oncogenic proteins, 260
Non-melanoma skin cancer, 289, 434
Non-steroidal anti-inflammatory drugs (NSAIDs),

77, 258, 289, 319t
NPC, see Nutritional Prevention of Cancer (NPC)

trial
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NPCR, see National Program of Cancer Registries
(NPCR)

N-6 polyunsaturated fatty acids (n-6 PUFA) and
cancer, 275–296

dietary n-6 PUFA intake and BC risk in women,
278–285

intake of n-3/n-6 FAs, 282t–284t
intakes of total fat/MUFA/PUFA/SFA,

280t–281t
premenopausal vs. postmenopausal fat

intake/obesity, 285
PUFA and BC recurrence, 285
subtypes of fat, role of, 279
total fat and BC, association between,

279
effects of n-6 PUFAS on cancer risk

COXs, 289–290
estrogen levels and PUFA, 291
fat intake and obesity, 291–292
gene expression, 290
n-6 PUFA-derived eicosanoids, 287–289
PG E2 binds to prostanoid receptors

EP1/EP2/EP4, 288f
effects of timing of dietary PUFA exposures on

BC risk
gene expression in mammary glands,

differentiation, 294t
pregnancy, 293–295
prepubertal dietary fat exposures, 293
in utero exposures, 292–293

PUFA, 276–277
increase n-3/reduce n-6 PUFA intake,

reasons for, 276
LA metabolism, 276–277
mean dietary intake, 276
metabolism of n-6 PUFA LA, 277f
n-6 PUFA deficiency, 277
ratio, 276

timing of dietary PUFA exposures and BC risk
pregnancy, 286–287
prepubertal dietary fat exposure, 286
in utero exposure, 286

n–3 polyunsaturated fatty acids (n-3PUFAs) and
cancer, 253–268

See also Cancer and n–3PUFAs
n-6 PUFA-derived eicosanoids, 287–289

EP1, 287–288
EP2, 288
EP3, 289
EP4, 288–289

Nrf2, see Nuclear E2-factor related factor 2 (Nrf2)
NSAIDs, see Non-steroidal anti-inflammatory

drugs (NSAIDs)

Nuclear E2-factor related factor 2 (Nrf2), 536–541,
543, 576, 636t, 644, 657, 680,
765, 772

Nucleotide excision repair (NER), 436
Nutrient signaling, 125–135

AP-1 activation
flavonol compounds,

kaempferol/quercetin/myricetin, 133–135
inhibited by black tea theaflavins, 131
inhibited by xanthine 70, caffeine analogue,

132–133
is suppressed by EGCG, 130–131
and resveratrol, 133
See also Activator protein-1 (AP-1)

from membrane receptor to transcription factor,
126f

mitogen-activated protein kinase
cascades, 128f

See also Transcriptome
Nutrigenetics, 28, 71–89

DNA coding, variations in, 72–74
DNA structure/translation into

proteins, 73f
A G to C substitution SNP, 73f
nucleotides arrangement, 72
SNPs, description/discovery, 72–73

fruit/vegetable consumption and cancer risk,
74–81

meat consumption/genetics/cancer risk, 86–88
phytoestrogens and hormone metabolism

pathways, 82–85
Nutrigenomics, 28–36

biomarkers
genomics-based biomarkers, development,

29
nutritional biomarkers, 29
uses, 33

DNA
methylation and histone modifications, 32
methyltransferase and HDAC activity, 33

EGCG and genistein, effects, 33
endocrine cancers, 33–34
factors affecting nutrigenomics research, 37t
interindividual genetic variations, 34

BRCA1 mutation, 34
isoflavones

effects, 34–36
nutrigenomic approaches in female cancers,

35t
microarrays

cDNA, 31
ChIP and DNA, 31
DNA and gene, 31
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oligonucleotide microarray analyses, 31
whole-genome microarray hybridization,

31–32
NFkB and activator protein-1 (AP-1), role of, 30

dietary/bioactive compounds, inhibition, 30
molecular targets for cancer prevention, 30
transcription factors, 30

nuclear receptor super family of transcription
factors, 29

dietary ligands and endogenous ligands, 30
examples, 29
homodimers/heterodimers/monomers, 30
nuclear receptor ligands (nM), 30
orphan receptors, 29
PPAR-dependent gene regulation, 30

posttranslational modifications, 32
soy-related diets, effects, 34

Nutritional Prevention of Cancer (NPC) trial, 421,
434

Nutritional vitamin D, 373

O

Obesity-inducing high-fat diet (OID), 286, 292
Oesophageal squamous cell carcinoma (ESCC),

431, 499, 503, 506, 510, 518, 520–522
1,25(OH)2D, 364, 366–367, 450–451, 454–455,

458–459
Ohsaki National Health Insurance Cohort Study,

621
Oil-soluble diallyl sulfide (DAS), 572, 576–579,

683, 685–688, 694
Omics and mechanisms of action, 648–657

distribution of P values, 649
FDR, 648
impact of genistein on changes in gene

expression
in cultured cancer cells, 650t–656t

microarray analysis (transcriptomics), 648
microarray data from cells, examination of, 657
See also Isoflavone in cancer prevention

Oral cavity, 202–203t, 615t, 703, 712, 717, 720,
735, 738–739

Ovarian cancer, 37, 62t, 77–78, 219, 277, 288–289,
393, 395, 417, 424, 439, 521, 555, 597,
676–677

Oxidative stress, 51, 76–78, 114, 151, 157, 216,
224, 259, 294t, 368, 371, 415–416, 421,
472, 475, 486, 488, 501, 536, 538–540,
556, 618, 623–624, 644, 658, 678, 685,
715, 720, 737–740

Oxygen radical absorbance capacity (ORAC) assay,
674

P

PAHs, see Polycyclic aromatic hydrocarbons
(PAHs)

Paired-ion chromatography, 546
Palmitic acid, 214, 216, 220, 223
Pancreatic cancer, 57, 117, 205, 220–221, 277,

394–395, 475, 487, 500, 542, 622, 639,
648, 678–679, 682, 690, 769

PcG, see Polycomb group (PcG) complex
Peroxidation, lipid, 242, 259, 287, 556–557t, 573,

680, 685, 739–740, 748
Peroxisome proliferator-activated receptor γ

(PPARγ), 290, 580
Physician’s Health Study, 323
Phytochemicals, interactions with, 647–648

combination of biochanin A/EGCG/quercetin,
648

Phytoestrogens and hormone metabolism pathways
genetic variation and response to phytoestrogen

exposure, 82–84
dietary phytoestrogens, 82
EPIC and Nutrition-Norfolk, 83–84
flaxseed supplement, 83
isoflavones supplement or placebo, 82–83
phytoestrogen–gene interactions, 82

genetic variation/phytoestrogen
exposure/disease risk, 84–85

CYP17 polymorphism, effect of, 84
dietary phytoestrogens and genetic variation,

association study, 84
EPIC-Norfolk, 84
Shanghai Endometrial Cancer Study, 84
soy food and tea consumption, 85
Taq-Man assays, 85

isoflavones/coumestans/lignans, 81–82
PI3K/AKT pathway, 152–153, 288–289
Polycomb group (PcG) complex, 105, 115–116
Polycomb repressive complexes, dietary

modulation of, 115–116
embryonic stem (ES) cell differentiation, 115
polyphenol EGCG, 115–116
second PcG complex 1, formation, 115

Polycyclic aromatic hydrocarbons (PAHs), 85, 87,
198, 203t, 574, 765

Polymorphisms
gene polymorphisms, 29, 78, 361–362, 574, 579
genetic polymorphisms, 64, 75–76, 86, 224,

396–401, 579
See also Nutrigenetics

Polyphenols, see Isoflavone in cancer prevention
Polyp prevention trial (PPT), 172–173, 401–402,

431
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Polyunsaturated fatty acids (PUFAs), 31, 214, 254,
275–296, 339

Pomegranate
bioactivity of polyphenols and metabolites,

726–727
chemical structures of punicalagin isomers,

726–727f
punicalagin, 726

bioavailability and metabolism, 730–731
data on DMEAG and urolithins, 731
phytochemicals, 730

cancer preventive potential of polyphenols
constitutive activation of NF-κB in prostate

cancers, 728–729
ETs/hydrolysis product and EA, 729
induction of cell-cycle arrest and apoptosis,

727
NF-κB activation in inflammatory cells, 728f

cancer preventive potential of pomegranate
polyphenols, 727–729

evidence of bioactivity from human clinical
studies, 730

mechanistic insights from cell culture and
animal studies, 729–730

angiogenesis, 729
human prostate cancer cells

(LNCaP), 729
HUVEC, 729
pomegranate polyphenols

(anti-proliferative/pro-apoptotic/
antiangiogenic activities), 730

urolithins, 729
Pomegranate juice (PJ), 726
Pooling Project of Prospective Studies of Diet and

Cancer, 172
Prebiotics, 186–187

for butyrate production, 189
Clostridium butyricum, 189

definitions, 186
dietary materials, 186–187
prebiotic inulin, 187

Prevention, see Fruit/vegetable consumption and
cancer risk; Nutrigenomics

Probiotics, 186–187
acid-tolerant strains, 186
characteristics, 186
definitions and description, 186
probiotic Lactobacillus acidophilus, 187

Procyandins (PC), 613–614, 617–618f
Proliferation, see Garlic and cancer prevention
Prostaglandins (PG), 30, 57, 59, 254, 258, 277–278,

287–289, 505, 540, 576, 597, 729
Prostate cancer (PC)

and advanced prostate cancer using tissue
indicators of exposure, 432t–433t

and calcium, 454–455
dairy products or calcium intake and

PC, 454
dietary calcium mechanism, 454
lower renal production of serum

1,25(OH)2D, 455
risk of PC in men and women,

differentiation, 454
Prostatectomy, 54, 220, 323–324t, 428, 728
Prostate, lung, colorectal, and ovarian cancer

screening trial, 393, 424, 427t
Prostate-specific antigen (PSA), 19, 323, 325t, 374,

458–459, 601, 725–726
Prostatic intraepithelial neoplasias (PIN), 316t,

324t–325t, 601–602, 605,
623, 637

Protein kinase C (PKC), 155, 288, 362, 413–414,
420

Protein/meats/cancer, see Meats/protein/cancer
Protein tyrosine kinase (PTK), 601, 641
Proteomics, 28, 657–659

advantage of Gel-LC method, 658
2D electrophoresis method, 658
fluorescent dyes (Cy dyes), 658
gel-free approach, 657
nanoLC-tandem mass spectrometry, 659
protein separation, 658
proteins insoluble in IEF buffers, 658
PTM, 658
See also Isoflavone in cancer prevention

PSA, see Prostate-specific antigen (PSA)
PUFAs, see Polyunsaturated fatty acids (PUFAs)
Punicalagin, 726–727, 729–730

R

Radical prostatectomy, 54
Randomised controlled trials (RCTs), 437

effect of Se on cancers, 437–438
RARE, see Retinoic acid response element (RARE)
RAR-RXR complex, 343

coactivators (N-CoA, p300, or CBP), 344
corepressors (N-CoR and SMRT), 343

Ras/ERK, see Ras/extracellular signal-regulated
kinase (Ras/ERK) pathway

Ras/extracellular signal-regulated kinase
(Ras/ERK) pathway, 127

RCTs, see Randomised controlled trials (RCTs)
RDA, see Recommended Dietary Allowance

(RDA)
Reactive nitrogen species (RNS), 57, 59, 201
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Reactive oxygen species (ROS), 27, 57, 59, 76–77,
216, 415, 501, 541–542, 576, 578, 617,
644, 678, 685, 736–737, 740–741,
748–749, 765

Receptor for advanced glycation endproducts
(RAGE), 502, 518–519f

Recommended dietary allowance (RDA), 166, 352,
498

Relative risk (RR) or odds ratio (OR), 390
Restriction fragment length polymorphisms

(RFLP), 109, 361–362, 365
Resveratrol, 133, 596–603, 771

BC and PC epidemiology, 603
alcohol consumption, 603
“French Paradox,” 603

and BC: in vitro results, 597
inflammatory mediators in cancer

progression, 597
and BC: in vivo chemoprevention, 598–599,

598f
effects of resveratrol on mammary tumor

latency, 599f
and BC: mechanisms of action, 599–601, 599t,

601t
rate of apoptosis using DNA fragmentation

assay, 600
MEK, role of, 133
and PC: in vitro results, 601
and PC: in vivo chemoprevention, 601–602
and PC: mechanisms of action, 602
phytoalexin family, 133

Retinoic acid (RA), 335
effects on gene expression and outcomes,

336–337
Retinoic acid response element (RARE), 344
Retinoids, 336–344

absorption/storage/enzymatic
activation/elimination, 341–342

carboxylic acids, 341
chylomicron remnants, 341
CYP26A1/CYP26B1 gene promoter, 342
LRAT gene expression, 341
RA production and catabolism, 342
retinol oxidation, 341

at-RA, 336
CRBP, 341

“efficiency factor” of vitamin A, 341
homeostasis, metabolism in, 340
molecules of natural and synthetic origin,

337–339
at-RA, 339
11-cis-isomer, visual pigment rhodopsin,

338

13-cis-RA, pro-drug, 338–339
9-cis-RA, RXR family, 339
natural and synthetic retinoids, 339f
nutritional and synthetic retinoids, 338t
retinyl esters and retinol, 337

RBP, 340
receptors, 342–343

RAR and RXR, 337, 342–343
“rexinoids,” 337

as regulators of gene transcription, 343–344
biochemical and structural studies, 343
Jun-Fos (AP-1) transcription factor complex,

344
RARE, hexameric nucleotide sequences, 344
RAR–RXR complex, 343

Retinol, see Vitamin A
RFLP, see Restriction fragment length

polymorphisms (RFLP)
RNS, see Reactive nitrogen species (RNS)
ROS, see Reactive oxygen species (ROS)
RsaI polymorphism, 574, 579

S

Saffron, 672f, 675, 691–692f
S-allyl cysteine (SAC), 56t, 568t, 569, 573, 577,

580, 683, 685–688
S-allyl mercaptocysteine (SAMC), 113, 578, 683,

685–686
Salmonella typhimurium TA100, 574
Saturated fatty acids (SFAs) and

cancer, 213–224
animal studies

coconut fat, 218
dietary butyrate, 217–218
dietary myristic acid, 218
inhibition of FAS, 217

chemical structure and abbreviation for SFAs,
214t

de novo synthesis of SAFs, 214–215
epidemiologic studies, see SFA, epidemiology

of
evidence, 223–224

cell culture studies, 215–217
SFA in tumors, 215

rationale, 215
recommendations and future research, 224
sources of dietary SFAs, 214
structural formula for butyric acid, 214f

Sec Insertion Sequence (SECIS) element,
412, 423

Secondary mitochondrial-derived activator of
caspase (Smac), 50, 53t
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Se, epidemiological study of
and bladder cancer, association between, 431
cancer mortality, 430
concentration and risk of HCC, 431
effect on colorectal tumours, 431
effect on PC, 432
and lung cancer, 431–432
serum Se and death risk from ESCC/GCC, 431

SEER, see Surveillance, Epidemiology, and End
Results (SEER) Program

SELECT, see Selenium and vitamin E cancer
prevention trial (SELECT)

Selenium and vitamin E cancer prevention trial
(SELECT), 110, 435, 439

“Selenium replete” status, 417
Selenium (Se), 411–439

for anti-cancer effects, species of, 421–429
anti-carcinogenic mechanisms of Se, 414f
in cancer patients, intervention with,

435–436
on cancer prevention/treatment, rationale of,

413–429
effect of selenoprotein SNPs on cancer risk,

427t
epidemiological studies, see Se,

epidemiological study of
future research, 437–438
intervention studies, 433–435
metabolic pathway of dietary Se in humans,

413f
recommendations for intake/dietary changes,

438–439
reduces inflammation resulting from oxidative

stress, 416f
sources, good food, 439
tissue specificity and totality of evidence,

436–437
colorectal cancer and precursor/colorectal

adenoma, 437
liver cancer, 436–437
lung cancer, 437
prostate cancer, 436
squamous cell carcinoma, 437

in vitro studies and animal experiments,
429–430

Selenocysteine (Sec), 412–413, 416–420,
429, 438

Selenomethionine (SeMet), 412
dietary supplementation, 418–419

Selenoprotein S (SEPS1), 413f, 414–416, 421–423,
427t, 436

Selenotrisulfide (S–Se–S) or selenenylsulfide
(S–Se) type, 413

Sex hormone-binding globulin (SHBG)
concentrations, 83, 154, 602

SFA, epidemiology of
breast cancer (BC), 219–220
colorectal cancers (CRC), 221
endometrial cancer (EC), 219
gastric and esophageal cancers, 222
head and neck cancers, 223
lung cancer (LC), 222–223
ovarian cancer (OC), 219
pancreatic cancer, 220–221
prostate cancer, 220

Shanghai Cancer Registry, 637
Short chain fatty acids (SCFA), 169–170, 172–173,

183–185, 187
Signaling pathways, 642–645

antioxidant role of genistein, 644
G2/M checkpoint in cell-cycle regulation, 643f
MAP kinase regulation, 644f
MEKK1, 644
NF-kB pathway, 643f
See also Isoflavone in cancer prevention

Signal transduction pathways, 127, 362, 368, 498,
502

Single nucleotide polymorphisms (SNPs), 34, 37t,
72, 74, 82, 85–86, 89, 397, 399, 421,
423–424, 427t, 436

Sirtuins, 156
budding yeast S. cerevisiae and nematode C.

elegans study, 156
DBC1 (deleted in breast cancer 1), 156
mammalian SIRT3, 156

muscle insulin receptor (MIRKO mice), 156
streptozotocin (STZ)-induced diabetes, 156

SIRT1, levels of, 156
Smac, see Secondary mitochondrial-derived

activator of caspase (Smac)
Small/noncoding RNA/epigenetics/dietary factors,

116–117
endogenous HCC, 116

methyl groups and cofactors, deficiency of,
116

microRNAs (miRNA) expression, 116–117
chromatin modifiers, 117
curcumin, 117
nutrient deficiency, 117

SNPs, see Single nucleotide polymorphisms
(SNPs)

Soy and cancer, epidemiology of, 637–638
extensive immigration and cancer risk, 637
influence of diet–environment, 637
PIN, 637
See also Isoflavone in cancer prevention
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Spices and spice extracts, research on, 676–693
capsaicin, 692–693

AICR, 693
chemical structure, 693f
WCRF, 693

curcumin, 677–683
garlic, 683–691

See also Garlic
ginger, 691–692
saffron, 691
structure of curcumin deferuloylmethane, 677f

Squamous cell carcinoma (SCC) cell lines, 10, 20,
49, 53t, 115, 203t, 223, 368, 394, 417,
431, 434–435, 437–438, 473t, 499,
503–504, 506–507, 509–510, 518,
520–521, 677, 706, 720

Stage IV Evans disease, 486
Sulfotransferases (SULT), 36, 82, 86
SULT, see Sulfotransferases (SULT)
Surveillance, Epidemiology, and End Results

(SEER) Program, 4
Survival, cancer, see Cancer in U.S, burden of
SU.VI.MAX French study, 521
SW480 colon cancer cells, 368
Swedish Mammography Cohort, 221, 257, 393,

395, 552t
Swedish Women’s Lifestyle and Health cohort

study, 220
Swi/SNF, see SWItch/Sucrose NonFermentable

(Swi/SNF) complex
SWItch/Sucrose NonFermentable (Swi/SNF)

complex, 105

T

Tea consumption and cancer, 619–622
cancer preventive effects of green tea, 619t
dietary flavonols/procyandins/cancer, 619–622
epidemiological studies, 619–623
JPHC study, 621
Ohsaki National Health Insurance Cohort Study,

621
quantity/quality/determination of tea

consumption, 621–622
reduced risk, 620–621

Tertiles of fruit and vegetable consumption, 88f
TGS, see Transcriptional gene silencing (TGS)
Third National Health and Nutrition Examination

Survey (NHANES III), 430, 437
TIMPs, see Tissue inhibitors of metalloproteinases

(TIMPs)
Tissue inhibitors of metalloproteinases (TIMPs),

60, 414f

TNF, see Tumor necrosis factor (TNF)
TNF-related apoptosis-inducing ligand (TRAIL)

receptor, 50, 52t
“Total dietary intakes,” 390
Total folate consumption, 393
TPA-response element (TRE), 539
TRAIL, see TNF-related apoptosis-inducing ligand

(TRAIL) receptor
Transcriptional gene silencing (TGS), 106, 117
Transcriptome, 125

DNA binding, 126
dysfunctional transduction, 126
MAP kinase signaling pathways, 127

ERK, 127–128
IEG, 127
JNK/SAPK, 127–128
p38 kinases, 128

protein kinase signaling, 126
chemoprevention and chemotherapy, 127
phosphorylation, 126–127

Ras/ERK pathway, 127
signal transduction, 126
transcription factors, 126

Transcriptomics, 28–30, 35t, 37t, 126, 648, 690
Transferrin receptor (TfR), 475–479

cellular iron acquisition, 475
TfR2, expression, 479
TfR mRNA expression, 475

Transforming growth factor-beta (TGFβ), 746
Translation initiation, 262f

anti-cancer effect of EPA, 261–262
GDP–GTP exchange factor, 261

connection, 259–260
eIFs, 259
G0-G1 transition, 260
oncogenic proteins/cell growth regulatory

proteins, 260
strong mRNAs and weak mRNAs, 259–260
translation initiation factors, 259

eIF4E/eIF4E-BP, over-expression of, 260
EPA depletes intracellular Ca2+ stores,

262–263, 263f
cellular polysome profile, 263
ER-targeted “chameleon” proteins, 262
“store-operated calcium channels” (SOC),

262
EPA downregulation and upregulation, 265–266

ATF-4 mRNA (uORF) frames, 265
EPA upregulates expression of BRCA1,

265–266, 266f
EPA-induced eIF2a phosphorylation is PERK

independent, 264f
EPA-mediated phosphorylation, 263–265
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cancer cell lines with EPA, 263
of eIF2α, 264
eIF2α kinases, inhibitory phosphorylation,

264
SERCA-ATPase experiments, 264

EPA shifts cell polysome profile, 263f
factor eIF2α, over-expression, 260
PKR like ER-resident kinase (PERK), activation

of, 261
release of Ca2+ from ER and closing of SOC

channels, 265f
TRE, see TPA-response element (TRE)
TSC, see Tuberous sclerosis complex (TSC)
Tuberous sclerosis complex (TSC), 153
Tumor necrosis factor (TNF), 50, 52t, 56, 58, 155,

287, 416, 502, 644–644f, 652t, 678
Tumor promotion, 129, 135, 155, 413–414, 420,

540, 592
Tumor-specific antigens or tumor-associated

antigens, 470
Tumor suppressor pathways, 646–647

genistein on BRCA1/BRCA2
expression/protein levels, effects, 647

PTEN expression in mammary gland, 647
Tyrosinase-related protein-1 (TRPA1), 570

U

UADT, see Upper aerodigestive tract (UADT)
cancer

Ultraviolet B (UVB) light, 357
increased colon cancer rates, 357

Upper aerodigestive tract (UADT) cancer,
499–501, 503–504, 507, 523, 735–736,
738–740, 742–743, 749

US cancer prevalence counts, 6
USDA 1994–1996 Continuing Survey of Food

Intake (CSFII), 543
US Environmental Protection Agency, 706
US Food and Drug Administration (FDA), 19, 487
US Third National Health and Nutrition

Examination Survey (NHNES III), 430

V

Vascular endothelial growth factor receptor 2
(VEGFR2), 595, 659

Vascular endothelial growth factor (VEGF), 60,
419, 579, 595, 639, 679, 715, 729, 746

VEGF, see Vascular endothelial growth factor
(VEGF)

Vitamin A, 335–352

effects on cancer prevention/treatment, see
Retinoids

epidemiological and interventional studies
“best” retinoids, 351
chemoprevention study using biomarkers,

350
“differentiation therapy”, 350
good nutrition, 351
premalignancies, 349
tissue specificity, 350
totality of evidence, 350–351

future research, 351
recommendations for intake/dietary changes,

351–352
in vitro studies in cells/animals – prevention/

treatment, 344–349
aberrant retinoid signaling in cancer

cells/tissues, 347–348
animal studies, 348
CAK complex, 346
cell culture studies, inhibition mechanism,

345t
cell differentiation in retinoids, 347
cyclins D/cyclin E, 344
effects of RA on cell division cycle, 346f
G1/G0 cell cycle, 344
induction of apoptosis, 347
“pocket” protein, 346
retinoids cellular processes, 344

Vitamin D and cancer chemoprevention,
357–376

anti-cancer actions
initiation/promotion/progression, colon

cancer, 366
1,25(OH)2 D action, 368–370
1,25(OH)2 D, growth inhibitory properties,

367
potential gene targets mediating effects,

367–368, 369f
progression of prostate cancer, 367
tumor/normal cell types, 366

anti-cancer effects, animal studies,
370–372

dietary vitamin D, 372
in human biology and carcinogenesis, 371
impact of nutritional vitamin D status on

cancer, 371–372
impact of vitamin D status or signaling, 370
MMTV-neu mice, VDR allele, 371
for tissue-specific cancer, 370
VDR knockout mouse, 371
vitamin D intake or status on cancer, 372
“Western diet”-fed mice, 371
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epidemiological studies
assessment of vitamin D metabolites, 363
breast cancer, 365
cancer protection by higher vitamin D status,

366
colon cancer, 364–365
dietary intakes of vitamin D, 363
“local production” hypothesis, 366
measurements of 25OHD, 363
population-based studies, 365
prostate cancer, 364

future research, 374–375
human intervention studies, 373–374
1,25(OH)2 D activates signal transduction

pathways, 362
growth factors and peptide hormones, 362

recommendations for intake/dietary changes,
375–376

regulation of gene expression through VDR,
360–361, 361f

1,25(OH)2 D–VDR–RXR complex,
360–361

RXR–VDR–ligand complex, 360
VDR–RXR dimer, 361

totality of evidence, 374
VDR gene polymorphisms, 361–362

Cdx2 and GATA polymorphisms, 362
RFLP, 361

vitamin D metabolism, 358–360
calcium homeostasis, 358
classical view of, 359f
7-dehydrocholesterol to UV light, 358
dietary requirement, 358
endocrine/autocrine vitamin D signaling,

360f
molecular impact of cancer, 370f
parathyroid hormone (PTH), 359
serum 25OHD levels, 358
vitamin D signaling system, 360

W

Watchful Waiting Trial in Arizona Cancer Center,
435

WCRF, see World Cancer Research Fund (WCRF)
WCRF’s Second Expert Report, 197
Western New York Diet Study, 76
Wheat Bran Fiber Trial, 431
WHI, see Women’s Health Initiative (WHI)
Women’s Health Eating and Living (WHEL)

randomized trial, 175
Women’s Health Initiative (WHI), 19, 373,

456–458

Women’s health study, 198, 323, 522
World Cancer Research Fund (WCRF), 28, 45, 74,

151, 197, 547, 572, 693
American Institute for Cancer Research Expert

Report (2007), 151
World Cancer Research Report, 433

X

Xenobiotics (AhR), human exposure to, 769–771
dioxins, 770
PAH, 769–770
PCB and bisphenols, 770–771

Z

ZD/animal tumorigenesis studies
in knockout/transgenic models, 505–506

AZ overexpression, 506
cyclin D1 overexpression, 506
deletion of COX-2 gene, 506
loss of function of TP53, 506
zinc-deficient mouse forestomach cancer

model, 505
Zinc antioxidant, 501

free radical, definition, 501
oxidative stress, 501
zinc supplementation, 501

Zinc deficiency (ZD), 504f
Zinc-deficient rodent cancer models

initiation/reversal of protumorigenic
environment, 503

modulation, 518–520
of gene expression, 509–518
of miRNA expression, 518–520
See also Gene and miRNA expression

profiling
molecular targeting of COX-2 in cancer

prevention, 507–509
adenomatous polyposis, 507
apoptosis and cell proliferation in ZD and

ZR, 508f
protumorigenic esophagus and tongue, 509
tongue cancer prevention studies, 507
tumor multiplicity and forestomach

carcinoma, 509
in vitro zinc supplementation, 509

prevention of esophageal carcinogenesis, see
Zinc replenishment (ZR)

ZD and animal tumorigenesis studies
colon tumors, 505
EAC, 505
effects of ZD and ZR, 504f
esophageal squamous cell tumors, 503–504
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Zinc-deficient rodent cancer models (Cont.)
in knockout/transgenic models, 505–506
lingual tumors, 504–505

Zinc homeostasis, 500–501
acute inflammation in ZD mouse lungs, 500
cellular zinc transporter proteins

ZnT/ZIP, two families, 500
MT synthesis, 500
in UADT cancer, 500
ZIP6/ZIP10/ZIP7/ZIP4/ZIP1, expression levels,

500
Zinc in cancer development and prevention,

497–523
antitumor effects in tumor cells, 520–521

apoptotic antitumor effects, 521
inhibitory effects of zinc on apoptosis,

520–521
in prostate cancer, 520

biological roles of zinc
as antioxidant, 501
homeostasis, 500–501
and immune response, 501–502
and intracellular signaling in cancer, 502

human intervention studies
colon cancer, 522
esophageal cancer, 521–522
prostate cancer, 522

human ZD, 498–499
dietary sources, 498
diseases, 498–499
dwarfism, hypogonadism, 498

ZD/UADT cancer, epidemiology, 499
American Cancer Society statistics, 499
chronic alcohol consumption and tobacco,

499
oral cancer incidence, 499
x-ray fluorescence spectroscopy, 499

zinc-deficient rodent cancer models, see
Zinc-deficient rodent cancer models

Zinc replenishment (ZR), 504f, 507
prevention of esophageal carcinogenesis, 507

apoptosis in ZR1 rat esophageal epithelia,
507

Bax/Bcl-2 ratio, 507
NMBA treatment, 507

Zinc supplementation, 498, 500–502, 505, 509, 523
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