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Preface

Nutrition plays an essential role in health and in the prevention of disease,
including cancer. Epidemiological studies have estimated that approximately 35%
of cancers are potentially avoidable by nutritional modification. These modifica-
tions include strategies such as caloric restriction and limitation of specific macro-
nutrient groups. However, as this book reports, there is compelling evidence that
essential foods contain micronutrient factors that confer protection from cancers,
specifically the common cancers of the colon, breast, and prostate.

In Nutrition and Cancer Prevention, the top experts in the field present
analyses of specific dietary components that may offer protection from common
cancers. The book organizes these dietary components into the general classes
of vitamins, minerals, phytosterols, polyphenols, isothiocyanates, saponins, and
specialized lipids. 

The introductory chapters update the descriptive epidemiology of the major
cancers of the Western world as well as the general means by which diet may
protect people from these cancers. Part II addresses the potential anticarcinogenic
activities of vitamins A, D, E, C and folic acid, as well as some of their synthetic
analogs. Part III focuses on studies of the minerals calcium and selenium: that
calcium and calcium-sensing mechanisms in the gut affect colon cell differenti-
ation and tumor formation and that diets of selenium-rich foods such as cereal
grains, garlic, and broccoli are associated with reduced rates of cancers of the
lung, colon, and prostate. Part IV discusses the phytosterols, plant compounds
with chemical similarity to cholesterol. Diets rich in phytosterols are associated
not only with reduced serum cholesterol and atherosclerosis, but also with
decreased incidences of cancers of the breast and colon. Part V offers compre-
hensive analyses of the cancer chemoprotective activities of the class of nutrients
broadly called polyphenols. Polyphenols include isoflavones from soy, flavonoids
from soy and tea, catechins from green tea, resveratrol from grapes and red wine,
lignans from flaxseed, and anthocyanins from berry fruits. Parts VI and VII detail
the cancer chemoprotective effects of isothiocyanates and saponins. Isothiocyan-
ates found in high amounts in broccoli, kale, and other cruciferous vegetables
inhibit the metabolic activation of a variety of carcinogens. Saponins of ginseng
and soy have antimutagenic and anticarcinogenic activities. Part VIII presents
interesting evidence for the cancer chemoprotective potential of specialized
dietary lipids, including omega-3 fatty acids, linoleic acid, and sphingolipids.
Finally, Part IX addresses the roles of obesity and excess alcohol consumption
in cancer development. 



The book covers in detail those dietary components that have shown to have
potential either in protection from cancer, in modulation of cancer development,
or in the reduction of tumor metastasis. Supportive evidence includes epidemi-
ological, experimental, and clinical studies. For each nutritional class, several
leading experts present the scientific evidence addressing the potential mecha-
nisms by which these dietary components may offer protection from cancer as
well as future research directions. 

Atif B. Awad, Ph.D.
Peter G. Bradford, Ph.D.



About the Editors

Atif B. Awad is an associate professor of nutrition and biochemistry at the State
University of New York at Buffalo. He obtained his Ph.D. degree in nutrition
from Rutgers University, New Jersey, and completed postdoctoral training in
biochemistry at the University of Iowa. He has supervised more than 75 M.S.
and Ph.D. students. He has published 70 papers and has presented more than 70
abstracts at scientific meetings. His research focus is in the area of dietary lipids
and disease prevention, including the effects of phytochemicals, such as phy-
tosterols and phytoestrogens, on cardiovascular disease and cancer. 

Peter G. Bradford is an associate professor of pharmacology and toxicology in
the School of Medicine and Biomedical Sciences and an associate professor of
oral biology in the School of Dental Medicine at the State University of New
York at Buffalo. He is author or coauthor of more than 40 journal articles and
book chapters. He served as visiting assistant professor at the Beijing Medical
University in 1991. Dr. Bradford received a B.S. (1977) degree in biology from
the University of Albany and his M.S. (1980) and Ph.D. (1982) degrees in
biochemistry from the University of Rochester. 
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1.1 INTRODUCTION: CANCER EPIDEMIOLOGY

Cancers represent a heterogeneous group of diseases characterized by uncon-
trolled growth and spread of abnormal cells in the body. The disruptive behaviors
of cancer cells reflect dynamic changes in their genomes and in gene expression
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that result in disruption of normal regulatory signaling circuits. Cancers vary on
the basis of both the biologic features of the disease and the characteristics of
the affected organism. The process by which normal cells are transformed into
cancer cells is known as carcinogenesis.

Cancers are multifactorial diseases, with environmental and endogenous fac-
tors contributing at a different level in determining cancer risk. Epidemiology is
the study of the distribution and determinants of diseases in populations. Cancer
frequency is expressed by mean of measures of disease occurrence. Many sciences
are aimed at the study of tumors, but in epidemiology the focus is on occurrence
rather than natural history or any other aspect of the disease under investigation.

Incidence rate and prevalence represent the basic epidemiologic tools that
allow us to quantify the disease occurrence. Incidence rate is the number of newly
diagnosed cases of disease that occurs in a population during a specified period
of time over person-year of observation. To define the incidence rate of a given
disease, we indicate the population at risk for the disease of interest, the risk or
event we are studying (e.g., disease occurrence), and the period over which we
want to measure incidence. Every member of the population experiences a specific
amount of time in the population over the risk period. Person-time represents the
observational experience in which disease onset can be observed. The number of
new cases of disease (incident number) divided by the person-time is the disease
incidence rate in the considered population over the defined period:

Incidence rate = No. disease onset/ 

 

Σ persons time spent in population

The only events suitable to be counted in the numerator of an incidence rate are
those that occur to persons who are contributing time to the denominator of the
incidence rate at the time the disease onset occurs. The time contributed by each
person to the denominator is known as the “time at risk,” that is, time at risk of
an event’s occurring. People who contribute time to the denominator of an
incidence rate are referred to as “the population at risk.”

Prevalence may be defined as the ratio of number of cases of disease at a
given time to the size of the population at that time. The population subset affected
by the disease is known as the “prevalence pool.” While incidence measures focus
on events in a population at risk for the disease under investigation over a defined
period of time, prevalence focuses on disease status in a prevalence pool at a
specific point in time.

Given these definitions, disease prevalence and incidence rate appear to be
related to each other. For a disease under investigation, a certain proportion of
the population at risk of developing a specific cancer feeds the prevalence pool
of persons affected by the cancer of interest at a specific point in time. The event
occurrence (e.g., newly diagnosed breast cancer) influences the disease status at
a population level.

An important role in the linkage between the measures of disease frequency
is played by the mean duration of the disease under consideration. Diseases with
large incidence rates may have low prevalence if they are rapidly fatal (e.g., SCLC
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or small cell lung cancer). On the other hand, cancer may be characterized at the
same time by a high incidence rate and a quite long natural history, having a large
prevalence in the population under consideration (e.g., prostate cancer). In defining
the relationship between incidence rate and prevalence of a disease of interest,
many factors, not only the disease mean duration, should be taken into account,
since, in the same population, subgroups of individuals might deeply differ in
terms of measures of disease occurrence on the basis of parameters such as gender,
age, ethnicity, education, income, social class, disability, geographic location.1

Cancer determinants, as well as cancer frequency, represent a major topic in
cancer epidemiology. Cancer is a multifactorial disease. The final risk of devel-
oping a pathologic condition depends on interactions of different risk factors. A
risk factor is anything that increases the chances of getting a disease such as
cancer. Different cancers have different risk factors. The role of genetic and
environmental interaction in the occurrence of several common malignancies has
been clearly demonstrated in many recent epidemiologic studies, as reviewed by
Caporaso and Goldstein2 and Strong and Amos.3

A small percentage of cancers (5 to 10%) can be attributed to the inheritance
of one or more mutated genes that are carried in germ cells of parent and passed
on to an offspring. As a result, all cells of the offspring show the same genetic
defect, predisposing the individual to one or more specific cancer. Familial breast,
ovarian, and prostatic cancers, linked to breast cancer susceptibility gene 1
(BRCA-1) and breast cancer susceptibility gene 2 (BRCA-2) gene mutations, and
familial adenomatous polyposis predisposing to colon cancer, based on APC gene
mutations, represent good examples of diseases caused by genetic factors.

A large proportion of cancers previously thought to be attributable to envi-
ronmental factors alone are now considered the result of interaction between
inherited susceptibility factors and environmental exposures. The study of
gene–environment interaction has become one of the major topics in genetic
epidemiology, a discipline integrating the principles and methodology of genetics
and epidemiology.4

An understanding of disease etiology, supported by measures of disease
occurrence at a population level, represents the basis of cancer therapy and
prevention. Cancer epidemiology combines its interest in disease frequency and
determinants in the elaboration and validation of hypotheses that can explain
patterns of disease occurrence.

Even though scientific hypotheses are often posed as qualitative propositions,
the testing of hypotheses is predicated on measurement. The importance of
measurements has been reflected in the evolution of epidemiologic understanding.
It was only when scientists began to measure the occurrence of diseases rather
than merely reflect on what may have caused diseases that scientific knowledge
about causation made impressive strides.1

Epidemiologic studies represent useful tools to collect data to elucidate the
etiology of and risk factors for human diseases. Scientists design and conduct
studies, which are critically important both in clinical medicine and in public
health practice.
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1.2 FEMALE BREAST CANCER IN WESTERN 
COUNTRIES

1.2.1 DESCRIPTIVE EPIDEMIOLOGY

Women in the U.S., New Zealand, the European Union, Israel, Canada, Australia,
and Uruguay have breast cancer incidence rates that rank as the highest in the
world.5 Among women living in the U.S., breast cancer is the most commonly
diagnosed cancer and the second leading cause of cancer-related mortality. Pro-
jections for 2004 show an expected 215,990 new cases of invasive breast cancer,
representing 32% of all new cancer diagnoses, and 40,110 breast cancer-related
deaths, accounting for 15% of cancer-related mortality.6

Breast cancer incidence has increased over the past 30 years in the U.S.6 This
trend is thought to reflect increased diagnosis due to mammographic screening,7

and perhaps also to secular trends in the prevalence of obesity and hormone
replacement therapy (HRT) use by postmenopausal women.8 Over the same
period, breast cancer mortality rates have declined, reflecting earlier breast cancer
detection and treatment, and improvements in breast cancer therapies.9

The risk of breast cancer increases with age. There is a rapid rise in breast
cancer incidence with age up to about age 50; then the rate of increase slows
dramatically.10

In the U.S., breast cancer incidence and mortality rates vary by race and
ethnicity. White women have the highest incidence rates of breast cancer, while
Asian Americans and American Indians/Alaskan natives have the lowest inci-
dence rates.6 African American women have the highest breast cancer death rates,
with mortality rates 30% higher than those of white women, in spite of signifi-
cantly lower disease incidence.11 These differences have been attributed to dis-
parate use of screening services and diagnoses at later stages, higher rates of
early and more aggressive cancers, and undertreatment of disease.12

Breast cancer rates vary widely among different countries. The countries cited
above have incidence rates six times higher than countries in Asia and Africa.
Migrant studies suggest the importance of early life experience in affecting breast
cancer risk. Japanese women who were born in Japan and migrated to the U.S.
have higher breast cancer rates in comparison to their counterparts in Japan. While
Japanese women who migrated to the U.S. as young adults experience a modest
increase in their breast cancer rates; those born in the U.S. have rates approaching
their white counterparts.13 International differences and migrant studies have
pointed to the importance of environmental and lifestyle factors in determining
breast cancer risk. Among the potential risk factors, we discuss those of particular
interest.

1.2.2 REPRODUCTIVE FACTORS

Epidemiologic studies have been consistent in showing early age at menarche as
a risk factor for breast cancer. A 5% decrease in breast cancer risk results from
each year that menarche is delayed.14 A number of studies have provided evidence
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that the timing of menarche is associated with levels of endogenous estrogens in
later adulthood.15 Early menarche results in early onset of regular ovulatory
menstrual cycles,16 and consequently into an extended exposure to reproductive
hormones.17 Over the past 100 years, age at menarche has progressively decreased
in the U.S. and in most other areas of the world. It is possible that improved
nutrition and control of infectious diseases of childhood may have led to lower
ages at menarche, and increasing breast cancer incidence over the past century.

At the time of menopause, age-specific incidence rates of breast cancer slow
markedly, and the rate of increase in the postmenopausal period is only about
one sixth the rate of increase in the premenopausal period. In their study, Tri-
chopolous and colleagues18 found that women who experienced natural meno-
pause (defined as cessation of periods) before age 45 had only one half the breast
cancer risk of those whose menopause occurred after age 55.

Parity, and in particular early age at first full-term pregnancy, are associated
with decreased breast cancer risk. Pregnancy causes a transient increase in breast
cancer risk, followed by a lasting protective effect.19 In one international case-
control study, women with a first birth before the age of 20 had about one half
the risk of nulliparous women.20 The first full-term birth has the strongest effect
on breast cancer risk; however, there is an additional protective effect of subse-
quent births.21 The association of parity with a lasting decrease in breast cancer
risk may be due to a favorable change in the susceptibility of breast tissue to
carcinogenesis resulting from maturation and differentiation of breast tissue in
response to hormonal events occurring during pregnancy.22 It is also true that
there are some lasting changes in hormonal milieu following pregnancy. Free
estradiol and prolactin levels are lower and sex hormone-binding globulin
(SHBG) levels are higher in parous compared to nulliparous women.23,24

Lactation is associated with a reduction in breast cancer risk. Nursing results
in a delay in the reestablishment of ovulation after a full-term pregnancy. The
Collaborative Group on Hormonal Factors in Breast Cancer conducted a pooled
analysis of 47 epidemiologic studies done in 30 countries and found a decrease
of 4.3% in breast cancer risk associated with each 12 months of breastfeeding,
in addition to an independent decrease in risk associated with bearing each child.25

1.2.3 LIFESTYLE FACTORS

International differences in breast cancer occurrence might be partly explained
on the basis of lifestyle factors, such as diet and alcohol consumption. Among
the dietary factors, the most of the studies have focused on diet content of fat
and fiber. As for micronutrients, phytoestrogens have been largely and still incon-
clusively investigated. Alcohol consumption has shown a moderate effect on
breast cancer risk. The existing evidence about dietary components and alcohol
intake in affecting breast cancer risk is discussed in detail further in the following
chapters of this manuscript.

Numerous epidemiologic studies on the putative association between cigarette
smoking and breast cancer have been conducted with mixed results.26 An elegant



8 Nutrition and Cancer Prevention

paper by Band et al.27 isolates the competing effects of cigarette smoking by
stratifying smoking study subjects by menopausal status, and, among those who
are parous, comparing the time of smoking initiation relative to first pregnancy.
In contrast to postmenopausal women, circulating estrogen levels in premeno-
pausal women do not appear to be strongly affected by smoking.28 Among pre-
menopausal women, the beginning of smoking before the first pregnancy occur-
rence was associated with an increased breast cancer risk (adjusted odds ratio
[OR]: 1.47, 95% confidence interval [CI]: 1.02 to 2.10). According to the authors,
this finding might reflect a different degree of susceptibility of the mammary
gland to carcinogens, resulting from maturation and differentiation of breast tissue
in response to hormonal events occurring during pregnancy. Among postmeno-
pausal women, those who began smoking after their first pregnancy were rela-
tively protected against breast cancer (adjusted OR: 0.63, 0.41 to 0.96). This
suggests that an antiestrogenic effect of smoking can protect women whose breast
tissue is relatively refractory to tobacco mutagens.

1.2.4 EARLY LIFE EXPOSURES

Among perinatal factors of interest, recent studies have linked high birth weight29

and a negative history of breastfeeding in infancy30 to an increased breast cancer
risk, while most of the studies regarding birth rank and maternal age reported
little or no association.31 Fetal growth has been positively associated with con-
centrations of estrogens at the extremes of the corresponding distributions,
although evidence for an association throughout the usual range of fetal growth
is not clear.32 Recent studies suggest that the role of early life factors in deter-
mining breast cancer risk may be more apparent in younger women, but this may
be due to better recall in this group.33 Differences in caloric intake, availability
of specific nutrients, or possible hormonal and immunologic consequences of
having been breastfed have been proposed as possible causes of a decreased breast
cancer risk.33–35

1.2.5 ENDOGENOUS HORMONES

The hormone-responsive nature of many breast tumors has led many to hypoth-
esize that endogenous hormones play a causal role in the pathogenesis of this
disease. Indeed, this hypothesis has been supported both by animal models and
in vitro research, but challenges in epidemiologic study design and implementa-
tion have postponed arrival at a consensus regarding even the most strongly
implicated hormones, such as estrogens. The Collaborative Group on Hormonal
Factors in Breast Cancer conducted a pooled analysis of nine prospective cohort
studies that employed careful specimen collection, storage, and analytic proce-
dures to investigate the relationship between sex-steroid hormone levels and risk
of postmenopausal breast cancer.36 They examined risk of postmenopausal breast
cancer by quintiles of serum hormone levels and found that estrogens and andro-
gens were significantly and independently associated with increases in breast
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cancer risk, with evidence of dose–response relationships. The relative risk for
breast cancer for women in the highest quintile of estradiol compared with women
in the lowest quintile was 2.00 (95% CI: 1.47 to 2.71). Relative risks in the highest
quintile compared with the lowest quintile for the other estrogens (estrone and
estrone sulfate) and the androgens (androstenedione, dehydroepiandrosterone,
DHEAS, testosterone) were all approximately equal to 2, and the highest relative
risks were in the highest quintiles of free estradiol [relative risk 2.58 (1.76 to
3.78)]. For SHBG, which modulates availability of estrogens to tissues, there was
a significant inverse association with breast cancer risk [relative risk in top fifth
0.66 (0.43 to 1.00)].37

The evidence is mixed with respect to the effects of bioavailable estrogens
on breast cancer risk in premenopausal women. Two prospective studies have
found no effect;38–40 another found a significant trend in breast cancer risk by
quintiles of circulating estrogens associated with breast cancer risk;41 and a fourth
research study produced findings suggesting decreased estrogen excretion in the
urine42 and increased estrogens circulating in the blood of women who would go
on to have premenopausal breast cancer compared to those who would not.43

Mixed findings in studies of premenopausal breast cancer may be attributable
to either the small sample size or the biological variability in hormones determi-
nations. Notably, in contrast to the earliest prospective studies reviewed, more
recent studies adjusted for the interval between date of specimen collection and
the start of the subsequent menstrual period. Thus, it is currently difficult to
conclude whether endogenous estrogens play a role in the etiology of premeno-
pausal breast cancer. Also, prospective studies have failed in demonstrating any
significant association between premenopausal breast cancer and androgen lev-
els.38,41

The mechanism by which estrogens may cause pre- and/or postmenopausal
breast cancer is still an open question. The most commonly held hypothesis,
based on the interaction between estrogen and estrogen receptor-

 

α or estrogen
receptor-

 

β,44,45 has been revisited at the light of a complementary hypothesis,
according to which estrogens can be metabolized to genotoxic compounds and
directly damage DNA.46 The effects of androgens on risk of breast cancer are
thought to be, at least in part, mediated through conversion by the enzyme
aromatase to estrogens in peripheral tissues. This mechanism may be particularly
important in obesity and in postmenopausal women.

New epidemiologic evidence has indicated that glucose metabolism, hyper-
insulinemic insulin resistance, and insulin-like growth factor bioavailability may
also play roles in breast cancer etiology. Insulin is a powerful mitogenic agent.47

Moreover, insulin may also play a role in tumor promotion by upregulation of
ovarian steroid secretion.48 To date, three prospective studies have been conducted
on serum insulin or C-peptide and breast cancer risk with inconsistent results.49–51

Nonfasting condition at blood collection for these studies may, at least in part,
explain the weakness of the observed association. There is consistent prospective
epidemiological evidence of a close association between insulin-like growth
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factor-1 (IGF-1) and breast cancer risk, however, more often in premenopausal
women.50–53

Melatonin (N-acetyl-5-methoxy-tryptamine) is proposed to be a factor in the
etiology of breast cancer.54 This hormone is secreted by the pineal gland and
synthesized during darkness.55 There are a number of proposed mechanisms by
which melatonin could effect breast cancer development: induction of apoptosis,56

inhibition of cell proliferation,57,58 scavenging of reactive oxygen species, and
immunomodulation.55,59 Consistent with this theory, observational studies have
shown evidence that women who work at night have an elevated risk of breast
cancer, while residence in the Arctic, blindness, and visual impairment are all
associated with decreased breast cancer risk.60–65 However, a recent large pro-
spective study found no evidence that the level of melatonin was associated with
risk of breast cancer.66

The endogenous hormone prolactin is secreted by the anterior pituitary and
its expression is regulated by the hypothalamus. Evidence about the role of
prolactin in the etiology of breast cancer has been collected from both laboratory
studies and epidemiologic studies.67–69 Prolactin regulates the growth of breast
epithelium,70 promotes cell proliferation,71 and protects human breast cancer cells
against apoptosis.67 Epidemiologic evidence about the relationship between pro-
lactin and risk of postmenopausal breast cancer is inconsistent.69,72,73 There is no
evidence of such an association in premenopausal women affected by breast
cancer.69,73,74

1.2.6 EXOGENOUS HORMONES

The association between oral contraceptive (OC) use and risk of breast cancer
has been controversial. The Collaborative Group on Hormonal Factors in Breast
Cancer75 reviewed 54 studies (performed in 26 countries) on the relationship
between OC use and risk of breast cancer. The combined studies included a total
of 53,297 cases and 100,239 controls. The group concluded that oral contraceptive
use conferred a small increase in risk of breast cancer for current OC users (RR
1.24; 95% CI: 1.15 to 1.33), and a trend for decreasing risk following cessation
of use. In women who discontinued OC use within the previous 10 years, the
reported pooled result was RR 1.07 (95% CI: 1.02 to 1.13) and no evidence of
increased risk was reported for women who had discontinued use more than 10
years before.75,76 However, cases were diagnosed in the 1980s, formulations of
oral contraceptives (current estrogen dose between 20 to 30 

 

μg vs. 100 

 

μg in
1960), age at first use, and duration of use have changed greatly since that time.77

More recently, Marchbanks et al.78 report null findings from the large
Women’s CARE study (Women’s Contraceptive and Reproductive Experiences)
that included more than 9000 subjects recruited in five U.S. sites. Although they
found case subjects had significantly lower parity, older ages at first birth, higher
reports of family history of breast cancer, later age at menopause, and less use
of hormone replacement therapies, they found no significant association between
current OC use (RR 1.0; 95% CI: 0.8 to 1.3) or former use (RR 0.9; 95% CI: 0.8
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to 1.0) and risk of breast cancer.78 Victory et al. (2004) reported findings from
the large multicenter prospective WHI (Women’s Health Initiative) study, which
included 161,809 women with 40% having a history of OC use. After controlling
for other risk factors, it was shown that OC use had no effect on risk of breast
cancer regardless of HRT exposure and, further, that OC use significantly reduced
the risk of endometrial or ovarian cancers.79

Postmenopausal hormone replacement regimens include a large number of
different estrogen and progestin combinations, unopposed estrogen formulations,
doses, and routes of therapy such as oral or transdermal. Since the 1990s numer-
ous observational studies on the impact of HRT on breast cancer risk have been
conducted. In the Women’s CARE study, a large case-control study of 1847
postmenopausal women with incident breast cancer and 1932 control subjects,
Norman et al.79 reported a linear trend of an estimated 5% increased risk of breast
cancer with each year of use of combined HRT, whereas no increase was found
with use of estrogen-only regimens. Further evidence comes from two important
prospective studies, which also found significant breast cancer risk associated
with combined estrogen–progestin regimens and lower risk for estrogen-only
therapies.80–82 The WHI trial involving combined HRT was stopped by the safety
monitoring board in 2002 when elevated breast cancer risk associated with com-
bined HRT use became evident. Among 40 clinical centers, postmenopausal
women aged 50 to 79 (N = 16,608) were randomly assigned to receive combined
conjugated equine estrogens plus medroxyprogesterone acetate or placebo. Inci-
dent breast cancer cases in the treatment group compared to the placebo group
resulted in a hazard ratio of 1.24 (95% CI: 1.02 to 1.50) compared to the placebo
group. The WHI study investigating conjugated equine estrogens alone compared
with placebo showed no increased risk of breast cancer.83 It has also been shown
that HRT increases breast density and therefore reduces the sensitivity and spec-
ificity of mammographic breast cancer screening.84,85

1.2.7 MARKERS OF RISK

In the U.S., 10 to 20% of patients with breast cancer and patients with ovarian
cancer have a positive familial history, namely, a first- or second-degree relative
with one of these diseases.86 Two major genes associated with susceptibility to
breast and ovarian cancer — BRCA-1 and BRCA-2 — have been identified to
date.87,88 Mutations in either of these genes confer a lifetime risk of breast cancer
of between 60 and 85% and a lifetime risk of ovarian cancer of between 15 and
40%.89 However, mutations in these genes account for only 2 to 3% of all breast
cancers.90

Benign breast diseases include a heterogeneous group of diagnoses, which
are categorized by their association with breast cancer risk. In particular, prolif-
erative lesions without atypia are associated with a 1.5- to 2-fold increase in risk,
whereas atypical hyperplasias are associated with a 4-fold to 5-fold increase in
breast cancer risk.91 Lesions not expressing either proliferative or hyperplastic
features have not been explored extensively yet as for their relation with breast
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cancer risk, even though there is evidence of an increased risk of breast cancer
associated with nonproliferative diagnoses, especially evident in women 50 years
of age and older.92

1.2.8 MAMMOGRAPHIC DENSITY AND BREAST CANCER

Epithelium and stromal tissues that are strongly related to risk of breast cancer
appear radiologically dense, whereas fat appears radiologically lucent.93 The pro-
portion of the mammographic image occupied by radiologically dense tissue is a
composite measure of breast tissue composition. At present, the role of mammo-
graphic density in breast cancer etiology is not clear.94 However, it has been
established that mammographic density is an independent predictor of breast cancer
risk, with associated relative risks between 4 and 6 for the highest vs. the lowest
quartile of mammographic density. Evidence suggests that the magnitude of the
increase in breast cancer risk is greater than that associated with nearly all other
breast cancer risk factors after adjustment for age, body mass index (BMI), age at
menarche, breast cancer family history, parity, menopausal status, and HRT use.93,95

1.3 PROSTATE CANCER IN WESTERN COUNTRIES

The incidence of prostate cancer in the U.S. and certain Western countries has
risen sharply during the past decade. In U.S. men, between 1987 and 1992,
prostate cancer incidence rate increased 85%, followed by a decline of 29%
between 1992 and 1995, and then increasing again by 2.3% per year beginning
in 1995. Recent prostate cancer incidence increased by 3.0% per year among
white men and by 2.3% per year among black men.96 Prostate cancer mortality
in the U.S. stopped increasing in 1991, and decreased an average of 4.4% annually
from 1994 through 1997.97 Declines in prostate cancer mortality might reflect
improvements in treatment and longer survival due to prostate specific antigen
(PSA)-related early detection.98

1.3.1 DEMOGRAPHIC FACTORS

Prostate cancer is a disease that typically strikes older men. It is usually diagnosed
in very few people aged younger than 50 years (<0.1% of all patients). The mean
age of patients with this disorder is 72 to 74 years, and about 85% of patients
are diagnosed after age 65.99 There are striking international differences, as much
as 90-fold, in prostate cancer incidence and mortality rates between highly devel-
oped countries and less-developed countries. The lowest rates are found in Asia,
especially among Chinese men in Tianjin, China (1.9 per 100,000 per year), and
the highest are in North America and Scandinavia, especially in African American
men in the U.S. (137 per 100,000 per year).100 Results of migrant studies appear
to show some real shift in incidence toward the new host country, providing
evidence that these international and racial differences in prostate cancer
incidence are not based entirely on genetic predisposition or differences in health
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care and cancer registration. As an example, Japanese men who move from Japan
(a country with low incidence) to the U.S. (high incidence) show an increased
incidence of prostate cancer, that is to about 50% of the rate for white men and
to 25% of that for African American men in the U.S.101

A disproportionate number of cancer deaths occur among racial/ethnic minor-
ities, particularly African Americans, who, compared with whites, have a 33%
higher risk of dying of cancer of the prostate, lung and bronchus, colon and
rectum, oral cavityand pharynx, cervix, and stomach. Overall, age-adjusted cancer
incidence is higher among African Americans compared to all other racial/ethnic
groups.102 Disparities in cancer mortality trends have also been noted. Mortality
rates have been decreasing among both African Americans and whites overall,
but decreases generally have been smaller and less consistent among African
Americans than among whites,102 and racial disparities in mortality have per-
sisted.103 This may be due to less use of prostate cancer screening among African
American men, and consequently, later stage at diagnosis.104

Prostate cancer is notable among cancer sites in that there is considerable
evidence, albeit from the minority of published studies on the topic, that race may
be an independent factor in prognosis after equivalent treatment. However, it is
not clear whether this observation is caused by underlying behavioral, biologic,
or genetic factors associated with race or because of incomplete or inaccurate
measurement of clinical risk or quality-of-care factors.105

The theory that socioeconomic status (SES) inequalities and other character-
istics of the sociocultural environment are key determinants of health and could
account for health differences among countries has become stronger in the past
decades. It is still unclear to what extent and by which mechanisms social and
environmental factors can account for racial and ethnic differences in rates of
disease and death. There is evidence that SES could influence the pattern of
survival in patients diagnosed with prostate cancer. Between 1988 and 1999, the
proportion of localized and regional prostate cancer diagnoses increased, whereas
the proportion of distant-stage prostate cancer decreased. In a monograph exam-
ining socioeconomic variations in cancer rates, researchers found that, although
this trend holds across all socioeconomic groups, more distant-stage prostate
cancers are diagnosed within census tracts with higher poverty rates.106

1.3.2 ENDOCRINE FACTORS

Human prostate carcinomas are often androgen sensitive and react to hormonal
therapy by temporary remission, followed by relapse to an androgen-insensitive
state. These well-established features of prostate cancer strongly suggest that
steroid hormones, particularly androgens, play a major role in human prostatic
carcinogenesis, but the precise mechanisms by which androgens affect this pro-
cess are unknown. In addition, the possible involvement of estrogenic hormones
is not entirely clear.107 Estrogens induce mitosis of both normal and malignant
prostatic epithelial cells in many species, including humans.108,109 An important
metabolic pathway of the estrogens is the formation of hydroxylated estrogens.
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Muti et al.,110 in a case-control study on urinary estrogen metabolites and prostate
cancer risk, showed a protective effect of the metabolic pathway favoring 2-
hydroxylation over 16-hydroxylation on risk of prostate cancer.

Two distinct lines of epidemiologic and basic science research have converged
in the hypothesis that the somatotropic axis plays an important role in the devel-
opment of prostate cancer. Insulin-like growth factor-1 (IGF-1) is an important
hormone in the axis, conveying centrally regulated signals to the tissue level. IGF-
1 is a mitogen that stimulates cell proliferation and inhibits apoptosis. Recent
epidemiologic studies suggest an association between elevated blood levels of IGFs
and risk of prostate cancer, although data are inconsistent across the studies.111,112

Although it is well known that growth hormone (GH) is a major factor
regulating IGF levels, there is no evidence about how the physiological mecha-
nisms regulating GH secretion on the basis of IGF-1 serum concentration may
change in the presence of prostate cancer. From experimental studies, it appears
that GH might be involved in regulating prostate function. The coexpression of
GH and its receptor demonstrated by Chopin and colleagues113 would enable an
autocrine-paracrine pathway to exist in the prostate that would be able to stimulate
prostate growth, either directly or indirectly via IGF production.

Briefly, scientific evidence suggests a multifactorial general hypothesis of
prostate carcinogenesis, with androgens acting via androgen receptor-mediated
mechanisms to enhance the carcinogenic activity of strong endogenous genotoxic
carcinogens, such as reactive estrogen metabolites. In addition, the body of
evidence is growing for a role of the IGF family members. In this hypothesis, all
of these processes are modulated by a variety of environmental factors and genetic
determinants.107

1.3.3 GENETIC FACTORS

Familial aggregation (at least two cases in the family) is observed in about 20%
of cases and a hereditary form of prostate cancer in 5%. This proportion increases
with younger age at diagnosis. Familial types of prostate cancer account for about
40% of patients who present younger than 55 years and for up to 9% of those
presenting at 85 years or older.114

1.3.4 DIETARY COMPONENTS

Given that dietary components are extensively discussed in subsequent chapters,
the reader will easily find a clear referral to the role of vitamin D, dietary fat
intake, selenium, vitamin E, and lycopene in affecting prostate cancer risk in the
subsequent chapter of this book.

1.4 COLORECTAL CANCER

Because of their biological and epidemiologic similarities, colon and rectal can-
cers are often considered as a single disease entity. The progression of colorectal
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cancers from an early precancerous lesion (adenomatous polyps) to an invasive
cancer has been well described at histologic and even molecular levels. Screening
strategies for early detection have been successfully developed115 and imple-
mented on a large scale with subsequent declines seen in both incidence and
mortality rates. Around the world, incidence rates for colorectal cancer can vary
by as much as 20-fold. Currently, the highest incidence rates for colorectal cancer
are reported in Australia and New Zealand, parts of Eastern and Northern Europe,
and the U.S., whereas the lowest rates are reported in Africa and Asia.5 In some
low-incidence countries in Asia, colorectal cancer incidence appears to be increas-
ing as lifestyles become increasingly Westernized. The incidence of colonic
cancers varies internationally to a greater extent than that of rectal cancers. Rectal
cancer is usually more common in males at all ages, with an age-standardized
male:female incidence ratio of 1.5 to 2.0. In areas with low colon cancer incidence
rates, such as India and Senegal, the rates for rectal cancer may exceed those for
colon cancer.116 Countries in which colon cancer incidence is high have a higher
proportion of sigmoid cancers, while in countries with low incidence rates,
cancers of cecum and ascendant colon predominate.117

In the U.S., colorectal cancer is the third leading cancer diagnosis and the
third leading cause of cancer-related deaths among both men and women. Esti-
mates for 2004 predict 106,370 new cases of colon cancer and 40,570 new cases
of rectal cancer. Incidence rates have declined continuously from 1985 to 2000
and this may be attributable to increased screening and removal of precancerous
polyps. Mortality attributed to colorectal cancer has declined in both men and
women over this period, reflecting a concurrent fall in disease incidence and
improvements in treatment and survival.118

The risk of colorectal cancer increases with age, with most cases diagnosed
after age 50. In high-incidence countries like the U.S., age-specific incidence
rates are higher among women, until about age 60, when they are outstripped by
those for men.119 Migrant studies have consistently demonstrated that risk of
colorectal cancer changes quickly among those who move from low-risk to high-
risk countries, within the first generation, or after 20 or more years of residence
in the adopted country.120–122 Significantly, the transition was shown to be slower
for those groups of Puerto Rican migrants who traveled back and forth between
the U.S. and their native land, suggesting that acculturation and associated envi-
ronmental and lifestyle exposures are involved in the transition.121 These findings
suggest the importance of environmental factors in the development of colorectal
cancer.117

In the U.S., colorectal cancer incidence and mortality rates vary among
racial/ethnic groups. African Americans have the highest incidence of colorectal
cancer of any racial/ethnic group. Compared with whites, African Americans are
diagnosed with this disease at a younger age and have higher rates of proximal
cancers. In contrast, Hispanics, Asian Americans, and native Americans have the
lowest risk for colorectal cancers.6 These differences may be due to differences
in diet, physical activity, and smoking rates among different racial/ethnic groups.
African Americans are also more likely than whites to present with late-stage
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disease perhaps due to lower screening rates and fewer diagnostic tests performed
in this group.123

1.4.1 ADENOMATOUS POLYPS

The frequency of adenomas in various populations parallels the level of colorectal
cancer incidence. The positive correlation coefficient worldwide for men and
women combined is about 0.7. The malignant potential of an adenoma may be
predicted by its size, the presence of high-grade dysplasia, and the predominance
of villous features over tubular features.124

1.4.2 FAMILIAL AND HEREDITARY FACTORS

Inherited conditions account for approximately 10 to 15% of colorectal carcino-
mas in the general population; these include the rare autosomal syndrome of
familial adenomatous polyposis (FAP) and the hereditary nonpolyposis colorectal
cancer (HNPCC) syndromes. HNPCC is among the most common of all cancer
predisposition syndromes and results from germ line mutations in mismatch DNA
repair genes. It is characterized by early onset-colorectal cancer, but also confers
increased risk of endometrial, gastric, and urogenital cancers.125,126

1.4.3 DIETARY FACTORS

Caloric intake and fiber deficiency have been the topics of greatest interest during
the latest years. The collected evidence about their relationship with colorectal
cancer risk is extensively illustrated in subsequent chapters of this book.

1.4.4 ROLE OF INFLAMMATION

Both case-control studies127 and prospective cohort studies128 have shown with
good consistency that aspirin users experience lower risks of colorectal cancer
compared to nonusers. These findings have emphasized the role of inflammation
in carcinogenesis, and also suggested that nonsteroidal anti-inflammatory drugs
(NSAIDs) are potential chemopreventive agents. Some randomized clinical trials
have shown that aspirin can reduce the incidence of adenomas in participants
with a history of adenomatous polyps129 and may induce regression of adenomas
in participants with FAP.130 Caution must be advised in applying this preventive
strategy since NSAIDs, and even very specific cyclooxygenase-2 (COX-2) inhib-
itors, when used regularly and at effective doses, could have adverse health effects
that tip the balance of the risk–benefit equation.131

In molecular and animal studies, hyperinsulinemia and hyperglycemia132,133

have been shown to be independent risk factors of colorectal carcinogenesis.
Insulin and IGF-1 receptors are expressed by both normal colorectal epithelial
cells and colon cancer tissue.134,135 Therefore, both premalignant and cancerous
stages can be affected by IGF-1. In a recent review, Chang and colleagues136

summarize the epidemiologic literature with respect to hyperinsulinemia and
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hyperglycemia as risk factors for colorectal cancer. According to the authors,
epidemiologic findings to date indicate a slightly increased risk of colorectal
cancer for patients with diabetes; however, there are some inconsistencies across
the study results. Possible explanations for these inconsistencies might include
inadequate information about patients’ diabetic disease and treatment status. A
greater attention toward medical history, staging and treatment for hyperinsuline-
mia and hyperglycemia might be helpful to further our understanding of the role
of hyperinsulinemia and hyperglycemia in colorectal carcinogenesis.136

ACKNOWLEDGMENTS

Partly supported by the American Italian Cancer Foundation (AICF).

REFERENCES

1. Rothman KJ, Greenland S. Measures of disease frequency. In: Rothman KJ,
Greenland S, eds. Modern Epidemiology. Philadelphia: Lippincott/Williams &
Wilkins; 1998:29–46.

2. Caporaso N, Goldstein A. Issues involving biomarkers in the study of genetics of
human cancer. In: Toniolo PBP, Shuler DEG, Rothman N, Hulka B, Pearce N,
eds. IARC Scientific Publications. Vol. 142. Lyon, France: International Agency
for Research on Cancer; 1997:237–250.

3. Strong L, Amos C. Inherited susceptibility. In: Fraumeni, JF, Schottenfeld, D, eds.
Cancer Epidemiology and Prevention. 2nd ed. New York: Oxford University Press;
1996: 559–583.

4. Zheng W. Epidemiologic studies of genetic factors for cancer. In: Nasca PC,
Pastides H, eds. Fundamentals of Cancer Epidemiology. Gaithersburg, MD:
Aspen; 2001:103–121.

5. Ferlay J, Bray F, Pisani P, Parkin DM. GLOBOCAN 2002: Cancer Incidence,
Mortality and Prevalence Worldwide, Version 2.0. In: IARC CancerBase. No 5.
Lyon, France: IARC Press; 2004.

6. Jemal A, Clegg LX, Ward E, Ries LA, Wu X, Jamison PM, Wingo PA, Howe HL,
Anderson RN, Edwards BK. Annual report to the nation on the status of cancer,
1975–2001, with a special feature regarding survival. Cancer 2004; 101(1):3–27.

7. Nasseri K. Secular trends in the incidence of female breast cancer in the United
States, 1973–1998. Breast J 2004; 10(4):380–380.

8. Ghafoor A, Jemal A, Ward E, Cokkinides V, Smith R, Thun M. Trends in breast
cancer by race and ethnicity. CA Cancer J Clin 2003; 53(6):342–355.

9. Mariotto A, Feuer EJ, Harlan LC, Wun LM, Johnson KA, Abrams J. Trends in
use of adjuvant multi-agent chemotherapy and tamoxifen for breast cancer in the
United States: 1975–1999. J Natl Cancer Inst 2002; 94(21):1626–1634.

10. Pike MC. Age-related factors in cancers of the breast, ovary, and endometrium.
J Chronic Dis 1987; 40 Suppl 2:59S–69S.

11. Stewart SL, King JB, Thompson TD, Friedman C, Wingo PA. Cancer mortality
surveillance — United States, 1990–2000. MMWR Surveill Summ 2004;
53(3):1–108.



18 Nutrition and Cancer Prevention

12. Chu KC, Lamar CA, Freeman HP. Racial disparities in breast carcinoma survival
rates: separating factors that affect diagnosis from factors that affect treatment.
Cancer 2003; 97(11):2853–2860.

13. Shimizu H, Ross RK, Bernstein L, Yatani R, Henderson BE, Mack TM. Cancers
of the prostate and breast among Japanese and white immigrants in Los Angeles
County. Br J Cancer 1991; 63(6):963–966.

14. Hunter DJ, Spiegelman D, Adami HO, van den Brandt PA, Folsom AR, Goldbohm
RA, Graham S, Howe GR, Kushi LH, Marshall JR et al. Non-dietary factors as
risk factors for breast cancer, and as effect modifiers of the association of fat
intake and risk of breast cancer. Cancer Causes Control 1997; 8(1):49–56.

15. Apter D, Reinila M, Vihko R. Some endocrine characteristics of early menarche,
a risk factor for breast cancer, are preserved into adulthood. Int J Cancer 1989;
44(5):783–787.

16. Apter D, Vihko R. Early menarche, a risk factor for breast cancer, indicates early
onset of ovulatory cycles. J Clin Endocrinol Metab 1983; 57(1):82–86.

17. Henderson BE, Ross RK, Judd HL, Krailo MD, Pike MC. Do regular ovulatory
cycles increase breast cancer risk? Cancer 1985; 56(5):1206–1208.

18. Trichopolous D, MacMahon B. The menopause and breast cancer risk. J Natl
Cancer Inst 1972; 48:605.

19. Rosner B, Colditz GA, Willett WC. Reproductive risk factors in a prospective
study of breast cancer: the Nurses’ Health Study. Am J Epidemiol 1994;
139(8):819–835.

20. MacMahon B, Cole P, Lin TM, Lowe CR, Mirra AP, Ravnihar B, Salber EJ,
Valaoras VG, Yuasa S. Age at first birth and breast cancer risk. Bull World Health
Organ 1970; 43(2):209–221.

21. Lambe M, Hsieh C, Tsaih S, Ekbom A, Adami HO, Trichopoulos D. Maternal
risk of breast cancer following multiple births: a nationwide study in Sweden.
Cancer Causes Control 1996; 7(5):533–538.

22. Medina D, Sivaraman L, Hilsenbeck SG, Conneely O, Ginger M, Rosen J, Omalle
BW. Mechanisms of hormonal prevention of breast cancer. Ann NY Acad Sci 2001;
952:23–35.

23. Yu MC, Gerkins VR, Henderson BE, Brown JB, Pike MC. Elevated levels of
prolactin in nulliparous women. Br J Cancer 1981; 43(6):826–831.

24. Bernstein L, Pike MC, Ross RK, Judd HL, Brown JB, Henderson BE. Estrogen
and sex hormone-binding globulin levels in nulliparous and parous women. J Natl
Cancer Inst 1985; 74(4):741–745.

25. Collaborative Group on Hormonal Factors in Breast Cancer: Breast cancer and
breastfeeding: collaborative reanalysis of individual data from 47 epidemiological
studies in 30 countries, including 50302 women with breast cancer and 96973
women without the disease. Lancet 2002; 360(9328):187–195.

26. Terry PD, Rohan TE. Cigarette smoking and the risk of breast cancer in women:
a review of the literature. Cancer Epidemiol Biomarkers Prev 2002; 11(10 Pt
1):953–971.

27. Band PR, Le ND, Fang R, Deschamps M. Carcinogenic and endocrine disrupting
effects of cigarette smoke and risk of breast cancer. Lancet 2002;
360(9339):1044–1049.

28. Barrett-Connor E. Smoking and endogenous sex hormones in men and women.
In: Wald N, Baron JA, eds. Smoking and Hormonal-Related Disorders Oxford:
Oxford University Press; 1990:183–196.



Epidemiology of Breast, Prostate, and Colon Cancers 19

29. Sanderson M, Williams MA, Malone KE, Stanford JL, Emanuel I, White E, Daling
JR. Perinatal factors and risk of breast cancer. Epidemiology 1996; 7(1):34–37.

30. Janerich DT, Hayden CL, Thompson WD, Selenskas SL, Mettlin C. Epidemiologic
evidence of perinatal influence in the etiology of adult cancers. J Clin Epidemiol
1989; 42(2):151–157.

31. Rothman KJ, MacMahon B, Lin TM, Lowe CR, Mirra AP, Ravnihar B, Salber
EJ, Trichopoulos D, Yuasa S. Maternal age and birth rank of women with breast
cancer. J Natl Cancer Inst 1980; 65(4):719–722.

32. Gerhard I, Fitzer C, Klinga K, Rahman N, Runnebaum B. Estrogen screening in
evaluation of fetal outcome and infant’s development. J Perinat Med 1986;
14(5):279–291.

33. Weiss HA, Potischman NA, Brinton LA, Brogan D, Coates RJ, Gammon MD,
Malone KE, Schoenberg JB. Prenatal and perinatal risk factors for breast cancer
in young women. Epidemiology 1997; 8(2):181–187.

34. Brinton LA, Hoover R, Fraumeni JF Jr. Reproductive factors in the aetiology of
breast cancer. Br J Cancer 1983; 47(6):757–762.

35. Freudenheim JL, Marshall JR, Graham S, Laughlin R, Vena JE, Bandera E, Muti
P, Swanson M, Nemoto T. Exposure to breastmilk in infancy and the risk of breast
cancer. Epidemiology 1994; 5(3):324–331.

36. Collaborative Group on Hormonal Factors in Breast Cancer. Breast cancer and
endogenous sex hormones in postmenopausal women: a collaborative re-analysis
of data on 650 cases and 1700 controls from nine prospective studies. J Natl
Cancer Inst, manuscript accepted.

37. Endogenous Hormones and Breast Cancer Collaborative Group. Breast Cancer
and Endogenous Sex Hormones in Postmenopausal Women: a collaborative re-
analysis of data on 650 cases and 1700 controls from nine prospective studies. J
Natl Cancer Inst, in press.

38. Helzlsouer KJ, Alberg AJ, Bush TL, Longcope C, Gordon GB, Comstock GW. A
prospective study of endogenous hormones and breast cancer. Cancer Detect Prev
1994; 18(2):79–85.

39. Wysowski DK, Comstock GW, Helsing KJ, Lau HL. Sex hormone levels in serum
in relation to the development of breast cancer. Am J Epidemiol 1987;
125(5):791–799.

40. Rosenberg CR, Pasternack BS, Shore RE, Koenig KL, Toniolo PG. Premenopausal
estradiol levels and the risk of breast cancer: a new method of controlling for day
of the menstrual cycle. Am J Epidemiol 1994; 140(6):518–525.

41. Kabuto M, Akiba S, Stevens RG, Neriishi K, Land CE. A prospective study of
estradiol and breast cancer in Japanese women. Cancer Epidemiol Biomarkers
Prev 2000; 9(6):575–579.

42. Key TJ, Wang DY, Brown JB, Hermon C, Allen DS, Moore JW, Bulbrook RD,
Fentiman IS, Pike MC. A prospective study of urinary oestrogen excretion and
breast cancer risk. Br J Cancer 1996; 73(12):1615–1619.

43. Thomas HV, Key TJ, Allen DS, Moore JW, Dowsett M, Fentiman IS, Wang DY.
A prospective study of endogenous serum hormone concentrations and breast
cancer risk in premenopausal women on the island of Guernsey. Br J Cancer
1997; 75(7):1075–1079.

44. Preston-Martin S, Pike MC, Ross RK, Jones PA, Henderson BE. Increased cell
division as a cause of human cancer. Cancer Res 1990; 50(23):7415–7421.



20 Nutrition and Cancer Prevention

45. Yue W, Wang JP, Conaway M, Masamura S, Li Y, Santen RJ. Activation of the
MAPK pathway enhances sensitivity of MCF-7 breast cancer cells to the mito-
genic effect of estradiol. Endocrinology 2002; 143(9):3221–3229.

46. Cavalieri E, Frenkel K, Liehr JG, Rogan E, Roy D. Estrogens as endogenous
genotoxic agents — DNA adducts and mutations. J Natl Cancer Inst Monogr
2000; 27:75–93.

47. Milazzo G, Giorgino F, Damante G, Sung C, Stampfer MR, Vigneri R, Goldfine
ID, Belfiore A. Insulin receptor expression and function in human breast cancer
cell lines. Cancer Res 1992; 52(14):3924–3930.

48. Osborne CK, Clemmons DR, Arteaga CL. Regulation of breast cancer growth by
insulin-like growth factors. J Steroid Biochem Mol Biol 1990; 37(6):805–809.

49. Jernstrom H, Deal C, Wilkin F, Chu W, Tao Y, Majeed N, Hudson T, Narod SA,
Pollak M. Genetic and nongenetic factors associated with variation of plasma
levels of insulin-like growth factor-I and insulin-like growth factor-binding pro-
tein-3 in healthy premenopausal women. Cancer Epidemiol Biomarkers Prev
2001; 10(4):377–384.

50. Muti P, Quattrin T, Grant BJ, Krogh V, Micheli A, Schunemann HJ, Ram M,
Freudenheim JL, Sieri S, Trevisan M et al. Fasting glucose is a risk factor for
breast cancer: a prospective study. Cancer Epidemiol Biomarkers Prev 2002;
11(11):1361–1368.

51. Toniolo P, Bruning PF, Akhmedkhanov A, Bonfrer JM, Koenig KL, Lukanova A,
Shore RE, Zeleniuch-Jacquotte A. Serum insulin-like growth factor-I and breast
cancer. Int J Cancer 2000; 88(5):828–832.

52. Krajcik RA, Borofsky ND, Massardo S, Orentreich N. Insulin-like growth factor
I (IGF-I), IGF-binding proteins, and breast cancer. Cancer Epidemiol Biomarkers
Prev 2002; 11(12):1566–1573.

53. Hankinson SE, Willett WC, Colditz GA, Hunter DJ, Michaud DS, Deroo B, Rosner
B, Speizer FE, Pollak M. Circulating concentrations of insulin-like growth factor-
I and risk of breast cancer. Lancet 1998; 351(9113):1393–1396.

54. Anisimov VN. The role of the pineal gland in breast cancer development. Crit
Rev Oncol Hematol 2003; 46(3):221–234.

55. Brzezinski A. Mechanisms of disease: melatonin in humans. N Engl J Med 1997;
336(3):186–195.

56. Blask D, Hill S. Effects of melatonin on cancer studies; studies of MCF-7 human
breast cancer cells in culture. J Neural Transm Suppl 1986; 21:433–449.

57. Hill S, Blask D. Effects of the pineal hormone melatonin on the proliferation and
morphological characteristics of human breast cancer cells (MCF-7) in culture.
Cancer Res 1988; 48:6121–6126.

58. Tamarkin L, Danforth D, Lichter A, et al. Decreased nocturnal plasma melatonin
peak in patients with estrogen receptor positive breast cancer. Science 1982;
216:1003–1005.

59. Reiter RJ, Calvo JR, Karbownik M, Qi W, Tan DX. Melatonin and its relation to
the immune system and inflammation. Ann N Y Acad Sci 2000; 917:376–386.

60. Hansen J. Increased breast cancer risk among women who work predominantly
at night. Epidemiology 2001; 12:74–77.

61. Reiter R. Electromagnetic fields and melatonin production. Biomed Pharmacother
1993; 47:439–444.

62. Glickman G, Levin R, Brainard G. Ocular input for human melatonin regulation:
relevance to breast cancer. Neuroendocrinol Lett 2002; 23(Suppl 2):17–22.



Epidemiology of Breast, Prostate, and Colon Cancers 21

63. Erren TC, Piekarski C. Does winter darkness in the Artic protect against cancer?
The melatonin hypothesis revisited. Med Hypotheses 1999; 53(1):1–5.

64. Feychting M, Osterlund B, Ahlbom A. Reduced cancer incidence among the blind.
Epidemiology 1998; 9(5):490–494.

65. Verkasalo PK, Pukkala E, Kaprio J, Heikkila KV, Koskenvuo M. Magnetic fields
of high voltage power lines and risk of cancer in Finnish adults: nationwide cohort
study. Br Med J 1996; 313(7064):1047–1051.

66. Travis RC, Allen DS, Fentiman IS, Key TJ. Melatonin and breast cancer: a
prospective study. J Natl Cancer Inst 2004; 96(6):475–482.

67. Perks CM, Keith AJ, Goodhew KL, Savage PB, Winters ZE, Holly JMP. Prolactin
acts as a potent survival factor for human breast cancer cell lines. Br J Cancer
2004; 91:305–311.

68. Wennbo H, Tornell J. The role of prolactin and growth hormone in breast cancer.
Oncology 2000; 19(8):966–967.

69. Hankinson SE, Willett WC, Michaud DS, Manson JE, G.A. C, Longcope C,
Rosner B, Speizer FE. Plasma prolactin levels and subsequent risk of breast cancer
in postmenopausal women. J Natl Cancer Inst 1999; 91:629–634.

70. Maskarinec G, Williams AE, Kaaks R. A cross-sectional investigation of breast
density and insulin-like growth factor 1. Int J Cancer 2003; 107:991–996.

71. Gutzman JH, Miller KK, Schuler LA. Endogenous human prolactin and not
exogenous human prolactin induces estrogen receptor alpha and prolactin receptor
expression and increases estrogen responsiveness in breast cancer cells. J Steroid
Biochem Mol Biol 2004; 88:69–77.

72. Tworoger SS, Eliassen H, Rosner B, Sluss P, Hankinson SE. Plasma prolactin
concentrations and risk of postmenopausal breast cancer. Cancer Res 2004;
64:6814–6819.

73. Manjer J, Johansson R, Berglund G, Janzon L, Kaaks R, Agren A, Lenner P.
Postmenopausal breast cancer risk in relation to sex steroid hormones, prolactin,
and SHBG. Cancer Causes Control 2003; 14(7):599–607.

74. Bernstein L, Ross RK. Endogenous hormones and breast cancer risk. Epidemiol
Rev 1993; 15:48–65.

75. Collaborative Group on Hormonal Factors in Breast Cancer. Breast cancer and
hormonal contraceptives: collaborative reanalysis of individual data on 53,297
women with breast cancer and 100,239 women without breast cancer from 54
epidemiological studies. Lancet 1996; 347:1713–1727.

76. Collaborative Group on Hormonal Factors in Breast Cancer. Breast cancer and
hormonal contraceptives: further results [Review]. Contraception 1996; 54(3
Suppl):1S–106S.

77. Hankinson SE, Hunter D. Breast Cancer. In: Adami HO, Hunter D, Trichopoulos
D, eds. Textbook of Cancer Epidemiology. New York: Oxford University Press;
2002.

78. Marchbanks PA, McDonald JA, Wilson JG, Folger SG, Mandel MC, Daling JR
et al. Oral contraceptives and the risk of breast cancer. N Engl J Med 2002;
346(26):2052–2032.

78a. Victory R, D’Souza C, Diamond MP, McNeely SG, Vista-Deck D, Hendrix S.
Reduced cancer risks in oral contraceptive users: results from the Women’s Health
Initiative. Fertil Steril 2004; 82(2 Suppl): S104–105.



22 Nutrition and Cancer Prevention

79. Norman SA, Berlin JA, Weber AL, Strom BL, Daling JR, Weiss LK, Marchbanks
PA, Bernstein L, Voight LF, McDonald JA et al. Combined effect of oral contra-
ceptive use and hormone replacement therapy on breast cancer risk in postmeno-
pausal women. Cancer Causes Control 2003; 14:933–943.

80. Schairer C, Lubin J, Troisi R, Sturgeon S, Brinton L, Hoover R. Menopausal
estrogen and estrogen-progestin replacement therapy and breast cancer risk. J Am
Med Assoc 2000; 283:485–491.

81. Colditz GA, Rosner B. Cumulative risk of breast cancer to age 70 years according
to risk factor status: data from Nurses Health Study. Am J Epidemiol 2000;
152:950–964.

82. Nelson HD, Humphrey LL, Nygren P, Teutsch SM, Allan JD. Postmenopausal
hormone replacement therapy. Scientific Review. J Am Med Assoc 2002;
288(7):872–881.

83. Chlebowski RT, Hendrix SL, Langer RD, Stefanick ML, Gass M, Lane D, Rod-
abough RJ, Gilligan MA, Cyr MG, Thomson CA et al. Influence of estrogen plus
progestin on breast cancer and mammography in healthy postmenopausal women.
The Women’s Health Initiative Randomized Trial. J Am Med Assoc 2003;
289(24):3243–3253.

84. Sendag F, Terek MC, Ozsener S, Oztekin K, Bilgin O, Bilgen I, Memis A.
Mammographic density changes during different postmenopausal hormone
replacement therapies. Fertil Steril 2001; 76(3):445–450.

85. Greendale GA, Reboussin BA, Slone S, Wasilauskas C, Pike MC, Ursin G.
Postmenopausal hormone therapy and change in mammographic density. J Natl
Cancer Inst 2003; 95(1):30–37.

86. Madigan MP, Ziegler RG, Benichou J, Byrne C, Hoover RN. Proportion of breast
cancer cases in the United States explained by well-established risk factors. J Natl
Cancer Inst 1995; 87(22):1681–1685.

87. Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, Tavtigian S, Liu
Q, Cochran C, Bennett LM, Ding W. A strong candidate for the breast and ovarian
cancer susceptibility gene BRCA1. Science 1994; 266(5182):66–71.

88. Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, Collins N, Gregory
S, Gumbs C, Micklem G. Identification of the breast cancer susceptibility gene
BRCA2. Nature 1995; 378(6559):789–792.

89. Thompson D, Easton DF. Cancer Incidence in BRCA1 mutation carriers. J Natl
Cancer Inst 2002; 94(18):1358–1365.

90. Ford D, Easton DF, Peto J. Estimates of the gene frequency of BRCA1 and its
contribution to breast and ovarian cancer incidence. Am J Hum Genet 1995;
57(6):1457–1462.

91. Schnitt SJ. Benign breast disease and breast cancer risk: morphology and beyond.
Am J Surg Pathol 2003; 27(6):836–841.

92. Wang J, Costantino JP, Tan-Chiu E, Wickerham DL, Paik S, Wolmark N. Lower-
category benign breast disease and the risk of invasive breast cancer. J Natl Cancer
Inst 2004; 96(8):616–620.

93. Boyd N, Lockwood G, Byng J, Tritchler D, Yaffe M. Mammographic densities
and breast cancer risk. Cancer Epidemiol Biomarkers Prev 1998; 7:1133–1144.

94. Thurfjell E. Breast density and the risk of breast cancer. N Engl J Med 2002;
347(12):866.

95. Harvey JA, Bovbjerg VE. Quantitative assessment of mammographic breast den-
sity: relationship with breast cancer risk. Radiology 2004; 230(1):29–41.



Epidemiology of Breast, Prostate, and Colon Cancers 23

96. Weir HK, Thun MJ, Hankey BF, Ries LA, Howe HL, Wingo PA, Jemal A, Ward
E, Anderson RN, Edwards BK. Annual report to the nation on the status of cancer,
1975–2000, featuring the uses of surveillance data for cancer prevention and
control. J Natl Cancer Inst 2003; 95(17):1276–1299.

97. Ries LA, Wingo PA, Miller DS, Howe HL, Weir HK, Rosenberg HM, Vernon
SW, Cronin K, Edwards BK. The annual report to the nation on the status of
cancer, 1973–1997, with a special section on colorectal cancer. Cancer 2000;
88(10):2398–2424.

98. Hsing AW, Devesa SS. Trends and patterns of prostate cancer: what do they
suggest? Epidemiol Rev 2001; 23(1):3–13.

99. Gronberg H. Prostate cancer epidemiology. Lancet 2003; 361(9360):859–864.
100. Cancer Incidence in Five Continents, vol. VII. Lyon, France: IARC Scientific

Publications; 1997.
101. Ries LAG, Eisner M, Kosary CL et al. SEER Cancer Statistics Review. Bethesda,

MD: National Cancer Institute; 2002:973–999.
102. SEER Cancer Statistics Review, 1973–1998. Bethesda, MD: National Cancer

Institute; 2001.
103. Chu KC, Tarone RE, Freeman HP. Trends in prostate cancer mortality among

black men and white men in the United States. Cancer 2003; 97(6):1507–1516.
104. Gilligan T, Wang PS, Levin R, Kantoff PW, Avorn J. Racial differences in screen-

ing for prostate cancer in the elderly. Arch Intern Med 2004; 164(17):1858–1864.
105. Shavers VL, Brown ML. Racial and ethnic disparities in the receipt of cancer

treatment. J Natl Cancer Inst 2002; 94(5):334–357.
106. Stat bite. Distant-stage prostate cancer diagnoses by ethnicity and socioeconomic

status. J Natl Cancer Inst 2003; 95(19):1432.
107. Bosland MC. The role of steroid hormones in prostate carcinogenesis. J Natl

Cancer Inst Monogr 2000; (27):39–66.
108. Castagnetta LA, Miceli MD, Sorci CM, Pfeffer U, Farruggio R, Oliveri G, Calabro

M, Carruba G. Growth of LNCaP human prostate cancer cells is stimulated by
estradiol via its own receptor. Endocrinology 1995; 136(5):2309–2319.

109. Carruba G, Miceli MD, Comito L, Farruggio R, Sorci CM, Oliveri G, Amodio R,
di Falco M, d’Amico D, Castagnetta LA. Multiple estrogen function in human
prostate cancer cells. Ann NY Acad Sci 1996; 784:70–84.

110. Muti P, Westerlind K, Wu T, Grimaldi T, De Berry J 3rd, Schunemann H, Freuden-
heim JL, Hill H, Carruba G, Bradlow L. Urinary estrogen metabolites and prostate
cancer: a case-control study in the United States. Cancer Causes Control 2002;
13(10):947–955.

111. Stattin P, Rinaldi S, Biessy C, Stenman UH, Hallmans G, Kaaks R. High levels
of circulating insulin-like growth factor-I increase prostate cancer risk: a prospec-
tive study in a population-based nonscreened cohort. J Clin Oncol 2004;
22(15):3104–3112.

112. Lacey JV Jr, Hsing AW, Fillmore CM, Hoffman S, Helzlsouer KJ, Comstock GW.
Null association between insulin-like growth factors, insulin-like growth factor-
binding proteins, and prostate cancer in a prospective study. Cancer Epidemiol
Biomarkers Prev 2001; 10(10):1101–1102.

113. Chopin LK, Veveris-Lowe TL, Philipps AF, Herington AC. Co-expression of GH
and GHR isoforms in prostate cancer cell lines. Growth Horm IGF Res 2002;
12(2):126–136.



24 Nutrition and Cancer Prevention

114. Carter BS, Bova GS, Beaty TH, Steinberg GD, Childs B, Isaacs WB, Walsh PC.
Hereditary prostate cancer: epidemiologic and clinical features. J Urol 1993;
150(3):797–802.

115. Smith RA, Cokkinides V, Eyre HJ. American Cancer Society guidelines for the
early detection of cancer, 2004. CA Cancer J Clin 2004; 54(1):41–52.

116. Parkin DM. Cancer incidence in five continents. In: Whelan SL, Parkin DM,
Masuyer E, Smans M, eds. IARC Scientific Publications, No. 120. New York:
Oxford University Press; 1992:xviii.

117. Schottenfeld D, Winawer SJ. Cancers of the large intestine. In: Schottenfeld D,
Joseph F. Fraumeni J, eds. Cancer Epidemiology and Prevention. 2nd ed. New
York: Oxford University Press; 1996:813–840.

118. Cancer Facts and Figures, 2004. Atlanta, GA: American Cancer Society;
2004:1–56.

119. Kune S, Kune GA, Watson L. The Melbourne colorectal cancer study: incidence
findings by age, sex, site, migrants and religion. Int J Epidemiol 1986;
15(4):483–493.

120. Whittemore AS, Zheng S, Wu A, Wu ML, Fingar T, Jiao DA, Ling CD, Bao JL,
Henderson BE, Paffenbarger RS Jr. Colorectal cancer in Chinese and Chinese-
Americans. Natl Cancer Inst Monogr 1985; 69:43–46.

121. Warshauer ME, Silverman DT, Schottenfeld D, Pollack ES. Stomach and colorec-
tal cancers in Puerto Rican-born residents of New York City. J Natl Cancer Inst
1986; 76(4):591–595.

122. Moradi T, Delfino RJ, Bergstrom SR, Yu ES, Adami HO, Yuen J. Cancer risk
among Scandinavian immigrants in the US and Scandinavian residents compared
with US whites, 1973–89. Eur J Cancer Prev 1998; 7(2):117–125.

123. Gornick ME, Eggers PW, Riley GF. Associations of race, education, and patterns
of preventive service use with stage of cancer at time of diagnosis. Health Serv
Res 2004; 39(5):1403–1427.

124. Simons BD, Morrison AS, Lev R, Verhoek-Oftedahl W. Relationship of polyps
to cancer of the large intestine. J Natl Cancer Inst 1992; 84(12):962–966.

125. Lynch HT, Schuelke GS, Kimberling WJ, Albano WA, Lynch JF, Biscone KA,
Lipkin ML, Deschner EE, Mikol YB, Sandberg AA et al. Hereditary nonpolyposis
colorectal cancer (Lynch syndromes I and II). II. Biomarker studies. Cancer 1985;
56(4):939–951.

126. Peltomaki P, Aaltonen LA, Sistonen P, Pylkkanen L, Mecklin JP, Jarvinen H,
Green JS, Jass JR, Weber JL, Leach FS et al. Genetic mapping of a locus predis-
posing to human colorectal cancer. Science 1993; 260(5109):810–812.

127. Rosenberg L, Louik C, Shapiro S. Nonsteroidal antiinflammatory drug use and
reduced risk of large bowel carcinoma. Cancer 1998; 82(12):2326–2333.

128. Garcia Rodriguez LA, Huerta-Alvarez C. Reduced incidence of colorectal ade-
noma among long-term users of nonsteroidal antiinflammatory drugs: a pooled
analysis of published studies and a new population-based study. Epidemiology
2000; 11(4):376–381.

129. Tangrea JA, Albert PS, Lanza E, Woodson K, Corle D, Hasson M, Burt R, Caan
B, Paskett E, Iber F et al. Non-steroidal anti-inflammatory drug use is associated
with reduction in recurrence of advanced and non-advanced colorectal adenomas
(United States). Cancer Causes Control 2003; 14(5):403–411.



Epidemiology of Breast, Prostate, and Colon Cancers 25

130. Asano TK, McLeod RS. Non steroidal anti-inflammatory drugs (NSAID) and
aspirin for preventing colorectal adenomas and carcinomas. Cochrane Database
Syst Rev 2004; 2:CD004079.

131. Singh D. Merck withdraws arthritis drug worldwide. Br Med J 2004;
329(7470):816.

132. McKeown-Eyssen G. Epidemiology of colorectal cancer revisited: are serum
triglycerides and/or plasma glucose associated with risk? Cancer Epidemiol Bio-
markers Prev 1994; 3(8):687–695.

133. Giovannucci E. Insulin and colon cancer. Cancer Causes Control 1995;
6(2):164–179.

134. MacDonald RS, Thornton WH Jr., Bean TL. Insulin and IGE-1 receptors in a
human intestinal adenocarcinoma cell line (CACO-2): regulation of Na+ glucose
transport across the brush border. J Recept Res 1993; 13(7):1093–1113.

135. Guo YS, Narayan S, Yallampalli C, Singh P. Characterization of insulinlike
growth factor I receptors in human colon cancer. Gastroenterology 1992;
102(4 Pt 1):1101–1108.

136. Chang CK, Ulrich CM. Hyperinsulinaemia and hyperglycaemia: possible risk
factors of colorectal cancer among diabetic patients. Diabetologia 2003;
46(5):595–607.



 



27

2 How Dietary 
Components Protect 
from Cancer

Diane M. Harris and Vay Liang W. Go

CONTENTS

2.1 Introduction................................................................................................28
2.2 Evidence Linking Diet to Cancer .............................................................28
2.3 Bioactive Dietary Components .................................................................29
2.4 Pathogenesis of Cancer — Acquired Capabilities....................................32
2.5 Molecular Targets for Chemopreventive Action of Dietary 

Components ...............................................................................................35
2.5.1 Inhibition of Cellular Replication .................................................35
2.5.2 Increased Response to Antigrowth Signals and Induction of 

Differentiation................................................................................40
2.5.3 Enhancement of Apoptosis............................................................41
2.5.4 Induction of Senescence................................................................42
2.5.5 Inhibition of Angiogenesis ............................................................43
2.5.6 Inhibition of Tissue Invasion and Metastasis................................43
2.5.7 Increased Antioxidant Capacity and Genomic Stability...............44
2.5.8 Other Mechanisms.........................................................................45

2.5.8.1 Inflammation ..................................................................45
2.5.8.2 Carcinogen Activation/Detoxification by Xenobiotic 

Metabolizing Enzymes...................................................46
2.5.8.3 Epigenetic Events...........................................................47

2.6 Example of Pleiotropic Actions of Nutrients — Vitamin D in Colon 
Cancer ........................................................................................................48

2.7 Implications ...............................................................................................50
Acknowledgments ...............................................................................................52
References ...........................................................................................................52



28 Nutrition and Cancer Prevention

2.1 INTRODUCTION

Cancer is a chronic disease of the genome that may be influenced at many stages
in its natural history by nutritional factors that affect not only the prevention but
also the progression and treatment of this devastating disease. The cancer phe-
notype is the result of the interaction of both genetic and environmental influ-
ences; the evidence for this is drawn on studies of human populations as well as
from animal experiments that model the process of carcinogenesis.1 Perhaps the
strongest environmental influence is that of diet. It is estimated that up to 80%
of colon, breast, and prostate cancer cases and one third of all cancer cases may
be influenced by diet and associated lifestyle factors.2 As our understanding of
the pathogenesis of cancer progresses, we can better define the specific sites at
which individual nutrients may influence the development of cancer.

2.2 EVIDENCE LINKING DIET TO CANCER

Chapter 1 describes the worldwide epidemiology of cancer. The estimated inci-
dence rates for various cancers worldwide in 2002 found lung, colon/rectum, and
stomach to be the most common cancers in both men and women, as well as
prostate and liver cancer in men, and breast and cervical cancer in women.3 The
pattern of cancer distribution based on incidence and mortality rates varies geo-
graphically. In general, the predominant cancers in economically developing
countries contrast to those in the industrially developed world. For Asia, Africa,
and Latin America, there is a relatively high rate of cancer of the upper aerodi-
gestive tract, stomach, liver, and cervix, whereas in Europe and North America
there is a relatively high rate of cancer of the colon/rectum, breast, and prostate.
These “Western” cancers have a strong environmental component, with diet and
lifestyle factors particularly important, while in developing countries, infections
with such agents as viral hepatitis and Helicobacter pylori play a key role. The
geographic pattern differences in tumor incidence, prevalence, and natural history
as related to food, diet, nutrition, and related lifestyle factors have been exten-
sively reviewed by the World Cancer Research Fund and the American Institute
for Cancer Research (AICR) and published in an expert report in 1997.2 An
updated second report is due in 2007.

Epidemiological studies in the U.S. have defined certain specific dietary
factors as having highest impact on reduction of cancer risk. The most consistent
relationship is an inverse relationship between cancer risk and intake of vegetables
and fruits. Additional dietary factors with evidence for decreased cancer risk
include whole grains, dietary fiber, certain micronutrients (e.g., selenium, vitamin
E, vitamin D, and calcium), and certain types of fat (e.g., n-3 fatty acids, partic-
ularly n-3/n-6 ratios), as well as physical activity. Other diet-related factors that
increase risk include high intakes of total fat and other types of fat (e.g., saturated
fat), alcohol, certain food preparation methods such as smoking, salting, and
pickling foods, and high-temperature cooking of meats, as well as obesity (high
body mass index).4 Results from these studies have led to organizations such as
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the AICR to compile specific dietary recommendations for individuals to reduce
cancer risk. These general guidelines advise a reduction in fat intake (especially
from animal sources), an increase in fiber intake and inclusion of a variety of
vegetables and fruits in the daily diet, increased physical activity and maintenance
of healthy body weight, moderation in alcoholic beverage intake, and minimiza-
tion of salt-cured, salt-pickled, or smoked food.2,4 Indeed, recent data from the
Iowa Women’s Health Study Cohort of 29,564 women studied for 13 years suggest
that adherence to at least a subset (6 to 9) of cancer prevention recommendations
as outlined by the AICR results in a reduction in cancer incidence, and, to a lesser
extent, cancer mortality.5 Based on the wealth of epidemiological and experimen-
tal data supporting a role of diet in cancer prevention, the 2005 USDA Dietary
Guidelines for Americans are the first to include cancer prevention as an outcome
in evaluating the evidence base for setting dietary guidelines.6

2.3 BIOACTIVE DIETARY COMPONENTS

All classical nutrient categories consist of bioactive dietary components, including
carbohydrates, amino acids, fatty acids and structural lipids, minerals, and vita-
mins. In addition is an extensive list of non-nutrient components, particularly
phytochemicals, which can have anticancer activity. Phytochemicals are compo-
nents of a plant-based diet that possess substantial anticarcinogenic and antimu-
tagenic properties.7 An estimated 25,000 different chemical compounds occur in
fruits, vegetables, and other plants eaten by humans.8 They can encompass such
diverse chemical classes as carotenoids, flavonoids, organosulfur compounds,
isothiocyanates, indoles, monoterpenes, phenolic acids, and chlorophyll.9

Table 2.1 lists a sampling of bioactive compounds, most of which are discussed
more comprehensively in subsequent chapters of this book.

Cancer-preventive properties of the macronutrient (carbohydrate, protein, fat,
and fiber) and micronutrient (vitamin and mineral) components of diets have been
the object of study for a number of years, and the National Cancer Institute (NCI)
has sponsored a number of human intervention trials with individual vitamins
and minerals.10 More recently, however, research efforts have extended to the
non-nutritive phytochemicals. The NCI has determined that more than 35 plant-
based foods and 1000 individual phytochemicals possess cancer-preventive activ-
ity in cell culture and animal models.7 Well-studied food sources and represen-
tative phytochemicals include garlic (diallyl sulfide), soybeans (genistein), tur-
meric (curcumin), tomatoes (lycopene), grapes (resveratrol), green tea
(epigallocatechin-3-gallate [EGCG]), and cruciferous vegetables (such as broc-
coli, cabbage, and Brussels sprouts; indole-3-carbinol, sulforaphane).7 However,
the repertoire of chemopreventive phytochemicals is vast, and foods, dietary
supplements, and traditional herbal medicines with previously undocumented
anticancer activities are continually being identified.

When discussing the activity of chemopreventive compounds derived from
whole foods and dietary supplements, a couple of important principles should be
recognized. First, whole foods contain a plethora of different constituents, each
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TABLE 2.1 
Partial List of Bioactive Food Components with Cancer-Preventive 
Properties That Are Detailed in This Volume and Their Primary Food 
Sources

Class Example Bioactive Compounds Dietary Source

Vitamins Vitamin A Eggs, meat, dairy products, organ meats, 
fish oil

Vitamin D Dairy products, fish
Vitamin E (

 

α- and 

 

γ-tocopherol) Wheat germ, corn, nuts and seeds, 
olives, vegetable oils, leafy greens

Vitamin C Green peppers, citrus fruits and juices, 
strawberries, tomatoes, broccoli, turnip 
greens and other greens, sweet and 
white potatoes, and cantaloupe

Folic acid Beans and legumes, citrus fruits and 
juices, wheat bran and other whole 
grains, dark green leafy vegetables, 
poultry, pork, shellfish, liver

Minerals Calcium Dairy products, soybeans, spinach, kale
Selenium Fish, shellfish, red meat, grains, eggs, 

chicken, liver, garlic
Carotenoids Lycopene Tomatoes, guava, watermelon, pink 

grapefruit
Lutein Corn, egg yolks, green vegetables and 

fruits, such as broccoli, green beans, 
green peas, Brussels sprouts, cabbage, 
kale, collard greens, spinach, lettuce, 
kiwi and honeydew

 

β-Carotene Sweet potatoes, carrots, kale, spinach, 
collard greens

Phytosterols

 

β-Sitosterol Rice bran, wheat germ, corn oils, 
soybeans

Polyphenols:
Isoflavones Genistein, daidzein Soybeans, legumes
Flavonones Naringenin, hesperedin Citrus fruits, prunes
Flavonols Quercetin, kaempferol Onions, kale, broccoli, apples, cherries, 

fennel, sorrel, berries, tea
Flavanols Catechin, epicatechin, 

gallocatechin
Cocoa, chocolate, green tea, grapes, 
wine

Flavones Luteolin, apigenin Parsley, thyme, celery, sweet red pepper
Stilbenes Resveratrol Grapes, red wine
Lignans Enterodiol, enterolactone Flaxseeds, legumes, whole grains, fruits, 

and vegetables
Anthocyanidins Pelargonidin, malvidin, cyanidin Cherries, grapes

(continued)
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having one or several effects on the cellular mechanisms outlined below. For
example, it has been estimated that more than 100 different phytochemicals can
be provided in a single serving of vegetables.7 These phytochemicals tend to run
in families, so that a single serving of a fruit and vegetable provides not only the
major bioactive component, but also a group of chemically related molecules
plus other unrelated active compounds. For example, tomato paste provides not
only lycopene and its isomers, but other carotenoids as well, including 

 

γ-,

 

ζ-,

 

α-,
and

 

β-carotene, neurosporine, lutein, phytofluene, and phytoene, as well as other
vital nutrients including folate, vitamin C, and potassium.11 Increasingly, exper-
imental data indicate that increased intake of the whole food may be more
efficacious and certainly exhibit less toxicity than the single compound admin-
istered in supraphysiological doses. A recently published study showed that when
rats treated with N-methyl-N-nitrosourea and testosterone to induce prostate can-
cer were fed diets containing whole tomato powder or lycopene beadlets, the
animals that were fed whole tomato powder had increased prostate cancer-free
survival, while the lycopene-fed rats survived no longer than controls.12 Further-
more, Liu13 showed synergy among whole fruits and vegetables with different
phytochemical profiles. In an in vitro assay of antioxidant capacity of fruit
extracts, the combination of orange, apple, grape, and blueberry extracts showed
a synergistic effect relative to the action of each alone. It should be noted that
the interaction between individual nutrients might not necessarily be positive. For
example, vitamin C has been reported to reduce selenium’s effectiveness against
carcinogen-induced mammary cancer in animals.14 Dietary components differ in
molecular size, polarity, and solubility, and these differences can affect the bio-
availability and distribution of each constituent in the various cellular and tissue
compartments.15 Thus, bioactive dietary components work in a dynamic,

Isothiocyanates Phenethyl isothiocyanate Watercress
Sulforaphane Broccoli and other cruciferous 

vegetables
Saponins Sapogenin, ginsenoside Legumes, soybean, ginseng
Curcuminoids Curcumin Turmeric
Fatty Acids

Omega-3 fatty 
acids

Eicosapentaenoic acid, 
docosahexaenoic acid

Fish oils

Conjugated 
linoleic acids

cis-9, trans-11 and trans-10,
cis-12 conjugated linoleic acid

Grass-fed beef, dairy products, eggs

Sphingolipids Ceramide, sphingomyelin Dairy foods, eggs, soybeans

TABLE 2.1 (CONTINUED)
Partial List of Bioactive Food Components with Cancer-Preventive 
Properties That Are Detailed in This Volume and Their Primary Food 
Sources

Class Example Bioactive Compounds Dietary Source
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constantly changing milieu in vivo, and defining the interactions between these
factors over time is a challenge.9

Thus, because of the difficulty of studying the effects of groups of compounds,
researchers tend to take a reductionist approach using one phytochemical to test
in an assay system against one biological outcome. Those who advocate dietary
supplements often extrapolate these results to produce products that provide high
levels of a single compound in concentrated form. However, in reviewing the in
vitro data on a given constituent, caution must be used when applying results to
the in vivo condition. One consideration is that doses of compounds can be applied
to cells in culture that are not physiologically achievable through use of whole
foods or even concentrated dietary supplements, given issues of intake, bioavail-
ability, and toxicity. Further testing in animal models is required to provide
information on safety, efficacy, absorption, and metabolism of given compounds
before moving to clinical trials. With the current increase in interest in dietary
supplement use, information from animal and human trials is necessary to prevent
long-term unanticipated adverse effects of high-dose dietary supplement use. An
alternative is to provide the bioactive compounds in a whole food approach, which
has a greater margin of safety, as there is little possibility of toxicity when a given
nutrient is supplied as part of a food providing the full complement of beneficial
nutrients rather than a supplement.15,16 Therefore, a number of U.S. organizations
involved with nutrition, health, and cancer prevention, including the National
Cancer Institute and the 5-a-Day Program,17 the AICR,18 and the American Cancer
Society19 advocate daily consumption of a variety of whole vegetables and fruits
to reduce cancer risk.

2.4 PATHOGENESIS OF CANCER — ACQUIRED 
CAPABILITIES

Research over the past 25 years has produced a deeper understanding of the
molecular, biochemical, and cellular changes that occur as cells are transformed
from normal cells to malignant cancers. The multiple genetic defects leading to
cancer cell production can result from exposure to environmental, dietary, and
lifestyle factors, as well as infectious agents. The multistep, multistage process
of gradual carcinogenetic changes in the biological behavior of a clonogenic
population of cells is illustrated schematically in Figure 2.1.20 As indicated, this
progression of cellular changes may span years or decades.21 Among the epithelial
cancers, such as colorectal, breast, prostate, lung, pancreas, and others, a diffuse
genomic instability after exposure to damaging agents (inflammation, toxins,
etc.), and increased epithelial hyperplasia is the initiating act. A single basal cell
may develop one or more mutations of a number of critical oncogenic or tumor
suppressor genes, allowing escape from regulatory controls on position, differ-
entiation, and growth.22 Oncogenes are genes that as proto-oncogenes are involved
in signal transduction and execution of mitogenic signals. However, when their
expression or protein function is altered, they demonstrate uncontrolled activity
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leading to unrestrained cellular growth. The normal function of tumor suppressor
genes is in negative control of cell cycling; however, this control is released when
the genes are mutated.23 Specific genetic alterations involved with the transfor-
mation process have been defined for many cell types. For example, in colorectal
cancer, particular events that are associated with initiation and progression include
mutation or loss of the Apc gene (adenomatous polyposis coli, a tumor suppressor
gene), mutation of K-ras (a proto-oncogene), and generalized disorganization of
DNA methylation. Later events associated with malignant transformation include
loss of tumor suppressor genes p53, SMAD4, and SMAD2 functions.24 These
four sequential genetic changes are necessary to ensure colorectal cancer evolu-
tion, and it appears that the temporal sequence, rather than accumulation of
alterations, is most important in determining the neoplastic phenotype. However,
the fact that K-ras mutations are found in only about 50% of colorectal cancers
indicates that other unknown oncogenes, as well as epigenetic events such as
alteration in DNA methylation patterns, may be involved (described further
below).24 Overall, loss-of-function mutations in tumor suppressor and DNA repair
genes, as well as gain-of-function mutations in proto-oncogenes, result in trans-
formed cells, which acquire selective advantage over normal cells.25

Neoplastic clonal expansion of transformed cells starts at one or more sites
in an epithelium and progresses independently at different sites. This leads to the
development of preinvasive intraepithelial neoplasia, or a multicellular mass that
tends to distort surrounding normal cells. The onset of intraepithelial neoplasia
is initiated by a monoclonal expansion, which progresses via clonal evolution;
that is, the different mutated cell types with the fastest growth rate will overtake
all others as they expand. This neoplastic promotion leads to increases in both
total mass and extent of dissemination (known clinically as increase in stage and
grade of the neoplasm with time).22 The host tissue environment, particularly
through the action of hormones and cytokines emanating from the stroma around
the developing epithelial tumor, influences the tumor’s development. Eventually
the mass progresses to an invasive neoplasia defined by the presence of stromal
invasion, and subsequent metastasis to distant sites is possible.20 Again using
colorectal cancer as an example, the histopathology of this process is seen as a
progression from normal intestinal epithelial crypts to aberrant crypt foci, to
adenomas or polyps (hyperplastic [nondysplastic] or adenomatous [dysplastic]),
and to carcinoma.24 Prevention models target the development of intraepithelial
neoplasia due to the high likelihood of progression from dysplasia to invasive
cancer, and because evidence indicates that reduction in the precancerous burden
reduces cancer risk and/or the need for invasive interventions.21

Thus, tumorigenesis is a multistep process, and these steps reflect a succession
of genetic changes, each of which confer a growth advantage that drives the
progressive transformation of normal human cells into highly malignant cells.
Hanahan and Weinberg26 have postulated that the vast array of cancer cell gen-
otypes can be defined as a manifestation of six essential alterations in cell
physiology that cumulatively lead to malignant growth. These six changes are
(1) self-sufficiency in growth signals; (2) insensitivity to growth-inhibitory
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FIGURE 2.1 Diagram illustrating the onset and progression of neoplasia through an intraepithelial phase to an invasive phase. The onset
of intraepithelial neoplasia is heralded by a monoclonal expansion, which progresses via clonal evolution to the invasive phase. (From Go
VL, Wong DA, Butrum R. Diet, nutrition and cancer prevention: where are we going from here? J Nutr 2001; 131:3123S. With permission).
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signals; (3) evasion of programmed cell death (apoptosis); (4) limitless replicative
potential; (5) sustained angiogenesis; and (6) tissue invasion and metastasis. The
authors propose that these six capabilities are shared in common by most and
perhaps all types of human tumors, and represent successful breaching of pro-
tective mechanisms normally in place to prevent uncontrolled growth.

2.5 MOLECULAR TARGETS FOR CHEMOPREVENTIVE 
ACTION OF DIETARY COMPONENTS

This outline of genetic changes can be used as a structure for illustrating the
chemopreventive actions of dietary components in cancer prevention. Ample
evidence exists to demonstrate that bioactive compounds can act in each of these
areas. Table 2.2 cites several examples of molecular targets and representative
nutritional factors that can act at these sites.27,28 The overview presented in this
chapter is by no means a comprehensive catalog of all bioactive compounds, nor
of all of their defined mechanisms of actions. Note that most compounds have a
pleiotropic action; that is, they can act at a number of sites in the carcinogenesis
pathway. In addition, many different compounds can act on a single molecular
target. We outline one example of a nutrient, the active form of vitamin D, 1

 

α,25-
dihydroxyvitamin D3, with many different mechanisms of cancer preventive
action. The activities of many other compounds are further detailed in later
chapters. Note that all of the biochemical and genetic pathways described here
do not operate in a linear fashion within a cell, but are intimately interwoven and
represent a balance of opposing forces. An illustration of this integrated circuit
of signaling pathways within the cell can be seen in the review by Hanahan and
Weinberg.26 In addition, this framework does not include some of the other
important ways that nutrients and other compounds can be chemopreventive in
a context broader than the individual cell. Figure 2.2 shows not only the cellular
changes in the multistep carcinogenesis pathway during promotion and progres-
sion, but also the formation of carcinogens that can lead to DNA damage during
the initiation phase.20 Some additional factors to consider include effects on
inflammation, carcinogen detoxification by xenobiotic metabolizing enzymes, and
epigenetic events. These are reviewed briefly as well, and we recognize that other
potential mechanisms exist, such as antibacterial and antiviral effects (e.g., sup-
pression of H. pylori by various phytochemicals).

2.5.1 INHIBITION OF CELLULAR REPLICATION

Dividing cells undergo a series of steps of well-defined cellular changes referred
to as the cell cycle. Mitogenic growth signals are required for cells to move
from the resting or quiescent state (G0) to the proliferative state, defined by a
successive series of phases: initial gap (G1), DNA synthesis (S), second gap
(G2), and mitosis (M). Each step is characterized by distinct cellular processes
that are required for proper cell division. The formation of cyclin (a structural
protein) with a cyclin-dependent kinase (CDK) into a complex regulates phase
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TABLE 2.2 
Mechanisms for Chemoprevention by Diet-Derived Agents with Possible 
Molecular Targets

Mechanism Possible Molecular Targets Representative Agents

Antimutagenesis
Inhibit carcinogen uptake Bile acids Calcium
Inhibit formation/activation of 
carcinogen

Cytochrome P450s PEITC, tea, indole-3-carbinol, 
soy isoflavones

PG synthase hydroperoxidase, 
5-lipoxygenase

Curcumin

Bile acids Urosdiol
Deactivate/detoxify carcinogen GSH/GST NAC, garlic/onion disulfides
Prevent carcinogen-DNA 
binding

Cytochrome P450s Tea

Increase level or fidelity of 
DNA repair

Poly(ADP-ribosyl)transferase NAC, protease inhibitors 
(Bowman–Birk)

Antiproliferation/Antiprogression
Modulate hormone/growth 
factor activity

Estrogen receptor Soy isoflavones

Steroid 5

 

α-reductase Tea
IGF-1 Soy isoflavones, retinoids, 

lycopene
AP-1 Retinoids
PPARs Retinoids

Inhibit oncogene activity Farnesyl protein transferase Perillyl alcohol, limonene, 
DHEA

Inhibit polyamine metabolism ODC induction Retinoids, curcumin, tea
Induce terminal differentiation TGF-

 

β Retinoids, vitamin D, soy 
isoflavones

Restore immune response T, NK lymphocytes Selenium, tea
Langerhans cells Vitamin E

Reduce inflammation NF-

 

κB Wogonin, EGCG, resveratrol, 
curcumin

Inhibit eicosanoid production Cyclooxygenases and 
lipoxygenases

Tea, curcumin, resveratrol, 
EPA/DHA

Increase intercellular 
communication

Connexin 43 Carotenoids (lycopene), 
retinoids

Induce apoptosis TGF-

 

β Retinoids, soy isoflavones, 
vitamin D

Ras farnesylation Perillyl alcohol, limonene, 
DHEA

Arachidonic acid Retinoic acid
Caspase Retinoids

(continued)
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transitions. External stimuli (e.g., nutrients) and internal signals (e.g., DNA
damage) regulate the formation of cyclin–CDK complexes via cyclin-dependent
kinase inhibitors, which include the cip/waf family (p21, p27, p58). These regu-
lated transitions are referred to as “checkpoints” and represent important targets
for control.29

The most significant checkpoint occurs in late G1, and when activated in
response to DNA damage, entry into S-phase is delayed to allow time for DNA
repair.23 If irreparable DNA damage is present, the pathway for programmed cell
death, or apoptosis, is activated. Critical to the function of this restriction point
is the interaction between the retinoblastoma (Rb) protein and the E2F family of
transcription factors. When hypophosphorylated, Rb binds E2F to form a silenc-
ing complex inhibiting transcription of genes necessary for cell cycle entry. With
mitogen stimulation, e.g., by growth factors, D-type cyclases are synthesized with
their associated kinases. Rb is thus phosphorylated, releasing the E2F factors and
allowing transcription of genes essential to DNA synthesis as well as other cyclins
and CDKs that maintain the phosphorylated state of Rb, allowing mitogen-
independent passage through the remainder of the S-phase. Additional check-
points are present at the G2/M transition prior to mitosis and during metaphase
of mitosis.23

Induce senescence Telomerase Vitamin D, retinoids, EGCG, 
curcumin

Inhibit angiogenesis FGF receptor tyrosine kinase Soy isoflavones
Thrombomodulin Retinoids

Correct DNA methylation 
imbalances

CpG island methylation Folic acid

Inhibit basement membrane 
degradation

Type IV collagenase Protease inhibitors 
(Bowman–Birk), vitamin D

Inhibit DNA synthesis Glucose 6-phosphate 
dehydrogenase

DHEA

Abbreviations: PEITC, phenethyl isothiocyanage; PG, prostaglandin; GSH, glutathione; GST, glu-
tathione-S-transferase; NAC, N-acetyl-L-cystein; IGF-1, insulin-like growth factor-1; AP-1, (transcrip-
tion) activator protein-1; PPAR, peroxisome proliferator activated receptor; DHEA,
dehydroepiandrosterone; EPA/DHA, eicosapentaenoic acid/ docosahexaenoic acid; ODC, ornithine
decarboxylase; TGF-

 

β, transforming growth factor-

 

β; NK, natural killer; NF-

 

κB, nuclear factor kappa
B; RAS, ras oncogene product; FGF, fibroblast growth factor; CpG, cytosine-guanosine.

Source: Adapted from Kelloff GJ, Crowell JA, Steele VE et al. Progress in cancer chemoprevention:
development of diet-derived chemopreventive agents. J Nutr 2000; 130:468S. With permission.

TABLE 2.2 (CONTINUED)
Mechanisms for Chemoprevention by Diet-Derived Agents with Possible 
Molecular Targets

Mechanism Possible Molecular Targets Representative Agents
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Growth signals are transmitted by transmembrane receptors that bind different
classes of signaling molecules, including growth factors, extracellular matrix
components, and cell adhesion molecules. In addition, nuclear receptors (e.g.,
estrogen and androgen receptors, peroxisome proliferating receptors, retinoic acid
receptors, vitamin D receptor) activated by steroid hormones and other lipophilic

FIGURE 2.2 Dietary factors, smoking, physical activity, and obesity in relation to the
carcinogenesis process, from the initiation and promotion stages to metastasis or apoptosis.
(From Go VL, Wong DA, Butrum R. Diet, nutrition and cancer prevention: where are we
going from here? J Nutr 2001; 131:3123S. With permission).
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substances (e.g., prostaglandins, retinoids, vitamin D) act as transcription factors
to regulate genes, including those involved with cellular proliferation. Normal
cells proliferate in response to an array of growth factor signals produced from
cells in the immediate environment or circulating hormones. Local factors can
include epidermal growth factor (EGF), fibroblast growth factor (FGF), tumor
growth factor-

 

α  (TGF-

 

α), and platelet derived growth factor (PDGF).23 Tumor
cells characteristically show a decreased dependence on exogenous growth signals
coming from the normal tissue environment by generating their own growth
signals. In fact, many cancer cells acquire the ability to synthesize growth factors
to which they are responsive, creating an autocrine-positive feedback loop. In
addition, the components of the signal transduction pathways are perturbed.
Changes include overexpression of growth factor receptors, which creates cells
with an exaggerated response to growth signals, alteration in types of extracellular
matrix receptors (integrins) expressed, and notably, modulation of the downstream
cytoplasmic signaling pathways that define growth factor action resulting from
ligand activation of growth factor receptors and integrins. Many growth factor
receptors, when overexpressed, carry with them enhanced tyrosine kinase activ-
ities in their cytoplasmic domains. This overexpression may make cancer cells
hyper-responsive to growth factor signals that under normal circumstances may
not stimulate proliferation.26

Many of the proteins involved in growth regulation are proto-oncogenes; that
is, they are oncogenic when mutated. For example, one central signaling pathway
in proliferation is the mitogen-activated protein (MAP) kinase pathway. This
pathway is overactive when the oncogenic form of ras proteins is mutated so that
they are constitutively activated and disregulated from upstream regulators. Ras
mutations are found in some 25% of human cancers.26

A comprehensive catalog of bioactive food components has been shown to
inhibit cell proliferation in vitro at physiologically relevant doses, although there
is specificity in the effects depending on dose, length of treatment, and cell type
tested. A prominent example is genistein, an isoflavone and the major phytoestro-
gen in soybeans and other legumes. Genistein and other phytoestrogens have a
chemical structure reminiscent of 17β-estradiol, can bind the estrogen receptors
(ERα and ERβ), although with stronger affinity to ERβ, and exhibit estrogen-
like biological activity.9 Human breast and prostate cancer cell lines stimulated
by EGF are inhibited by genistein independently of whether the cells express
estrogen or androgen receptors. When all cell culture media are depleted of
estrogens, genistein at concentrations <1 µmol/L acts as a growth stimulant to
estrogen-dependent breast cancer cells; in the presence of 17β-estradiol
(0.3 nmol/L, a physiological concentration) the effect of genistein is not additive.
However, at concentrations >5 µmol/L, genistein causes a dose-dependent
decrease in 17β-estradiol-induced cell proliferation.30

Genistein has been shown to inhibit cellular growth of a number of different
cell types other than breast and prostate, including leukemia, lymphoma, neuro-
blastoma, gastric, lung, head, and neck squamous cancer cells; these lines vary
in the presence of estrogen and androgen receptors and p53 status indicating
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effectiveness in cancer cells with varied molecular signatures. In a number of
these cell types genistein induces a G2/M cell cycle arrest.31 This effect is borne
out in a decrease in cyclin B, which is important for the formation of the cyclin
B/CDK complex to allow progression through G2/M.31 The CDK inhibitor p21WAF1

was also upregulated in genistein-treated cells, which illustrates genistein’s coor-
dinated action in regulation of cell growth and the cell cycle.32,33

Genistein has also been postulated to have ER-independent action as well.
Genistein was identified as a protein tyrosine kinase (PTK) inhibitor as it inhibited
the EGF receptor PTK in vitro, and this function has been presumed to be a
mechanism of genistein’s antimitogenic action.30 However, proliferation in several
cell lines stimulated by EGF is inhibited by genistein without inhibition of EGF-
R tyrosine autophosphorylation or tyrosine phosphorylation of other substrates
involved with signaling pathways, suggesting alterations tyrosine phosphorylation
may be an indirect effect of genistein’s actions.30 Alternatively, genistein may
enhance production of TGF-β1, which is normally a growth-inhibitory factor, as
described below.34

2.5.2 INCREASED RESPONSE TO ANTIGROWTH SIGNALS AND

INDUCTION OF DIFFERENTIATION

Normal cells within tissues are also responsive to antiproliferative signals that
serve to maintain cellular quiescence and tissue homeostasis. These antigrowth
signals are soluble factors or inhibitors embedded in the extracellular matrix.
Signals are transmitted to the nucleus via intracellular signaling circuits that are
in a balance with the positive growth signals. One of the most prominent negative
growth signals in many cell types is TGF-β).26

Most antigrowth signals act on the tumor suppressor proteins, such as Rb.
TGF-β acts to prevent the phosphorylation that inactivates Rb, thus blocks
advance through G1.26 When hypophosphorylated, Rb sequesters and inhibits E2F
transcription factors that control the expression of genes required for progression
from G1 to S. Other tumor suppressor proteins include p53 (or TP53), which in
the wild-type state suppresses tumor growth by initiating DNA repair and induc-
ing death of irreparable cells. Generally, p53 is maintained at a low concentration,
although it can be induced by physical or chemical DNA damage.9 When p53 is
mutated or suppressed by Mdm2, an oncogenic protein, proliferation of cells with
DNA damage results.23 Studies have shown that function of the p53 pathway is
lost in most if not all of human cancers.26 However, many other tumor suppressor
genes have been defined and may be definitive for certain types of cancers, such
as APC (adenomatous polyposis coli) in colorectal cancer24 or BRCA in breast
cancer.35 For example, during human colon carcinogenesis, inactivation of
APC/β-catenin pathway blocks the differentiation of the enterocytes in the colonic
crypts, resulting in aberrant crypt foci.26

Antigrowth signals block proliferation by either forcing cells into quiescence
or G0, which is a reversible state upon activation by pro-growth signals, or by
inducing differentiation, which, depending on cell type, is a permanent acquisition
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of specific phenotypic traits characteristic of the mature cell type. As cells move
toward the differentiated state, the rate of proliferation slows, so that fully dif-
ferentiated cells do not proliferate, or at least do so at a very slow rate. Cancer
cells are poorly differentiated yet retain the potential to differentiate into more
mature cells. Thus, induction of differentiation (or redifferentiation) is a cancer
prevention and treatment strategy, although its effectiveness is lower for relatively
slow-growing cancers like breast or prostate than for faster ones such as leukemia.
Several nuclear acting nutrients, including vitamins D and A, have been the most
comprehensively studied as differentiation-promoting agents, although a number
of other compounds have been shown to induce cellular markers of differentiation
in vitro, including a variety of flavonoids, the n-3 polyunsaturated fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and resveratrol.36

2.5.3 ENHANCEMENT OF APOPTOSIS

The steady state of a normal tissue, or a tumor cell, is a balance between new
cells acquired from mitotic division of precursor cells with the attrition of cells
through apoptosis or programmed cell death. Apoptosis occurs when physiologic
signals trigger a defined series of cellular changes resulting in disruption of the
cellular membrane, disintegration of the cytoskeleton, extrusion of cytosol, deg-
radation of chromosomes, and fragmentation of the nucleus.26 This process
induces cell destruction without the inflammatory responses characteristic of cell
necrosis.23 Although almost all cell types in the body have the capability to
undergo apoptosis under appropriate developmental circumstances, apparently
most, if not all, types of cancer cells acquire the capability to evade apoptosis,
making activation of apoptosis a chemopreventive and therapeutic target.

Two families of membrane-associated death receptors are known. One is the
FAS-receptor and another related set includes the tumor necrosis factor (TNF)
and TNF-related apoptosis inducing ligand (TRAIL) receptors.23 Several proteins
have been identified to be intrinsic to the apoptotic pathway. Bcl-2 (and related
proteins Bcl-XL and Bcl-W) is an oncogenic protein that protects cancer cells
by inhibiting apoptosis. Opposing Bcl-2 is Bax (and related proteins Bak, Bid,
and Bim), which competes with Bcl-2 and acts as an inducer of apoptosis.26 Upon
sensing DNA damage, the p53 tumor suppressor protein elicits apoptosis by
upregulating the expression of proapoptotic Bax, which then stimulates mitochon-
dria to release cytochrome C and initiate programmed cell death. The ultimate
effectors of apoptosis include the family of intracellular proteases, the caspases.
Caspase-8 is activated by death receptors including FAS, and caspase-9 by cyto-
chrome C released from mitochondria.26 A number of other proapoptotic and
antiapoptotic components are also involved; the complexity of this apoptotic
signaling network is depicted by Gosslau and Chen.37

A plethora of natural compounds have been identified that can induce apop-
tosis by a number of different mechanisms. These include increasing signals to
promote cell death (i.e., Bax) and by decreasing signals inhibiting cell death (i.e.,
Bcl-2). Death signals can be increased by cellular damage (at least in vitro),
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increased function of p53, and increased activity of antigrowth factors such as
TGF-β. The opposing strategy involves inhibition of survival factors, including
growth factors and their signaling pathways.36 The proapoptotic effects of res-
veratrol have been extensively reviewed.38 These effects include effects on induc-
tion of death receptors, activation of the mitochondrial pathway, effects on Rb
phosphorylation, activation of p53 pathway, generation of the proapoptotic medi-
ator ceramide, and more. Other phytochemicals that can induce apoptosis include
lycopene and β-carotene, a number of flavonoids, the allyl-sulfur compounds of
garlic, caffeic acid phenethyl ester from honeybee propolis, and curcumin.37

2.5.4 INDUCTION OF SENESCENCE

Normal cells in culture have a finite replicative potential. When these cell pop-
ulations proceed through a set number of doublings, they undergo senescence,
or a cessation of growth and eventually death via apoptosis. This process operates
independently of the cell-to-cell signaling involved with proliferation and apop-
tosis. Cultured tumor cells are immortalized and exhibit limitless replicative
potential. This suggests that, with the genetic changes occurring during the
process of carcinogenesis, cells acquire traits resulting in a breach of the mortality
barrier. The counting device for tallying replications has been found to be the
ends of the chromosomes, called telomeres. With every replication, 50 to 100
base pairs are lost from the telomeres, until the unprotected chromosomal ends
become involved in chromosomal aberrations and karyotypic disarray, stimulating
cell death processes.23 However, in nearly all malignant cells, telomeres are
maintained through the action of telomerase, which adds nucleotides onto the
ends of telomeric DNA. Human telomerase is composed of template RNA com-
ponents and two proteins, telomerase-associated protein-1, and telomerase reverse
transcriptase (hTERT), which are thought to be the enzyme’s catalytic subunit.39

Most human somatic cells do not have detectable telomerase activity and lack
activity of hTERT. However, immortalized cells express hTERT and have detect-
able telomerase.23

Tumor growth is thought to require activation of telomerase, making it a
target for chemoprevention.39 Retinoids induce senescence in malignant and pre-
malignant human and rat breast carcinoma cells, in vitro and in vivo.40 Retinoids
also synergize with vitamin D in inhibiting telomerase. The combination of
vitamin D3 and 9-cis-retinoic acid inhibited telomerase activity through direct
interaction of the heterodimer of the vitamin D3 receptor and retinoid X receptor
(RXR) in prostate cancer cells.41 Other nutritional factors, including EGCG and
curcumin, also regulate telomerase activity. In nude mice models bearing both
telomerase-dependent and -independent xenograft tumors cloned from a single
human cancer progeny, only the telomerase-dependent tumors responded to pro-
longed oral administration of EGCG.42 Furthermore, curcumin inhibits telomerase
activity in MCF-7 breast cancer cells via downregulation of hTERT expression.43
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2.5.5 INHIBITION OF ANGIOGENESIS

The growth of new blood vessels, angiogenesis, is a requirement of new organ
growth. Capillary blood vessels must deliver oxygen and nutrients to cells, and
withdraw cellular wastes, within a maximum diffusion distance of about 100 µm.
This process is also necessary for tumorigenesis, as tumor size is dependent on
the ability to develop new vasculature.26 The process of angiogenesis involves
the proliferation, migration, and capillary formation from existing vessels in
response to multiple extracellular signals. A number of protein factors have been
identified to both stimulate and inhibit angiogenesis. More than two dozen induc-
ers and the same number of inhibitors have been identified, and in vivo it is
thought that tumors activate angiogenesis by shifting the balance of inducers and
inhibitors. The most prominent angiogenesis activating signals are vascular endo-
thelial growth factor (VEGF) and acidic and basic fibroblast growth factors (FGF
1/2), while thrombospondin-1 is among the angiogenesis inhibitors.26

We have studied green tea and its catechin components, including EGCG,
for their antiangiogenic properties. Green tea extract (GTE) as well as its indi-
vidual catechin components inhibited MDA-MB231 breast cancer cell and human
umbilical vein endothelial cell (HUVEC) proliferation. Furthermore, GTE sup-
pressed breast cancer xenograft size and decreased the tumor vessel density in
vivo.44 GTE or EGCG also decreased levels of VEGF peptide secreted into
conditioned media in HUVEC and MDA-MB231 human breast cancer cells and
decreased RNA levels of VEGF in the cancer cells. This inhibition occurred at
the transcriptional level and was accompanied by a significant decrease in VEGF
promoter activity.45

In addition, lipoxygenase and cyclooxygenase products of n-6 fatty acid
metabolism in the eicosanoid pathway are angiogenic in in vitro assays. As
outlined below, the activity of both of these enzymes can be suppressed by
resveratrol or n-3 polyunsaturated fatty acids EPA and DHA.46

2.5.6 INHIBITION OF TISSUE INVASION AND METASTASIS

The defining event of a malignancy is the ability of rogue cells to advance from
the primary tumor, invade adjacent tissue, and travel to distant sites to found new
colonies. Most cancer mortality is due to these distant metastases, which arise as
amalgams of cancer cells and normal cells recruited from the host tissue. The
mechanisms whereby tumor cells can undergo invasion and metastasis are com-
plex and are still being defined. However, to elicit these migrations of cancer
cells, it is clear that molecules involved in interactions between cells and between
cells and their matrix must be involved. These proteins include the cell adhesion
molecules (CAMs), which are members of the immunoglobulin and calcium-
dependent cadherin families, and integrins, which link cells to their extracellular
matrix. The most commonly observed altered protein is E-cadherin, which is
normally expressed ubiquitously in epithelial cells, mediating cell-to-cell inter-
actions; loss of cadherin is associated with metastasis in a majority of epithelial
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cancers. In addition, extracellular proteases, including the matrix metalloprotein-
ases (MMPs) are upregulated, while protease inhibitors are downregulated in the
metastatic process.26

As outlined above, green tea and EGCG are effective antiangiogenic agents.
They also are found to inhibit genes related to adhesion, invasion, and metastasis,
including urokinase, MMP-2, and MMP-9.47,48 Interestingly, when black tea and
a soy phytochemical concentrate were combined in a mouse model of orthotopic
androgen-sensitive human prostate cancer, the combination resulted in a syner-
gistic interaction to inhibit prostate tumorigenicity, final tumor weight, and
metastases to lymph nodes in vivo.49

2.5.7 INCREASED ANTIOXIDANT CAPACITY AND GENOMIC

STABILITY

The traits described thus far are acquired in the course of tumor progression via
alterations in the genomes of cancer cells, resulting from DNA damage. Cells
are exposed to a variety of oxidizing agents, termed reactive oxygen species
(ROS), coming from exogenous and endogenous sources that can damage DNA.
Oxidative damage of DNA, if left unrepaired, can lead to base mutations, single
and double strand breaks, DNA cross-linking, chromosomal breaks and rearrange-
ments.50 An estimate of the daily rate of oxidative damage to DNA is 104 hits
per cell in humans.51 Normally there is a balance between oxidizing and antiox-
idizing molecules in the body and mutations in specific genes are kept in check
by a number of DNA monitoring and repair systems that work to prevent and
reverse alterations in specific genes.50 However, an imbalance in the system due
to overproduction of free radical oxidants or an inadequacy of antioxidants, can
lead to oxidative damage of large biomolecules, including DNA, proteins, and
lipids.52 As described above, DNA damage activates p53 tumor suppressor protein
to arrest the cell cycle to allow DNA repair or induce apoptosis when damage is
too excessive.

Antioxidants common in fruits and vegetables can either prevent formation
of, scavenge, or promote decomposition of ROS.51 Classical antioxidant nutrients
include vitamins E and C, β-carotene, and selenium. However, a large number
of phytochemicals can accumulate within cells and act as either antioxidants or
even pro-oxidants. Vegetables and fruits are rich in polyphenols such as epigal-
locatechin gallate, quercetin, genistein, and taxifolin, which are excellent anti-
oxidants in vitro.52 The relationship between high consumption of antioxidants
from fruits and vegetables and risk of a variety of cancer sites, including lung,
colon, breast, cervix, esophagus, oral cavity, stomach, bladder, pancreas, and
ovary, has been reviewed.53 However, although vegetable and fruit intake can be
approximated using current databases, total antioxidant activity is more difficult
to determine due to large differences in antioxidant capabilities between plants
and their edible parts, and even within a plant food due to agronomy and post-
harvest conditions.52 Wu et al. surveyed more than 100 different kinds of foods
(also assessing variation due to geographic region, season, and processing),
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including fruits, vegetables, nuts, dried fruits, spices, cereals, infant food, and
other foods for hydrophilic and lipophilic antioxidant capacities to arrive at a
total antioxidant capacity.54 These types of data are important for databases, which
can be used to evaluate total antioxidant intake from nutrient as well as “nonnu-
trient” antioxidants and relate it to cancer risk. These data can be used to show
an inverse correlation between total antioxidant capacity intake and risk of cancer,
as was done recently for gastric cancer.55

2.5.8 OTHER MECHANISMS

The above analysis, focusing on the six essential alterations in cell physiology
as defined by Hanahan and Weinberg26 and their modification by nutrients, focuses
mainly on the changes within the cancer cells themselves. However, the effects
of nutrients on other aspects affecting cancer incidence and progression at the
tissue and whole-body levels cannot be ignored. Some of these other factors
include effects on inflammation, carcinogen detoxification by xenobiotic metab-
olizing enzymes, and epigenetic events.

2.5.8.1 Inflammation

Prostaglandins and other members of the eicosanoid pathway are thought to
induce carcinogenesis through action on nuclear transcription sites and down-
stream gene products important in the control of cell proliferation. Eicosanoids
are locally acting hormone-like compounds derived predominantly from arachi-
donic acid in tissue cells and tumor-infiltrating leukocytes.56 The most well-known
eicosanoids, prostaglandins, are produced by the action of the cyclooxygenases
(COX), but the lipoxygenase group of enzymes produce the leukotrienes and
hydroperoxyeicosatetraenoic acids, which also have important proinflammatory
effects.57 Substantial evidence from animal studies and human epidemiological
and clinical trials show that nonsteroidal anti-inflammatory drugs (NSAIDs),
which are inhibitors of COX, are associated with reduced risk of a number of
cancers, including those of the colon-rectum, esophagus, stomach, pancreas,
breast, lung, prostate, bladder, brain, and cervix.57

However, chronic NSAID use leads to toxicities, including gastric ulceration,
perforation, or obstruction, which limit their therapeutic use.57 Newer selective
COX-2 inhibitors have been postulated to be safer, but the recent voluntary
worldwide recall of Merck’s product Vioxx® (rofecoxib) — and subsequently
other NSAIDs — illustrates that the long-term safety of these drugs has yet to
be established.58 Therefore, research has focused on identifying and understanding
the bioactivity of a number of natural, nontoxic agents to control inflammatory
eicosanoids. Those agents that have been studied include n-3 polyunsaturated
fatty acids EPA and DHA such as from fish oils, vitamin A, vitamin E, and a
number of botanical anti-inflammatory agents, such as boswellia, bromelain,
curcumin, resveratrol, quercetin, EGCG, and others.57 One mechanism of action
of these compounds is via inhibition of the inducible transcription factor nuclear
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factor kappa B (NF-κB), which is activated by pro-inflammatory signals and
upregulates COX-2 expression.59

2.5.8.2 Carcinogen Activation/Detoxification by Xenobiotic 
Metabolizing Enzymes

Although this discussion has focused on the beneficial roles of certain dietary
constituents, we must recognize the role of dietary carcinogens as well. A number
of known or suspected dietary carcinogens are present in foods, including myc-
otoxins (moldy foods), polycyclic aromatic hydrocarbons and heterocyclic amines
(grilled, fried, broiled, or charred meats and fish), N-nitrosoamines (foods pre-
served with nitrates and nitrites), alcohol (alcoholic beverages), as well as certain
metals and pesticides.60 The enzymes responsible for the oxidation, reduction,
and conjugation of harmful and other dietary constituents, as well as endogenous
hormones and other foreign compounds, are called drug metabolizing enzymes
(DMEs). The Phase I enzymes, which include the cytochrome P450 mixed-
function oxidases, act by oxidizing, reducing, or hydrolyzing toxins, creating
biotransformed intermediates. This process exists in the cell to detoxify com-
pounds by rendering them more water soluble for excretion in the urine. However,
as a consequence certain foreign compounds, termed xenobiotics, can be activated
to increase their mutagenicity in the process. Phase II enzymes perform conju-
gation reactions that help to convert the biotransformed intermediates from Phase
I into less-toxic, water-soluble substances for excretion from the body. These
enzymes may also work independently of Phase I activity by acting directly on
a drug or toxin. Phase II enzymes include glutathione-S-transferases (GSTs),
UDP-glucuronosyl transferases, and quinone reductase. Phase I enzyme activity
must be in balance with that of Phase II for effective elimination of biotransformed
intermediates to prevent accumulation of toxins in the body. Another potentially
damaging effect of the Phase I enzymes is the production of oxygen free radicals
that occur as a result of cytochrome P450 activity.61 Oxidative stress in the liver
is prevented by adequate intake of antioxidants, such as vitamins C and E, and
many naturally occurring phytochemicals can also act as antioxidants, as reviewed
above.

Vegetables of the Brassica oleracea species (e.g., cabbage, broccoli, cauli-
flower, Brussels sprouts, kohlrabi, and kale; also called cruciferous vegetables)
as well as many other genera that include a variety of food plants (e.g., arugula,
radish, daikon, watercress, horseradish, and wasabi) are known to be rich
in glucosinolates (β-thioglycoside-N-hydroxysulfates). These compounds are
hydrolyzed by myrosinase, a plant enzyme released when plants are cut, ground,
or chewed, releasing the biologically active isothiocyanates (ITC). Some naturally
occurring forms of this phytochemical include 2-phenethyl isothiocyanate, benzyl
isothiocyanate, and sulforaphanes.62 ITCs are known to induce expression of
Phase I and Phase II enzymes and, to a lesser extent, also directly inhibit the
P450s; the effect is dependent on the individual ITC. However, in animal models
and cell culture systems, combinations of ITC confer protection against genotoxic
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agents at levels that the individual compounds do not achieve alone.63 A number
of human epidemiological studies have shown an inverse relationship between
cruciferous vegetable intake and risk of cancer. Importantly, this effect is depen-
dent on individual polymorphisms in the biotransformation enzyme genes. The
relationship with GST has been most studied. For example, in a case-control
study, Lin et al. showed that individuals with the highest quartile of broccoli intake
had the lowest risk for colorectal adenomas compared with individuals who never
ate broccoli, but the effect was seen only in the GSTM1-null (an inactivating
mutation in a GST class µ isozyme) genotype individuals.64 This genetic poly-
morphism is theorized to result in longer circulating half-lives of ITC and poten-
tially greater chemoprotective effects by activation of other GST enzymes.

2.5.8.3 Epigenetic Events

Much of the previous discussion has focused on genomic alterations by dietary
constituents. However, a key role of nutrient action is epigenetic, referring to
changes in the phenotype that are not due to changes in the genotype, or in other
words, changes in gene expression that are transmissible through mitosis, but do
not involve mutations of the primary DNA sequence itself.65

A critical mechanism for epigenetic gene regulation involves alterations in
patterns of DNA methylation. DNA methylation, or the covalent addition of a
methyl group to the 5-position of cytosine within CpG dinucleotides, is particu-
larly important in epigenetic control by nutrients. Tumors commonly exhibit
widespread global DNA hypomethylation, region-specific hypermethylation, and
increased activity of Dnmt enzymes, which catalyze the transfer of methyl groups
from S-adenosylmethionine (SAM) to cytosine residues in DNA. Global genomic
hypomethylation is linked to induction of chromosomal instability while hyper-
methylation is associated with inactivation of most pathways of carcinogenesis,
including DNA repair, cell cycle regulation, and apoptosis.66

Dietary factors may influence DNA methylation patterns in several ways.
First, nutrient inadequacies will influence the supply of methyl groups for the
formation of SAM. Dietary factors that are involved in one-carbon metabolism
that influence the availability of SAM include folate, vitamin B12 (cobalamin),
vitamin B6 (pyroxidine), vitamin B2 (riboflavin), methionine, choline, and alcohol.
Other nutrients including zinc, selenium, and retinoic acid will affect global DNA
hypomethylation.66 A second way is by altering the use of methyl groups, includ-
ing altering DNA methyltransferase activity via Dnmt enzymes. Higher Dnmt
activity has been observed in tumor cells compared to normal cells, and activity
of these enzymes is upregulated with chronic methyl deficiency, in an apparent
attempt to compensate for diminished SAM supply. In addition the DNA deme-
thylation process, previously assumed to be passive, may be a regulated activity.66

These changes in methylation patterns can influence activity of specific genes;
this likely occurs through modifying transcription factor-gene interactions
through methyl-DNA binding proteins.66 For example, consumption of a chronic
methyl-deficient diet in rats leads to hepatomas.67 In this model, hypomethylation
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of specific CpG sites in several oncogenes, including c-myc, c-fos, and H-ras,
results in elevated mRNA levels for these genes.68,69 Also, in the same model,
levels of p53 tumor suppressor mRNA is decreased in tumor tissue due to relative
hypermethylation, although the level of p53 mRNA in preneoplastic nodules was
increased and associated with hypomethylation in the coding region.70

2.6 EXAMPLE OF PLEIOTROPIC ACTIONS OF 
NUTRIENTS — VITAMIN D IN COLON CANCER

Vitamin D is an example of a nutrient that exhibits many of the mechanisms
described above in inhibiting cancer development, particularly in inhibition of
proliferation, induction of differentiation, activation of apoptosis, and blocking
initiation. Vitamin D and its analogs have been investigated for some time for
their anticancer properties in a number of cancers, including colorectal, prostate,
breast, and leukemia.9 The classical role of the most bioactive form of vitamin D,
1α,25-dihydroxyvitamin D3 (1α,25(OH)2D3), is to regulate calcium absorption in
the intestine, maintain mineral homeostasis in the kidney, and regulate bone
remodeling. This function can lead to toxic hypercalcemia when exogenous
1α,25(OH)2D3 is administered in therapeutic doses; therefore, a number of phar-
maceutical analogs have been developed that retain their anticancer properties
with minimal effects on circulating calcium.71 Many tissues other than those
involved with mineral metabolism have specific vitamin D nuclear receptors,
suggesting alternative roles for vitamin D. Normal and cancer cells that express
vitamin D receptors respond to 1α,25(OH)2D3 by decreasing proliferation and
enhancing maturation or differentiation.72 In addition, many cell types, including
notably colon cancer cells,73,74 can make 1α,25(OH)2D3, suggesting auto-
crine/paracrine actions in manipulating cell growth.

1α,25(OH)2D3 has direct antiproliferative properties against many cancer
cells in vitro, including colon,75–78 breast,79,80 prostate,81,82 and hematopoietic
cells.83 Also, 1α,25(OH)2D3 and its metabolic precursor, 25(OH)2D3, reduce crypt
cell production in colonic tissue removed from individuals with familial adenom-
atous polyposis (an inherited cancer syndrome caused by a mutation in the Apc
gene).84 Whether the antiproliferative effects of vitamin D are totally independent
of calcium level is not clear. For example, the effect of vitamin D in colon cancer
cells in vitro varies by extracellular calcium concentration85 and is reduced by
addition of calcium channel blockers.75

The anticarcinogenic activity of 1α,25(OH)2D3 appears to be correlated with
cellular vitamin D receptor (VDR) levels. VDRs belong to the superfamily of
steroid-hormone zinc-finger receptors and share the common characteristic with
other members of this family in that they are ligand-activated regulators of gene
transcription. VDRs selectively bind 1α,25(OH)2D3 and RXR to form a het-
erodimeric complex that interacts with specific DNA sequences known as vitamin
D-responsive elements (VDRE) to regulate gene expression. For example, the
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binding of 1α,25(OH)2D3 to the VDR in intestinal cells activates the transcription
of the calcium-binding protein that enhances the absorption of calcium.

The VDR is expressed in colon tumor cells,75,86 and the density of the vitamin
D receptor is increased in hyperplastic polyps and in early stages of tumorigenesis,
but declines in late-stage neoplasia.74,87,88 With carcinogen treatment, rats show
a decreased number of 1α,25(OH)2D3 binding sites in the colon.89 The level of
vitamin D receptor in wild-type, heterozygote, and vitamin D receptor null mice
is inversely correlated with proliferating nuclear cell antigen and cyclin D1,
markers of cellular proliferation, and positively correlated with 8-hydroxy-2´-
deoxyguanosine levels, a marker of oxidative stress in the colon descendens.90

These results implicate genomic 1α,25(OH)2D3 action in prevention of hyperpro-
liferation and oxidative DNA damage.

The activated receptor recognizes specific vitamin D response elements in a
number of vitamin D–regulated genes, including p21WAF1 and the calcium-sensing
receptor. However, vitamin D regulates a number of different proto-oncogenes
and tumor suppressor genes related to proliferation and differentiation, including
p27KIP1, c-myc, laminin, tenascin, fibronectin, cyclin C, c-fos, c-jun, phospholipase
Cγ, ornithine decarboxylase, and members of the TGF-β family.91 As not all of
these genes have vitamin D response element consensus sequences identified in
their promoter regions, their regulation is thought to be indirect through regulation
of upstream events or even activation of a putative membrane-bound receptor.

The anticancer effects restricting cellular growth are thought to involve var-
ious mechanisms, including effects on growth factor and cytokine synthesis and
signaling, cell cycle progression, apoptosis, and differentiation. An example of
the regulation by 1α,25(OH)2D3 of a growth-factor signaling pathway is that of
TGF-β, which inhibits epithelial cell proliferation. SMAD3, a downstream protein
in the TGF-β signaling pathway, is a coactivator of the vitamin D receptor and
positively regulates the vitamin D signaling pathway.92–94 Cross talk between
vitamin D and TGF-β1 has been demonstrated in the growth inhibition of human
colon cancer–derived cells.95 The antimitotic actions of vitamin D and its analogs
seem to be mediated by the induction of G1 cell cycle arrest, resulting from the
upregulation of expression of p21WAF1 and p27KIP1.96–98

In addition to inhibiting tumor growth and progression, 1α,25(OH)2D3 has
anticancer action by inducing apoptosis in various transformed cells, including
colon cancer cells.96,99 The mechanisms of the proapoptotic action in colon cells
is not entirely clear, but in human colon adenoma and carcinoma cell lines the
apoptotic action of vitamin D was associated with upregulation of the expression
of the proapoptotic protein Bak.100 The differentiation-promoting effect of
1α,25(OH)2D3 was demonstrated in a human colon carcinoma cell line, SW480,
which expresses vitamin D receptors, but not in other similar lines that do not
express the receptor. 1α,25(OH)2D3 induced the expression of proteins associated
with the mature phenotype, such as E-cadherin and cell adhesion proteins, and
repressed β-catenin signaling, which has an antitumor effect in vivo.101

The VDR also has been postulated to have a role in suppressing initiation of
colon carcinogenesis. The VDR has been shown to have high affinity for the
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secondary bile acid lithocholic acid LCA and its metabolites, which are carcino-
genic. By binding to the vitamin D receptor, both LCA and vitamin D may activate
a feed-forward catabolic pathway that increases the expression of CYP3A, a
cytochrome P450 enzyme that detoxifies LCA in the liver and intestines to clear
LCA from the body.102 This may provide one mechanism to explain how the
protective pathway of vitamin D receptor activation may become overwhelmed
by high-fat diets (which increase LCA levels) or compromised when vitamin D
is deficient with inadequate sun exposure or intake.

Studies using carcinogen-induced intestinal cancer models show the effect in
vivo of vitamin D alone or in combination with calcium on the development of
intestinal cancer. Rats on a high-fat (20% corn oil) diet had increased tumor
incidence after 1,2-dimethylhydrazine (DMH) treatment, and this increase was
ameliorated by either supplemental calcium or vitamin D.103,104 Conversely, vita-
min D deficiency abolished the protective effects of calcium on colon cancer in
DMH-treated rats.105,106 1α,25(OH)2D3 before treatment with DMH obliterated
the peak in ornithine decarboxylase activity (a sign of increased mucosal cell
proliferation) seen with DMH administration, and reduced by 50% the number
of colon adenocarcinomas.89 However, in this and a similar study,107

1α,25(OH)2D3 did not prevent tumor formation when administered after DMH.
One mechanism of the chemopreventive action of 1α,25(OH)2D3 treatment elu-
cidated in AOM-treated rats was an inhibition in angiogenesis, defined as a
decrease in immunohistochemical staining for vascular endothelial growth factor
and microvessel counts.108 In our own studies using mutant mice, we found that
administration of 1α,25(OH)2D3 and an analog of vitamin D to Apcmin mice, which
have a germ line mutation in the Apc tumor suppressor gene, resulted in a
significant decrease in total tumor area over the entire gastrointestinal tract in
both the analog- and the 1α,25(OH)2D3-treated groups.109

2.7 IMPLICATIONS

Cancer is a genetic disease resulting from multiple genetic defects caused by
exposure to environmental, dietary, and infectious agents as well as other lifestyle
factors. Figure 2.2 presents a conceptual framework for these relationships, show-
ing the molecular mechanisms of dietary constituents in the carcinogenesis path-
way, from activation of procarcinogens to the initiation and promotion stages of
carcinogenesis, and to tissue invasion and metastasis.20

The implications of our broadening knowledge of the biology of cancer and
the impact of nutrient intake is that we can hope to utilize nutritional interventions
to slow the progression of tumor development in the intraepithelial hyperplasia
phase before tumor size becomes large enough for diagnosis and probability of
metastasis increases (Figure 2.3).110 Opportunity exists to stretch this prevention
phase so that symptom-free life of the future patient with cancer is prolonged.
Because the median age of cancer diagnosis in the U.S. is 70 years, and the
average life expectancies are 74 years for men and 79 years for women, cancer
delay may result in total prevention for many people.111
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In the postgenomic era, new opportunities are arising from advances in
nutrition sciences to understand the integrative biology of living organisms. The
complexities of the interactions among genotype, diet, and environment are unrav-
eling, and personalized nutrition recommendations for individuals will become
feasible. Nutritional genomics, proteomics, and metabolic profiling use high
throughput technologies that enable researchers to analyze thousands of genes
and their interactions simultaneously. Nutritional genomics refers to the interface
of plant biochemistry, genomics, and human nutrition for the purpose of under-
standing and manipulating nutrient reactions and interactions at the molecular or
genomic level.8 One mechanism involves gene-nutrient interactions in relation to
specific gene polymorphisms among individuals have already been identified.
The example of broccoli intake in relation to colon cancer risk in GSTM1-null
genotype individuals was reviewed earlier. Another example involves certain
polymorphisms in the methylenetetrahydrofolate reductase gene, a key enzyme
in one-carbon metabolism, that have been associated with a lower risk of devel-
oping colorectal cancer, but only in persons with adequate folate status.112

The resulting data facilitate molecular analysis of bioactive food components
and identification of appropriate biomarkers that target individuals who are at
risk and predisposed to cancer. Ever-increasing evidence, including that presented
in this volume, substantiate the beneficial effects of certain nutrients and inter-
actions between nutrients in the carcinogenesis pathway, paving the way for
modification of nutritional requirements as a cancer prevention strategy. In the
future, diet, nutrition, and cancer prevention will be included in public health
programs that target cancer risk management in the population at large, and on
individual programs that focus on particular cancer risk profiles. Concomitantly,
agricultural sciences will continue to develop improved plants through both
traditional breeding techniques and genetic modification and food industries will

FIGURE 2.3 Clinical course of epithelial tumors over time, from the intraepithelial neo-
plasia stage to metastases. (From Go VL, Butrum RR, Wong DA. Diet, nutrition, and
cancer prevention: the postgenomic era. J Nutr 2003; 133:3834S. With permission.)
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provide functional foods enriched with beneficial nutrients.9,20 Targeting cancer
prevention with specific foods and/or bioactive components is a relatively non-
toxic and cost-effective strategy for reducing cancer burden. However, the com-
plexity of the human diet coupled with individual variation in the carcinogenesis
process will make continued research in the area of diet and cancer prevention
mandatory.46
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3.1 VITAMIN A (ALL-TRANS-RETINOL)
HOMEOSTASIS

Insight into the sources, metabolism, and homeostasis of vitamin A will facilitate
our ability to decipher whether vitamin A status in humans correlates inversely
with cancer risk and supports its potential as a cancer chemopreventive agent.
Vitamin A is the compound all-trans-retinol. All-trans-retinol, however, does not
have biological activity in its own right. Rather, it serves as the substrate for
producing metabolites that fulfill the functions of vitamin A. These metabolites
include, but may not be limited to, the cofactor in rhodopsin, 11-cis-retinal, and
the humoral transducer of systemic vitamin A action, all-trans-retinoic acid
(RA).1–5 The term vitamin A, therefore, pertains to a specific compound, all-trans-
retinol. The term also denotes the spectrum of biological activity, as in “vitamin
A activity,” produced indirectly by retinol.6 The term retinoids refers to all com-
pounds, both naturally occurring and synthetic, which have vitamin A activity.7

Although vitamin A intake seems adequate in most of the population of North
America and Europe, this appears to be an evolutionarily aberrant situation.
Indeed, the usual situation, as evidenced by recurrent problems in countries
outside of North America and Europe, seems to be limited vitamin A intake,
resulting from generally poor, often nutritionally monotonous diets.8 In North
America and Europe preformed vitamin A accounts for 60 to 80% of vitamin A
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requirements, whereas in south Asia and Africa, carotenoids serve as the major
vitamin A precursors. This confounds the issue whether dietary intake of vitamin
A or carotenoids, or both, correlate with risk of various diseases. Common dietary
sources of vitamin A include liver, dairy products, and fish, such as herring,
sardines, and tuna. Common dietary sources of provitamin A carotenoids include
carrots, yellow squash, corn, dark-green leafy vegetables, and red palm oil. Only
~50 of the 600 carotenoids found in nature have provitamin A activity, however.
As a result, color is not a reliable indicator of the vitamin A value of vegetables.
Regardless of the source, all-trans-retinol accounts for the quantitatively major
circulating retinoid in serum. But unless it is very low or in excess, serum retinol
does not reflect vitamin A status, because with adequate vitamin A stores in liver,
the liver homeostatically controls plasma retinol levels. In addition, other factors
can affect plasma vitamin A within the genetically and liver-stores determined
range, such as infection and inadequate intake of other nutrients (e.g., zinc and
protein) (Figure 3.1).

3.2 SYSTEMIC FUNCTIONS OF VITAMIN A

Normal reproduction occurs only in animals with adequate vitamin A status. The
estrus cycle, normal epithelia in female reproductive organs (and therefore con-
ception), spermatogenesis, placentation, and embryogenesis, all require retinoids
for normal growth and function.1,9 Retinoid deficiency in early pregnancy results
in failure of placentation. Deficiency later in pregnancy, but in the first trimester,

FIGURE 3.1 A schematic depicting the sources of vitamin A and its uptake and storage
in the liver as retinyl esters. Vitamin A is converted into RA in liver and delivered to
extrahepatic tissues, and vitamin A itself is delivered to extrahepatic tissues and converted
in situ into RA.
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results in birth defects, especially heart and craniofacial defects. Deficiency
postnatally impairs growth and fertility, depresses the immune response and
neurofunction, and causes a host of problems related to abnormal stem cell
differentiation and proliferation (e.g., squamous metaplasia of the epithelium).
Maintenance of the appropriate differentiation state of many tissues/systems
(epithelial, nerve, immune system) depends on retinoid status. Retinoids also
regulate apoptosis in the immune system and during embryogenesis.

Contrasting skin with other epithelial cell-containing tissues provides an
example of retinoid action. Retinoids prevent basal skin cells from terminally
differentiating. Thus, the skin keratinizes during normal vitamin A status. In
contrast, retinoids induce epithelial cells in the airways (and reproductive and
digestive tracks) to terminally differentiate. Thus, intestine, trachea, etc., are soft,
mucus-secreting tissues that do not keratinize. In the absence of retinoids, the
trachea will fail to differentiate, resulting in squamous metaplasia — a prolifer-
ation of abnormal cells that cornify (keratinize), resulting in loss of integrity and
function.

The first symptoms of vitamin A depletion are the readily reversible loss of
peripheral vision and nyctalopia (night blindness). Long-term deficiency causes
degeneration of the epithelial tissues including the cornea, resulting in
xerophthalmia, i.e., ulceration of the cornea and inflammation of the eye that can
lead to permanent corneal damage, progressing to irreversible blindness. Chronic
toxicity can result after weeks to years of excessive vitamin A intake (

 

≥ tenfold
the recommended daily allowance [RDA]), producing headaches, alopecia, dry
and itching skin, cracked lips, hepatomegaly, bone and joint pain, and many other
symptoms. Ultimately, permanent damage to liver, bone, and vision can occur,
which can cause death. The most serious teratogenic effects of vitamin A include
fetal resorbtion, abortion, birth defects, and permanent learning disabilities in
offspring. Especially toxic are RA and the synthetic retinoids that have long
biological elimination t1/2.

3.3 MECHANISM OF VITAMIN A ACTION

RA and its isomer, 9-cis-retinoic acid (9cRA), serve as ligands that activate ligand-
activated transcription factors that belong to a superfamily of nuclear receptors.10

This superfamily of related genes expresses nuclear receptors for steroids (the
female sex hormones estrogen and progesterone, the mineralocorticoid aldoster-
one, the glucocorticoid cortisol, the male sex hormones testosterone and dihy-
drotestosterone), prostanoids, the thyroid hormone, the hormonal form of
vitamin D, calcitriol, and peroxisome proliferators. Additionally, more than 50
orphan receptors belong to this family. Two classes of retinoid receptors occur:
retinoic acid receptors (RAR) and retinoid X receptors (RXR). Each has three
different versions (

 

α,

 

β, and 

 

γ) encoded by distinct genes. Each version also has
multiple isoforms resulting from differential promoter use and alternative RNA
splicing. Thus, multiple forms of each occur (e.g., RAR

 

α1, RAR

 

α2, etc.). More-
over, RAR functions as a heterodimer with RXR. The multiple forms of both RAR
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and RXR predict 48 different combinations. Several other receptors (e.g., vitamin
D receptor; peroxisome proliferator activated receptors; thyroid hormone recep-
tor) function as heterodimers with RXR. RXRs therefore seem to serve as “mas-
ter” permissive factors for several hormones. Vertebrates conserve each receptor,
e.g., greater sequence similarity occurs between mouse and human RAR

 

α than
between human RAR

 

α and RAR

 

β.10

Despite the expectation of exquisite specificity fostered by the various discrete
combinations of RAR and RXR isoforms, these receptors exhibit a great deal of
apparent functional redundancy and/or ability to compensate for loss of another.
In gene knockout experiments, more than one receptor can perform the same
function in vivo, although this may represent an artifact of the knockouts and
demonstrate what can happen, not necessarily what does occur.11 Nevertheless,
receptor ablation has provided enormous insight into receptor function. Deletion
of the RAR

 

α gene results in postnatal lethality within 24 h: RAR

 

α-null mice
represent only 3% of the population by 1 to 2 months of age. Of these, 60% have
webbed digits on both fore and hind limbs. A few mice survive 4 to 5 months,
but no males are fertile, and all have severe degeneration of the testis germinal
epithelium. RAR

 

β-null mice have locomotor defects, reminiscent of Parkinson’s
disease, but are fertile with normal longevity. RAR

 

β-null mice have impaired
hippocampal synaptic plasticity and compromised short-term learning (as do
RXR

 

γ-null mice). Also, the 

 

β2 isoform of RAR may serve as a tumor suppressor
(see below). RAR

 

γ mutants show growth deficiency (40 to 80% of the weight of
the wild-type mice), early lethality (50% dead by 1 to 3 weeks old and <40%
surviving by 3 months) and male sterility due to squamous metaplasia of the
seminal vesicles and prostate gland. No genitourinary defects occurred in null
females, which are fertile. Mice with null mutations in either RXR

 

α or RXR

 

β
die between gestational ages 9.5 and 10.5 and display a wide range of abnormal-
ities. Although the direct cause of death appears to be malformation of the
placenta, RXR appear necessary for embryonic development before placentation.
Mice null in RXR

 

β or RXR

 

γ also have locomotor defects and blunted neuro
responses, especially related to dopamine signaling.

3.4 MECHANISMS OF COMPLEXITY IN VITAMIN A 
SIGNALING

To fully appreciate the obstacles in using higher doses of exogenous retinoids in
long-term chemotherapy, one must appreciate the complexity of retinoid signaling.
First, precise concentrations of RA must be generated from retinol in a temporally
and spatially specific manner.12 This process involves not only several steps (retinyl
ester hydrolysis, retinol dehydrogenation, retinal dehydrogenation), but multiple
enzymes that catalyze each step.13 After generation of RA, autoregulation also
contributes to homeostasis through RA induction of degradative enzymes. In
addition, multiple retinoid-specific binding proteins control substrate access to
enzymes, RA concentrations, and RA access to receptors.14,15 As mentioned earlier,
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there are numerous potential combinations of RAR and RXR isoforms. In addi-
tion, the numerous genes regulated by RA manifest a variety of receptor het-
erodimer response elements. This entire system, illustrated in Figure 3.2, is
subject to feedback and other types of control that are only beginning to be
understood. Any imposition of exogenous retinoids, especially in high concen-
trations and for the long term, invites a plethora of compensatory and potentially
adverse responses, which almost certainly will have unpredictable effects.

3.5 VITAMIN A AND CANCER IN EXPERIMENTAL 
ANIMALS

Vitamin A has long been associated with decreased cancer incidence in animals,
especially of epithelial cancers. This concept was promoted by early insights into
the effects of vitamin A depletion on animals. Wolbach16 published studies in
1925 demonstrating that vitamin A deficiency resulted in squamous metaplasia
and correlated with increased respiratory and upper alimentary canal cancer.
Studies with laboratory animals, prompted by these early observations, revealed
the conversion of mucous secreting and/or ciliated epithelium into squamous

FIGURE 3.2 An outline of vitamin A activation into RA and the degradation of RA
illustrating the roles of retinoid-specific binding proteins. The abbreviations used are
CRABP, cellular retinoic acid-binding protein; CRBP, cellular retinol-binding protein;
CYP, cytochrome P450; LRAT, lecithin:retinol acyltransferase; RALDH, retinal dehydro-
genase; RalR1 and RRD, retinal reductases; RDH and RoDH, retinol dehydrogenases;
RE, retinyl esters; REH, retinyl ester hydrolase.
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keratinizing epithelial as the most conspicuous effects of vitamin A deficiency.
These observations focused attention of vitamin A function on epithelia, and gave
birth to the conclusion that the primary systemic function of vitamin A was to
control epithelial differentiation.1 These observations also prompted multiple
intervention studies with laboratory animals, which concluded that dosing with
various retinoids (retinyl palmitate, retinyl acetate, RA) reduced the incidence of
chemically induced (7,12-dimethyl-1,2-benzanthracene, benzo[a]pyrine, 3-meth-
ylcholanthrene, N-methyl-N-nitrosourea) lesions in several epithelial targets,
including the respiratory tract, the stomach, the vagina, and skin.17 Most likely
because of poorly controlled protocols and/or different protocols that really were
not comparable, the earliest animal studies reported mixed results of dietary
vitamin A supplementation on the incidence of chemically caused carcinogenesis.
Many studies, however, showed amazing reductions in cancer incidence using
larger amounts of vitamin A in rodents exposed to chemical carcinogens. This
stimulated great interest to pursue vitamin A and retinoid supplementation in
cancer chemoprevention.

For example, as reviewed by De Luca,17 a study with golden hamsters painted
a 5% solution of DMBA twice weekly for 13 weeks on check pouches and either
fed a vitamin A-depleted diet (but not necessarily deficient) or gave a pair-fed
group (400 nmol) retinyl palmitate per week. Oddly, the death rate of the vitamin
A-supplemented animals was twice as high as the depleted animals, but the cancer
rate in the surviving vitamin A-dosed animals was fivefold lower.18 A more clearly
promising outcome was noted in a study in which hamsters were dosed with
DMBA (10 mg/week) or BP (10 mg/week) with or without co-dosing with retinyl
palmitate (100 mg/week = 190,000 nmol). The incidence of stomach cancer was
22 and 62% in the DMBA- and BP-dosed hamsters, respectively, and 0% in both
carcinogen plus retinyl palmitate-dosed groups.19 Note, however, that the recom-
mended amount of vitamin A in the AIN93 rodent diet is 4 nmol retinol/g diet
(1 nmol = 1 IU). Sequential dosing studies, perhaps, provided a more realistic
model, at least of chemoprevention “after the fact.” Retinyl palmitate
(19,000 nmol/week for life) decreased respiratory tumors 66% and squamous
tumors 90% in hamsters dosed with BP intratracheally. Higher concentrations of
vitamin A (7700 nmol) started 1 week after BP exposure increased the incidence
of respiratory tumors 40%, but the tumor incidence decreased 20% when the
hamsters were placed in laminar flow hoods.20

These studies were characterized by high doses of carcinogens applied top-
ically or dosed intragastrically to rodents, higher doses of vitamin A or its esters
(not synthetic retinoids), and were done using stock diets, with few exceptions.
They examined a variety of tissues. These variables made it difficult to draw clear
conclusions, but the studies did demonstrate that under certain circumstances
pharmacological doses of vitamin A can prevent chemically induced epithelial
cancer in some rodent tissues. This is an intriguing conclusion, but left unresolved
whether a lifetime of enhanced vitamin A nutrition would help prevent cancer
and whether diet has a confounding influence on vitamin A effects.
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As more animal studies were published and studies were broadened to include
RA and synthetic retinoids, clearer patterns emerged in laboratory animals.21

Perhaps the earliest, most consistent effects of vitamin A and other retinoids were
obtained with the initiation/promotion model of skin carcinoma. Painting mice
skin with a single dose of a carcinogen, such as DMBA, followed by one or more
paintings with a promoter, such as croton oil or TPA, invariably produces many
papillomas. Within 5 to 8 months, a few percent of the papillomas develop into
carcinomas. Bollag22 showed that intraperitoneally dosing with high amounts of
RA (100 mg/kg = >300,000 nmol) reduced papilloma volume >80% relative to
controls. In a subsequent study, Bollag23 showed that oral dosing with RA (200
mg/kg every 2 weeks) during promotion also reduced the incidence of carcinomas
by ~67%. These results presaged data, which consistently showed that retinol,
retinyl palmitate, RA, and certain synthetic retinoids delayed appearance of skin
papillomas, decreased their number and volume, and decreased their rate of
progression into carcinomas in rabbits, mice, and rats. Mechanistic work on this
phenomenon demonstrated that in this model retinoids function as antipromoters,
specifically inhibiting induction of ornithine decarboxylase, an enzyme necessary
for replication.24 These insights were extended by the demonstration that skin
basal cell carcinomas in humans regressed upon topical RA treatment.23,25

Retinyl acetate, fed in rather high amounts (250 to 750 nmol/g food) to rats
also has a chemopreventive effect with respect to mammary tumors induced by
chemical carcinogens including BP, DMBA, and MNU.22 However, retinyl acetate
causes hepatoxicity at effective doses. Fortunately, the synthetic retinoid N-(4-
hydroxyphenyl)retinamide (fenretinide) also is effective, and tends to concentrate
in the breast.26 Curiously, dietary 13-cis-RA is not an effective chemopreventive
of MNU-induced breast cancer. These results illustrate two issues concerning
retinoids as chemopreventives: (1) doses/compounds effective against cancer in
one tissue may have toxic effects in other tissues; (2) chemopreventive activity
in test systems in vitro often does not predict actions in the intact mammal.
Obviously, the pharmacology of a retinoid (tissue distribution, metabolism rate,
etc.) has great impact on its chemopreventive action and toxicity in vivo.

The conclusion that specific retinoids act on cancer of specific tissues in
experimental animals is extended by the observation of the impact of retinoids
on bladder cancer.27 For example, 13-cis-RA reduces the incidence of transitional
cell carcinoma in rats initiated by N-butyl-N-(4-hydroxybutyl)nitrosamine, a blad-
der-specific carcinogen. Recall that dietary 13-cis-RA does not prevent MNU-
induced breast cancer in rats. It is also important to note that transitional cell
carcinoma accounts for the major type of human bladder cancer, rather than
squamous cell carcinoma.

Lasnitski28 developed organ culture of mouse prostate and demonstrated with
it that RA and synthetic retinoids could inhibit or reverse MC-induced neoplastic
changes. This, of course, generated a great deal of interest in the potential use
of retinoids to prevent and/or treat prostate cancer. A subsequent study demon-
strated that fenretinide, a retinoid active against carcinogen-induced breast cancer,
caused a 76% decrease in prostate cancer in rats treated with the carcinogen MNU



68 Nutrition and Cancer Prevention

and testosterone.29 In addition, RA and other retinoids at higher doses inhibited
the growth of established prostate cancer cell lines and induced apoptosis.30

Perhaps not surprisingly, given previous experience with retinoids and with estab-
lished cell lines, retinoid effects on cultured prostate cancer cells are retinoid-
and cell line-dependent. RA, for example, is effective with LNCaP cells, WPEI-
NB11, and WEI-NB14 cells, but not with DU-145 or PC-3 cells. Fenretinide,
however, was more effective than RA in the WPEI cell lines. Alas, these are
established cancer cell lines. Regardless of these reports of success, and others
like them,27 a very recent review of the literature concluded that “no evidence”
exists that vitamin A or synthetic retinoids can be used as prostate cancer chemo-
preventive agents, because of either toxicity or lack of efficacy.31 Consistent with
this conclusion, a review of clinical studies with RA concluded that only modest
effects were obtained in inducing apoptosis of prostate cancer.30

To summarize: (1) there tends to be a degree of species, retinoid, carcinogen,
and tissue specificity associated with the effects of retinoids on cancer chemo-
prevention in experimental animals; (2) in vitro models, especially cancer cells
in culture, are not necessarily good predictors of retinoid chemopreventive effects
in intact animals; (3) doses of retinoids that act chemopreventively at one site in
intact animals may be toxic to other tissues. Nevertheless, retinoids still hold
tremendous potential as cancer chemopreventive or therapeutic agents. Use of
synthetic retinoids, as exemplified by fenretinide, may circumvent toxicity asso-
ciated with naturally occurring retinoids.

3.6 EPIDEMIOLOGICAL INSIGHT INTO VITAMIN A, 
CAROTENOIDS, AND CANCER

Early epidemiological studies and limited measurements of blood retinol seemed
to support an inverse relationship between vitamin A intake and cancer, and/or
blood retinol and cancer, and/or 

 

β-carotene intake and cancer in humans
(reviewed in References 32 and 33). The current body of knowledge, however,
does not support such conclusions. First, as pointed out above, serum retinol is
a poor indicator of vitamin A status and of vitamin A and carotenoid intake.
Second, retinol in serum samples can be adversely affected easily by storage
and handling, producing misleading results. Third, many of the epidemiological
studies concluding that an inverse relationship existed between vitamin A and
cancer, based their conclusions on an inverse relationship between colored veg-
etable intake and cancer. As mentioned above, color is not a reliable indicator
of the vitamin A value of vegetables; in addition, each type of vegetable can
contain up to 10,000 different phytochemicals. Certain of these phytochemicals
seem to have potent anticancer activity. Lately, a focused study on bladder cancer
(the Netherlands Cohort Study of >120,000 persons >6 years) has further uncou-
pled supplementation with dietary vitamin A and carotenoids with reducing
cancer risk.34
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3.7 CLINICAL TRIALS WITH RETINOIDS

Acute promyelocytic leukemia (APL) shows the most spectacular response to
retinoid treatment, consistent with results in the cultured human APL cell line
HL60.35 Combined therapy with RA and conventional chemotherapy produces
70% long-term remission.36 A few cases of APL develop resistance to RA therapy.
In contrast, although RA alone has spectacular initial effects on patients with the
form of APL that involves the t(15,17)-translocation, which produces the fusion
protein PML-RARα, many of these patients relapse and become resistant to
further RA therapy, for reasons still debated.

Oral retinol (25,000 nmol/day) reduces by 32% the development of squamous
cell carcinomas of the skin in high-risk patients, with no apparent toxicity, as
shown in a study that involved 5 years of treatment and nearly 4 years of follow-
up.37 In contrast, oral retinol had no effect on basal cell carcinoma, and neither
retinol nor isotretinoin (13-cis-RA) affected the incidence of nonmelanoma skin
cancers. An extension of this work demonstrated the safety and enhanced efficacy
of using 50,000 and 75,000 nmol/day of vitamin A for 1 year in patients with
sun-damaged skin.38

Organ transplant patients suffer from an increased incidence of premalignant
skin lesions and from nonmelanoma skin cancers. The synthetic aromatic retinoid
acitretin — Soriatane or all-trans-9-(4-methoxy-2,3,6-trimethylphenyl)-3,7-
dimethyl-2,4,6,8-nonatetraenoic acid) — is effective systemically as a chemopre-
ventive agent for skin premalignant lesions and cancer, but only during treatment.
Like fenretinide, discontinuation of acitretin treatment results in complete loss
of chemopreventive effects, indicating need for lifetime therapy.39,40

The RAR ligands RA, isotretinoin, etretinate, and acitretin have been used
to treat disorders in which malignant T cells accumulate in skin, known as
cutaneous T-cell lymphomas.41 Depending on the retinoid used, the response rate
with RAR agonists was as high as 85% and the complete response rate was as
high as 33%. The RXR ligand bexarotene has been approved recently for clinical
use for the same indication. Higher oral doses (650 mg/m2) provide response
rates as high as 67% and complete responses as high as 54%.41–43 Lower toxicity
compared to RAR ligands has been suggested as an anticipated benefit of bex-
oretine, because bexoretine produces only “laboratory abnormalities,” such as
hypertriglyceridemia, hypercholesterolemia, hypothyroidism, and leukopenia,
which may be addressed with other drugs without discontinuing retinoid therapy.41

In contrast, RAR ligands commonly produce side effects of dry skin, conjunc-
tivitis, alopecia, headache, and bone changes. Not unexpectedly, the RAR ligands
demonstrate vitamin A excess symptoms, whereas RXR ligands demonstrate
consequences of activating nuclear receptors that heterodimerize with RXR, such
as PPAR and LXR. Long-term studies should eventually determine the relative
therapeutic indices of these two approaches.

Fenretinide represents one of the most promising cancer chemopreventive
agents because of its activity in model systems, its lower toxicity compared to
many other retinoids, and its tendency to show some tissue-specific uptake.
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Disappointingly, in several Phase III clinical trials, fenretinide has not shown
broad-based chemoprevention activity against cancer of the sites predicted as
responders from studies in models, including breast, bladder, cervix, and head
and neck. Two groups have concluded, however, that fenretinide may show an
effect in reducing ovarian cancer, as long as treatment is continued, but not after,
and possibly a reduction in second malignancies of the breast in premenopausal
women, but not for second breast cancers in postmenopausal women.44–46 Cur-
rently, there is hope for fenretinide, but final evaluation must await the outcome
of further clinical investigation.

Isotretinoin has been evaluated fairly extensively for its ability to suppress
second primary tumors in patients with head and neck squamous cell carci-
noma.47–49 High doses (50 to 100 mg/m2/day) reduced by nearly fivefold the rate
of second primary tumor occurrence over a 55 month period. The impact of
isotretinoin continued for 2 years beyond cessation of dosing. Unfortunately, the
majority of patients suffered from conjunctivitis, skin toxicities, and cheilitis and
required dose reduction.48 A trial to evaluate lower-dose use of isotretinoin
(30 mg/day) for 3 years followed by another 4 years of appraisal in the absence
of dosing reported no obvious anticancer effects.49 Consistent with other studies,
which often reveal retinoid-specific results, etretinate did not reduce the incidence
of second primary tumors.50 Treatment with retinyl palmitate for 2 years did not
affect survival and second primary tumors formation in patients with head and
neck cancer.51

Retinoids have been among the most widely tested agents for prevention of
nonsmall cell lung cancer, reversal of premalignant lesions, and prevention of
additional cancer in former lung cancer patients.52–54 No large-scale, reproducible,
randomized clinical trial has shown positive results, i.e., no impact of retinoids,
including isotretinoin, fenretinide, etretinate, retinol, or retinyl palmitate, has been
observed with respect to any of these three outcomes. In the Physician’s Health,
CARET, and ATBC studies, β-carotene alone had no impact or, in conjunction
with α-tocopherol or retinol, was harmful. These data seem to indicate total
gloom, but recent work relating RAR to lung tissue changes suggests continued
studies might be warranted.55 RAR, especially RARβ2, has been proposed as a
tumor suppressor gene, because it is lost in squamous cell carcinomas and ade-
nocarcinomas, is epigenetically silenced by hypermethylation in the early stages
of lung cancer, and is not expressed in tumor samples of the esophagus, prostate,
breast, and lung.56 The effect of upregulating and activating RAR on the devel-
opment of second primary lung cancers, however, seems related to whether the
patients are current or former smokers. Only in former smokers was RAR upreg-
ulation and activation (unmethylated form) protective, through inhibiting carcino-
genesis and inducing apoptosis. In current smokers, activation of RAR may
enhance carcinogenesis.

Bladder cancer clinical trials with isotretinoin had too much toxicity to
continue, whereas a double-blind trial with etretinate showed a modest overall
impact, and has supported a call for large-scale trials with retinoids in superficial
bladder cancer.57
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3.8 CONCLUSIONS

Despite the indications by its functions and mechanisms of action that vitamin
A should prevent cancer, and despite animal and in vitro work indicating that
various retinoids are effective at chemoprevention, at this point it is easier to list
the clinical trials that have been effective, than to relate the numerous failed
attempts to apply the experimental science to humans without toxicity.36 Never-
theless, besides the successes mentioned above, isotretinoin holds promise in
neuroblastoma and in premalignant lesions, including oral leukoplakia and xero-
derma pigmentosum.58 The acylic retinoid analog polyprenoic acid reduces sec-
ond primary hepatocarcinoma and 9-cis-RA (alitretinoin) shows promise for
Kaposi’s sarcoma. In hindsight, it is not surprising that progress has been slow,
arising from the complexity of retinoid homeostasis and signaling, the pleiotropic
functions of retinoids, retinoid toxicity, the complicated nature of cancer, and the
intrusion of pharmacology on our desire to deliver retinoids selectively to cancer
sites. Although the task appears formidable, compelling justification continues
for pursuing use of retinoids in chemoprevention and therapy. Especially prom-
ising are the advent of additional synthetic retinoids that may be receptor specific,
or show site-specific accumulation, or have more attractive therapeutic indices.
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ABSTRACT

Vitamin A deficiency has been known as a risk factor for various cancers, such
as stomach cancer. Because long-term administration of vitamin A is practically
difficult due to its hepatic toxicity, vitamin A analogs have been developed and
applied for cancer prevention in clinical trials. Provitamin A carotenoids, which
are widely distributed in vegetables and fruits, are also important nutritional
factors as the source of vitamin A. These help to maintain our healthy condition,
including risk reduction of cancer development. We should also pay attention to
natural carotenoids other than provitamin A carotenoids, some of which were
proved to have very potent anticarcinogenic activity. For example, lycopene is a
very potent suppressor for liver cancer development. In the case of phytoene, the
concept of “bio-chemoprevention,” which means biotechnology-assisted method
for cancer chemoprevention, may be applicable. In fact, establishment of mam-
malian cells producing phytoene was succeeded by the introduction of crtB gene,
which encodes phytoene synthase, and these cells were proved to acquire the
resistance against carcinogenesis. Antioxidative phytoene-containing animal
foods may be classified as a novel type of functional food, which has the pre-
ventive activity against carcinogenesis, as well as the ability to reduce the accu-
mulation of oxidative damage, which is hazardous for human health.

KEY WORDS

vitamin A, natural carotenoids, multicarotenoids, cancer chemoprevention, bio-
chemoprevention, functional foods

4.1 INTRODUCTION

Vitamin A as well as its precursor, provitamin A, are not synthesized by humans
but must be supplied via diets. Because vitamin A is required for growth and
various biological functions, its deficiency causes serious health problems. It has
also been reported that vitamin A deficiency causes an increased rate of cancer
development.

Information has accumulated indicating that diets rich in vegetables and fruits
can reduce the risk of a number of chronic diseases, including cancer, cardiovas-
cular disease, diabetes, and age-related macular degeneration. Various factors in
plant foods, such as carotenoids, antioxidative vitamins, phenolic compounds,
terpenoids, steroids, indoles, and fibers, have been considered responsible for the
risk reduction. Among them, carotenoids have been studied widely and have
proved to show diverse beneficial effects on human health. Initially, carotenoids
in vegetables and fruits were suggested to serve as precursors of vitamin A. In
this context, 

 

β-carotene has been studied most extensively, because 

 

β-carotene
has the highest provitamin A activity among carotenoids.

Peto et al.1 suggested that 

 

β-carotene could have a protective effect against
cancer without converting to vitamin A. Then, carotenoids other than 

 

β-carotene
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may also contribute for the protection of cancer and various diseases. Of more
than 600 carotenoids identified to date, about 40 carotenoids are found in our
daily foods. However, as a result of selective uptake in the digestive tract, less
than 20 carotenoids with some of their metabolites have been identified in human
plasma and tissues. Thus, it is important to evaluate the biological activities of
these carotenoids that are detectable in human body.

4.2 ANTICARCINOGENIC ACTIVITY OF VITAMIN A, 
RETINOIDS, AND REXINOIDS

Vitamin A deficiency has been known as a risk factor for various cancers, such
as stomach cancer. Thus, vitamin A has been evaluated as a cancer-suppressing
agent. However, it has been found that long-term administration of vitamin A is
practically difficult due to its hepatic toxicity. In addition, less toxic vitamin A
analogs, retinoids (fenretinide, E5166, Am88, KNK41, and others) and rexinoids
(LGD1069, LG100268, and others), have been developed and applied for clinical
trials to suppress cancer.

Among these vitamin A analogs, differences in potency and mode of action
have been found. Therefore, it is important to select the best agents for each
individual with different types of cancer. The differences in mode of action may
result from differences in binding affinities to receptors. Retinoid receptors are
classified into two subfamilies, retinoic acid receptors (RARs) and retinoid X
receptors (RXRs). Among the natural vitamin A family, all-trans-retinoic acid
has affinity for RARs, and 9-cis-retinoic acid shows high affinity for both RXRs
and RARs.

The RXRs form stable heterodimers with RARs. They also can form
homodimers and are capable of acting independently from RARs. Furthermore,
RXRs also form heterodimers with the vitamin D receptor, the thyroid hormone
receptors, and peroxisome proliferation-activating receptors. In this context, spe-
cific analogs for RXRs, which are now called rexinoids, are of particular interest
for application to the field of control and regulation for various diseases and
biological phenomena, including cancer control.

The first of the rexinoids to be used for this purpose was LGD1069
(Targretin®).2,3 However, Targretin is not totally specific for binding to RXRs,
and new rexinoids, which have essentially no affinity for RARs, such as
LG100268, have been synthesized. Interestingly, new rexinoids do not have the
classic toxicologic profile of retinoids, and thus seem to be very useful agents
for cancer control.

4.3 ANTICARCINOGENIC ACTIVITY OF NATURAL 
AND SYNTHETIC CAROTENOIDS

Among the carotenoids, 

 

β-carotene has been expected to be the most promising
candidate as a cancer preventive agent. Thus, 

 

β-carotene has been tested for
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cancer-preventive activity in interventional trials; i.e., two Linxian trials (Linxian
1 and Linxian 2), the Alpha-Tocopherol Beta-Carotene (ATBC) cancer prevention
study, the 

 

β-Carotene and Retinol Efficacy Trial (CARET), the Physicians’ Health
Study (PHS), and the Skin Cancer Prevention Study (SCPS). In addition to these
studies, we have recently completed an intervention trial with supplementation
of a mixture of natural carotenoids (lycopene, 

 

β-carotene,

 

α-carotene, and others)
plus

 

α-tocopherol (Jinno, K., Nishino, H. et al., patent pending: 2002-022958,
2002.1.31; see Section 4.3.8).

4.3.1

 

β-CAROTENE (SYNTHETIC)

In the Linxian 1 study, a protective effect of supplemental 

 

β-carotene, vitamin
E, and selenium was reported with regard to the incidence and mortality rates of
gastric cancer when compared with untreated subjects. In the Linxian 2 study,
the relative risk for cancer mortality was 0.97 in men and 0.92 in women (not
significant). At the end of follow-up in the ATBC cancer prevention study, 894
cases of lung cancer were reported. The numbers of lung cancer cases by inter-
vention group were 204 in the 

 

α-tocopherol group, 242 in the 

 

β-carotene group,
240 in the 

 

α-tocopherol plus 

 

β-carotene group, and 208 in the placebo group.
The group receiving 

 

β-carotene had a 16% higher incidence of lung cancer than
those not given 

 

β-carotene. The excess risk associated with 

 

β-carotene supple-
mentation was concentrated mainly among people who currently smoked more
than 20 cigarettes per day and who drank more than 11 g/day of ethanol.

In the CARET, the relative risk of lung cancer incidence was 1.3 in the group
treated with 

 

β-carotene and retinal (p = 0.02), 1.4 in the current smoker group
treated with 

 

β-carotene and retinal, and 1.4 in the asbestos-exposed group treated
with

 

β-carotene and retinal. In the PHS, no significant modification in risk was
found. In the SCPS, the relative risk for skin cancer was 1.4 in the smoker group
treated with 

 

β-carotene.

4.3.2

 

α-CAROTENE

 

α-Carotene has been proved to induce G1-arrest of cells in the cell cycle. As
various agents that induce G1-arrest have been proved to have cancer preventive
activity, we evaluated the anticarcinogenic activity of 

 

α-carotene.

 

α-Carotene
showed higher activity than 

 

β-carotene to suppress the tumorigenesis in skin,
lung, liver, and colon.4

In the skin tumorigenesis experiment, a two-stage mouse skin carcinogenesis
model was used. First, 7-week-old female ICR mice had their backs shaved with
electric clipper. From 1 week after initiation by 100 

 

μg of 7,12-dimethyl-
benz[a]anthracene (DMBA), 1.0 

 

μg of 12-O-tetradecanoylphorbol-13-acetate
(TPA) was applied twice a week. 

 

α-Carotene or 

 

β-carotene (200 nmol) was
applied with each TPA application. The higher potency of 

 

α-carotene than 

 

β-
carotene was observed. The percentage of tumor-bearing mice in the control group
was 69%, whereas the percentages of tumor-bearing mice in the groups treated
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with

 

α- and 

 

β-carotene were 25 and 31%, respectively. The average number of
tumors per mouse in the control group was 3.7, whereas the 

 

α-carotene-treated
group had 0.3 tumors per mouse (p < 0.01, Student’s t-test).

 

β-Carotene treatment
also decreased the average number of tumors per mouse (2.9 tumors per mouse);
however, the difference from the control group was not significant.

The higher potency of 

 

α-carotene compared to 

 

β-carotene in the suppression
of tumor promotion was confirmed by another two-stage carcinogenesis experi-
ment, i.e., 4-nitroquinoline 1-oxide (4NQO)-initiated and glycerol-promoted ddY
mouse lung carcinogenesis model. 4NQO (10 mg/kg body weight) was given by
a single subcutaneous injection on the first experimental day. Glycerol (10% in
drinking water) was given as the tumor promoter from experimental week 5 to
week 30 continuously. 

 

α-Carotene or 

 

β-carotene (at the concentration of 0.05%)
or vehicle as a control was mixed as an emulsion into drinking water during the
promotion stage. The average number of tumors per mouse in the control group
was 4.1, whereas the 

 

α-carotene-treated group had 1.3 tumors per mouse
(p < 0.001). 

 

β-Carotene treatment did not show any suppressive effect on the
average number of tumors per mouse, but rather induced a slight increase (4.9
tumors per mouse).

In a liver carcinogenesis experiment, a spontaneous liver carcinogenesis
model was used. Male C3H/He mice, which have a high incidence of spontaneous
liver tumor development, were treated for 40 weeks with 

 

α- and 

 

β-carotene (at
the concentration of 0.05%, mixed as an emulsion into drinking water) or vehicle
as a control. The mean number of hepatomas was significantly decreased by

 

α-carotene treatment as compared with that in the control group; the control
group developed 6.3 tumors per mouse, whereas the 

 

α-carotene-treated group
had 3.0 tumors per mouse (p < 0.001). On the other hand, the 

 

β-carotene-treated
group did not show a significant difference from the control group, although a
tendency toward a decrease was observed (4.7 tumors per mouse).

As a short-term experiment to evaluate the suppressive effect of 

 

α-carotene
on colon carcinogenesis, the effect on colonic aberrant crypt foci formation (ACF)
induced by N-methylnitrosourea (MNU, three intrarectal administrations of 4 mg
in week 1) was examined in Sprague-Dawley (SD) rats. 

 

α-Carotene or 

 

β-carotene
(6 mg, suspended in 0.2 ml of corn oil, intragastric gavage daily) or vehicle as
control were administered during weeks 2 and 5. The mean number of colonic
ACF in the control group was 63, whereas 

 

α- or 

 

β-carotene-treated group had
42 (significantly lower than that in the control group, p < 0.05) and 56, respec-
tively. Thus, a greater potency of 

 

α-carotene compared to 

 

β-carotene was again
observed.

4.3.3 LUTEIN

Lutein is a dihydroxy-form of 

 

α-carotene, and it is distributed among a large
variety of vegetables, such as kale, spinach, and winter squash, and fruits, such
as mango, papaya, peaches, prunes, and oranges. An epidemiological study con-
ducted in the Pacific Islands indicated that people with high intakes of the
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combination of the three carotenoids (

 

β-carotene,

 

α-carotene, and lutein) had the
lowest risk of lung cancer.5

The effect of lutein on lung carcinogenesis was examined. Lutein showed
antitumor-promoting activity in a two-stage carcinogenesis experiment in lung
of ddY mice, initiated with 4NQO and promoted with glycerol. Lutein, 0.2 mg
in 0.2 ml of mixture of olive oil and Tween 80 (49:1), was given by oral intubation
three times a week during tumor promotion stage (25 weeks). Treatment with
lutein showed a tendency of a decrease of lung tumor formation: the control
group developed 3.1 tumors per mouse, whereas the lutein-treated group had 2.2
tumors per mouse.

The antitumor-promoting activity of lutein was confirmed by another two-
stage carcinogenesis experiment. Lutein showed antitumor-promoting activity in
a skin carcinogenesis model using ICR mice, initiated with DMBA and promoted
with TPA and mezerein. At 1 week after the initiation by 100 

 

μg of DMBA, TPA
(10 nmol) was applied once, and then mezerein (3 nmol for 15 weeks, and 6 nmol
for subsequent 15 weeks) twice a week. Lutein (1 

 

μmol, molar ratio to TPA = 100)
was applied twice (45 min before and 16 h after TPA application). After exper-
imental week 30, the average number of tumors per mouse in the control group
was 5.5, whereas the lutein-treated group had 1.9 tumors per mouse (p < 0.05).

Lutein also inhibited the development of ACF in SD rat colon induced by
MNU (three intrarectal administrations of 4 mg in week 1). Lutein (0.24 mg,
suspended in 0.2 ml of corn oil, intragastric gavage daily) or vehicle as control
was administered during weeks 2 through 5. The mean number of colonic ACF
in the control group at week 5 was 69, whereas the lutein-treated group had 40
(significantly lower than that in the control group: p < 0.05).

4.3.4 ZEAXANTHIN

Zeaxanthin is a dihydroxy-form of β-carotene. It is distributed in our daily foods,
such as corn and various vegetables. Since awareness of zeaxanthin as a beneficial
carotenoid has only recently become known, available data for zeaxanthin are few.

Some activities of zeaxanthin have become known. Zeaxanthin suppressed
TPA-induced expression of early antigen of Epstein–Barr virus in Raji cells. TPA-
enhanced 32Pi incorporation into phospholipids of cultured cells was also inhibited
by zeaxanthin. Anticarcinogenic activity of zeaxanthin in vivo has also been
examined. It was found that spontaneous liver carcinogenesis in C3H/He male
mice was suppressed by treatment with zeaxanthin (at the concentration of
0.005%, mixed as an emulsion into drinking water). Antimetastatic activity of
zeaxanthin was also found.

4.3.5 LYCOPENE

Lycopene occurs in our diet, predominantly in tomatoes and tomato products.
Lycopene is an antioxidant. It has exceptionally high singlet oxygen quenching
ability.6,7 An epidemiological study among elderly Americans indicated that high
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tomato intake was associated with a 50% reduction of mortality from cancers at
all sites.8 In a case-control study in Italy, high consumption of lycopene from
tomatoes was shown to have a potential protective effect against cancers of
digestive tract.9 An inverse association between high intake of tomato products
and prostate cancer risk was also reported.10

Studies on the anticarcinogenic activity of lycopene in animal models were
carried out in mammary gland, liver, lung, skin, and colon.11 A study in mice
with a high rate of spontaneous mammary tumors showed that intake of lycopene
delayed and reduced tumor growth.

Lycopene showed antitumor-promoting activity in a two-stage carcinogenesis
experiment in lung of ddY mice, initiated with 4NQO and promoted with glycerol.
Lycopene, 0.2 mg in 0.2 ml of a mixture of olive oil and Tween 80 (49:1), was
given by oral intubation three times a week during tumor promotion stage (25
weeks). Treatment with lycopene resulted in the significant decrease of lung tumor
formation: the control group developed 3.1 tumors per mouse, whereas the lyco-
pene-treated group had 1.4 tumors per mouse (p < 0.05) (Table 4.1).

The antitumor-promoting activity of lycopene was confirmed by another two-
stage carcinogenesis experiment. Lycopene showed antitumor-promoting activity
in a skin carcinogenesis with ICR mice, initiated with DMBA and promoted with
TPA. Lycopene (160 nmol, molar ratio to TPA = 100) was applied with each TPA
application. After experimental week 20, the average number of tumors per mouse
in the control group was 8.5, whereas the lycopene-treated group had 2.1 tumors
per mouse (p < 0.05).

Lycopene also inhibited the development of ACF in SD rat colon induced by
MNU (three intrarectal administrations of 4 mg in week 1). Lycopene (0.12 mg,
suspended in 0.2 ml of corn oil, intragastric gavage daily) or vehicle as control
was administered during weeks 2 through 5. The mean number of colonic ACF
in control group at week 5 was 69, whereas the lycopene-treated group had 34
(significantly lower than that in the control group: p < 0.05).

Spontaneous liver carcinogenesis in C3H/He male mice was also suppressed.
Treatment for 40 weeks with lycopene (at the concentration of 0.005%, mixed

TABLE 4.1
Effect of Lycopene on Tumorigenesis in Liver

Group No. of Mice
Tumor-Bearing Mice 

(%)
Average No. of 

Tumors per Mouse

Control 17 88 7.7
+ Lycopene 13 39 0.9a

Note: Male C3H/He mice at the age of 6 weeks were used. Lycopene, 0.005% in drinking water,
was given during the whole period of experiment (40 weeks).

a p < 0.05.
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as an emulsion into drinking water) resulted in a significant decrease of liver
tumor formation as shown in Table 4.1 (p < 0.005).

4.3.6 β-CRYPTOXANTHIN

β-Cryptoxanthin seems to be a promising carotenoid, since it showed the strongest
inhibitory activity in the in vitro screening test. β-Cryptoxanthin suppressed TPA-
induced expression of early antigen of Epstein–Barr virus in Raji cells at the
highest potency among carotenoids tested.12 TPA-enhanced 32Pi incorporation
into phospholipids of cultured cells was also inhibited by β-cryptoxanthin.
β-Cryptoxanthin is distributed in our daily foodstuff, such as oranges, and is one
of the major carotenoids detectable in human blood. Thus, it seems worthy to
investigate its actions more precisely. In this context, we further examined the
anticarcinogenic activity in vivo.

β-Cryptoxanthin showed antitumor-promoting activity in a two-stage carcino-
genesis experiment in skin of ICR mice, initiated with DMBA and promoted with
TPA. β-Cryptoxanthin (160 nmol, molar ratio to TPA = 100) was applied 1 h
before each TPA application. At week 20 of promotion, the percentage of tumor-
bearing mice in the control group was 64%, whereas the percentage of tumor-
bearing mice in the group treated with β-cryptoxanthin was 29%. The average
number of tumors per mouse in the control group was 2.7, whereas the β-cryp-
toxanthin-treated group had 1.6 tumors per mouse (p < 0.05).

Effect of β-cryptoxanthin on colon carcinogenesis was also examined. Four
groups of F344 rats (n = 25 each) received an intrarectal dose of 2 mg MNU,
three times a week for 5 weeks, and were fed a diet supplemented with or without
β-cryptoxanthin (0.0025%). The colon cancer incidence at week 30 was signifi-
cantly lower in the β-cryptoxanthin diet group (68%) compared to the control
group (96%). The tumor multiplicity was also lower in the β-cryptoxanthin-
treated group (1.4 tumors per rat) compared to the control group (1.7 tumors per
rat), which was not statistically significant.

4.3.7 OTHER CAROTENOIDS

In addition to the carotenoids mentioned above, fucoxanthin, astaxanthin, cap-
santhin, crocetin, and phytoene seem to be promising carotenoids, as these car-
otenoids showed strong inhibitory activity in cancer screening tests. Fucoxanthin
is distributed in our daily foodstuff, such as various types of seaweed, and is one
of the major carotenoids distributed in marine organisms. Thus, it seems worthy
to investigate its actions more precisely. 

4.3.8 MULTICAROTENOIDS

It is now clear that various natural carotenoids are potentially valuable for cancer
prevention. These carotenoids may be suitable in combinational use, as well as
single use. In fact, we have recently found that multicarotenoids (i.e., a mixture
of various carotenoids, such as β-carotene, α-carotene, lutein, lycopene, and so
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on) showed potent anticarcinogenic activity. For example, administration of a
prototype multicarotenoid preparation (Table 4.2) resulted in the suppression of
lung tumor promotion, as shown in Table 4.3. 

Furthermore, we have recently proved that administration of natural multi-
carotenoids (a mixture of lycopene, β-carotene, α-carotene, and other natural
carotenoids) with α-tocopherol resulted in significant suppression of liver tumor
development in liver cirrhosis patients (Jinno, K., Nishino, H. et al., patent
pending: 2002-022958, 2002.1.31). Thus, multicarotenoids seem to be promising
for clinical use. However, it is important to note that the effectiveness or efficacy
of multicarotenoids varied between individuals; i.e., responders and non-
responders were founded in clinical trial. These differences may be explained by
single nucleotide polymorphisms (SNPs). Thus, SNPs are now being analyzed
in responders and nonresponders.

TABLE 4.2
Composition of Multicarotenoids

Carotenoids %

β-Carotene 45.0
α-Carotene 24.7
Lutein 19.0
Lycopene 10.3
Zeaxanthin 0.9
β-Cryptoxanthin 0.1
Total 100

TABLE 4.3
Effect of Oral Administration of Multicarotenoids on the Promotion 
of Lung Tumor Formation by Glycerol in 4NQO-Initiated Mice

Group  (n)
Tumor-Bearing 

Mice

Average 
No. of Tumors 

per Mouse

Control (15) 73 1.4
+Multicarotenoids (15) 27a 0.4b

Note: Multicarotenoids (2 mg in 0.2 ml of oil, three times per week) were given during
the promotion period.

a p < 0.05. 
b p < 0.01.
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4.4 PRODUCTION OF PHYTOENE IN MAMMALIAN 
CELLS

4.4.1 ESTABLISHMENT OF PHYTOENE-PRODUCING MAMMALIAN

CELLS AND ANALYSIS OF THEIR PROPERTIES

Phytoene, which is detectable in human blood, was proved to suppress tumori-
genesis in skin cancer models. It has been suggested that the antioxidative activity
of phytoene may play an important role in its mechanism of action. To confirm
the mechanism, more precise study should be carried out. However, phytoene
becomes unstable when it is purified, and thus is very difficult to examine its
biological activities. Therefore, stable production of phytoene within target cells
was tried. As phytoene synthase encoding gene, crtB, has already been cloned
from Erwinia uredovora,13 we used it for the expression of the enzyme in animal
cells. Plasmids encoding phytoene synthase were transfected into NIH-3T3 cells
and expression was determined by Northern blot. These cells expressed a
1.5 kilobases mRNA from the crtB gene as a major transcript. That transcript
was not present in the cells transfected with the vector alone. Phytoene was
detected as a major peak in the HPLC profile in NIH-3T3 cells transfected with
pCAcrtB, but not in control cells.

Because lipid peroxidation is considered to play a critical role in tumorigen-
esis and the antioxidative activity of phytoene may play an important role in its
mechanism of anticarcinogenic action, the levels of phospholipid peroxidation
induced by oxidative stress in cells transfected with pCAcrtB or vector alone
were compared. Oxidative stress was imposed by culturing the cells in a
Fe3+/adenosine 5´-diphosphate (ADP) containing medium for 4 h. The lipid frac-
tion was examined for peroxidation by HPLC as above. The phospholipid hydro-
peroxidation level in the cells transfected with pCAcrtB and confirmed to produce
phytoene by HPLC was lower than that in the cells transfected with vector alone
(Table 4.4). Thus, antioxidative activity of phytoene in animal cells was con-
firmed.

TABLE 4.4
Reduction of Oxidative Stress-Induced Lipid Hydroperoxidation Levels 
in Cells Producing Phytoene

Transfected Plasmid PCOOH + PEOOH/PC + PE (% Inhibition)

Vector 4.6
crtB 2.5 (46)

Note: PCOOH: phosphatidylcholine hydroperoxide, PEOOH: phosphatidylethanolamine hydro-
peroxide, PC: phosphatidylcholine, PE: phosphatidylethanolamine.
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It is of interest to test the effect of the endogenous synthesis of phytoene on
the malignant transformation process that is newly triggered in noncancerous
cells. Thus, a study was carried out on the NIH-3T3 cells producing phytoene
for its possible resistance against oncogenic insult imposed by transfection of the
activated H-ras oncogene. Plasmids with activated H-ras gene were transfected
to NIH-3T3 cells with or without phytoene production, and the rate of transformed
focus formation in 100-mm-diameter dishes was compared. As a result, it was
proved that the rate of transformed focus formation induced by the transfection
of activated H-ras oncogene was lower in the phytoene-producing cells than in
control cells (Table 4.5). 

This type of experimental method, using cloned genes for the expression of
unstable phytochemicals, may be applied to the evaluation of their anti-
carcinogenic and/or antioxidative activities.

4.4.2 BIO-CHEMOPREVENTION

Valuable chemopreventive substances, including carotenoids, may be produced
in a wide variety of foods by means of biotechnology. This new concept may be
appropriately named “bio-chemoprevention.” As a prototype experiment, phy-
toene synthesis in animal cells is demonstrated as described above. Because
phytoene produced in animal cells was proved to prevent oxidative damage of
cellular lipids, it may become a valuable factor in animal foods to reduce the
formation of oxidized oils, which may be carcinogenic and hazardous for health,
as well as to keep freshness, resulting in the maintenance of safety and good
quality of foods. Furthermore, phytoene-containing foods are valuable in the
prevention of cancer, as phytoene is known as an anticarcinogenic substance.

We have also succeeded to produce phytoene in mice (Y. Satomi, H. Nishino
et al., 2002, unpublished data), and we are now analyzing their incidence of
cancer in these mice. In the next step, we are planning to produce phytoene in
pigs and cows.

TABLE 4.5
Suppression of Transformed Focus Formation Induced 
by Activated H-ras Gene in Cells Producing Phytoene

No. of Transformed Foci

Oncogene Control +crtB

ras-1 (pNCO102) 47 22
ras-2 (pNCO602) 80 15
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4.5 CONCLUSION

Various vitamin A analogs and natural or synthetic carotenoids seem to be useful
for cancer control in humans. Some of them may also be applicable for bio-
chemoprevention projects.
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5.1 INTRODUCTION

Vitamin D (calciferol), first discovered by McCollum in 1922, is essential for the
proper formation of the skeleton and for mineral homeostasis.1,2 Following the
discovery of vitamin D, two nutritional forms of vitamin D were isolated: vitamin
D2 (D2 or ergocalciferol) and vitamin D3 (D3 or cholecalciferol). The chemical
structures of D2 and D3 were identified independently by two groups, a British
group led by Askew3 and a German group led by Windaus.4,5 Windaus’s group
provided the chemical synthesis of the vitamin D compounds and confirmed their
structures. In 1928, Windaus received the Nobel Prize in Chemistry for his
contributions. The structures of the nutritional forms of vitamin D are provided
in Figure 5.1. Vitamin D3 is synthesized from 7-dehydrocholesterol in the skin
upon exposure to ultraviolet (UV) rays from the sun6–8 while vitamin D2 is
produced through irradiation of plant sterols.3

The vitamin D requirement of humans can be met if skin is exposed to
sufficient amounts of sunlight or artificial UV radiation. The amount of vitamin
D synthesis is dependent on the area of skin exposed to sunlight, the time of
exposure, and the wavelength of UV radiation impinging on the skin. Some of
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the factors that may influence an individual’s vitamin D status are latitude of the
residence, customs of dress, and extent of indoor residency and lack of outdoor
activity,9–11 According to Clemens et al.,12 the extent and efficiency of vitamin D
synthesis are dependent on the character of the skin. Skin with high melanin
content, such as darker skin, requires much longer exposure to sunlight to achieve
the same level of vitamin D synthesis as produced by skin with lower melanin
content, such as lighter skin.10,11

In addition to the skin color, the capacity of the skin to synthesize vitamin
D is influenced by age, with elderly individuals able to synthesize only about
half as much vitamin D compared to younger individuals.10,11 Given the many
factors that can influence the extent of UV-dependent vitamin D3 synthesis in an
individual, vitamin D should be considered an essential nutrient in the diet.
Increasing evidence now indicates that cutaneous vitamin D synthesis is of great
importance for the prevention of a variety of diseases, including various malig-
nancies. It has been postulated that cancer mortality could be reduced via careful
UV exposure or, more safely, via oral substitution with vitamin D.

5.2 VITAMIN D METABOLISM

Vitamin D, as either D2 or D3, does not have significant biological activity. Rather,
it must be metabolized within the body to the hormonally active form, 1

 

α,25-
dihydroxyvitamin D3 (calcitriol or 1

 

α,25-(OH)2D3). This transformation occurs
in two steps as shown in Figure 5.2. Within the liver, vitamin D3 is hydroxylated
to 25-hydroxyvitamin D3 (25-(OH)D3) by the enzyme 25-hydroxylase. The kidney
utilizes 25-(OH)D3 as a substrate for 1-alpha-hydroxylase, yielding 1

 

α,25-
(OH)2D3, the biologically active form of vitamin D. The biochemistry and metab-
olism of vitamin D have been extensively reviewed by DeLuca13 and Fraser.14

FIGURE 5.1 Nutritional forms of vitamin D.

Vitamin D3 or Cholecalciferol Vitamin D2 or Ergocalciferol

HO HO

CH3
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As discussed in detail by DeLuca,1 25-(OH)D3 was isolated in its pure form
and chemically identified as the first active vitamin D metabolite in 1968.15–17

However, additional studies conducted with the radiolabeled form of 25-(OH)D3

demonstrated that 25-(OH)D3 was rapidly metabolized to more polar metabolites,
suggesting that there were other active metabolites of vitamin D.18 These findings
rekindled interest in studying the metabolic pathway for vitamin D, and several
groups19–22 independently reported on the importance of a polar metabolite, which
was modified at the 1 alpha position. The DeLuca group23–25 successfully isolated
this active metabolite, using mass spectrophotometric techniques to demonstrate
unequivocally that the active form of vitamin D is 1

 

α,25-(OH)2D3.
Subsequent experiments by Fraser and Kodicek26 identified the organ of

synthesis of this active metabolite. They observed that the active metabolite could
be produced by homogenates of normal chicken kidneys and was not produced
by anephric animals. In the course of identifying the active metabolite of vitamin
D, the presence of other metabolites such as 24,25-(OH)2D3, 25,26-(OH)2D3 and
as many as 30 additional metabolites were reported in the late 1970s and 1980s.1

In 1985, Brommage and DeLuca27 made the significant observation with the use
of fluoro-derivatives of vitamin D that 25-hydroxylation followed by 1-hydrox-
ylation is the only pathway for vitamin D activation. Further research using other
fluoro-derivatives such as 26,27-hexafluoro-25-(OH)D3 and 23-difluoro-25-
(OH)D3 substantiated the earlier findings that 26-hydroxylation, 24-hydroxyla-
tion, and 23-hydroxylation are not essential to the function of vitamin D.

All of the vitamin D forms mentioned above are hydrophobic and all are
transported in blood bound to carrier proteins. The major carrier is called, appro-
priately, vitamin D-binding protein.28 The half-life of 25-(OH)D3 is several weeks,
while that of 1

 

α,25-(OH)2D3 is only a few hours. The biological activity of
cholecalciferol is 40 IU/

 

μg while the activities of 25-(OH)D3 and 1

 

α,25-(OH)2D3

are approximately 1.5 and 5 times, respectively, greater than that of vitamin D3.
Typically, an accurate assessment of an individual’s vitamin D nutritional

status is performed by determining the concentration of 25-(OH)D3 in serum.
This is considered to be an accurate integrative measure reflecting an individual’s
dietary intake and cutaneous production. As mentioned earlier, geographical

FIGURE 5.2 Activation and metabolism of vitamin D3.
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differences in vitamin D status exist, and a recent studies by Ovesen et al.29,30

reported that a substantial percentage of the elderly and adolescent population in
Europe have low concentrations of 25-(OH)D3. The percentage varied from 10%
in the Nordic countries to 40% in France and the average intake of vitamin D in
Europe was found to be 2 to 3 

 

μg/day.
When Moore et al.31 assessed the mean vitamin D intake in the U.S. from

data collected from food sources and dietary supplements, and compared these
values to the recommended intake, they found that the study population was not
meeting the recommended levels. These findings are from the data collected from
the Third National Health and Nutritional Survey 1988–1994 (NHANES III) and
the 1994–1996 Continuing Survey of Food Intakes by Individuals and its 1998
Supplemental Children Survey (CSFII 1994–1996, 1998) with a sample size of
approximately 50,000 individuals. Of particular interest was that the lowest
intakes of vitamin D from food were among female teenagers and female adults,
while the highest intake was reported among male teenagers. Contrary to this,
the European study found that adolescents were among the group that was most
likely to consume recommended levels of vitamin D.

5.3 DIETARY SOURCES OF VITAMIN D

Milk and dairy products are the main sources of vitamin D in most populations.
In the U.S., foods fortified with vitamin D are also major sources of vitamin D.
Some of the fortified foods that may contain up to 10 to 15% of the daily value
(%DV) include breakfast cereals, bread, pastries, crackers, and cereal bars. Infor-
mation about selected food sources and their vitamin D values are provided in
Table 5.1. 

Daily values are reference numbers developed by the Food and Drug Admin-
istration (FDA) to help consumers determine specific nutrient content of food.
The average DV for vitamin D ranges between 200 and 600 IU depending on
age and physical activity, with the biological activity of 1 

 

μg of vitamin D being
40 IU. The %DV of the food sources listed in Table 5.1 is based on a 2000-
calorie diet. The %DV denotes what is provided by one serving and is usually
listed on the nutrition facts panel of food labels.

5.4 RECOMMENDED INTAKE FOR VITAMIN D

Recommended intakes for vitamin D are provided as Dietary Reference Intakes
(DRI) developed by the Institute of Medicine (IOM) and the National Academy
of Sciences. DRI is the general term for three reference standards used for
planning and assessing the nutrient intake for healthy people. These three refer-
ence values include Recommended Dietary Allowance (RDA), Adequate Intake
(AI), and Tolerable Upper Level Intake (UL). Accordingly:
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• The RDA recommends the average daily intake that is sufficient to
meet the nutrient requirements of nearly all (97 to 98%) healthy indi-
viduals in each age and gender group.

• An AI is set when there is insufficient scientific data available to
establish a RDA. AIs meet or exceed the amount needed to maintain
a nutritional state of adequacy in nearly all members of a specific age
and gender group.

• A UL denotes the highest amount that a healthy person can consume
without adverse health effects. 

As evident from the introductory remarks above, establishing an RDA for
vitamin D is a complex issue with multiple variables that affect vitamin D
synthesis such as sunlight exposure, coverage of the skin, and skin type. People
with adequate sun exposure have no dietary requirement for vitamin D. However,
since the U.S. is in the northern latitude, with relatively less sunlight than parts
of the world closer to the equator, a dietary supply of vitamin D is essential for
this population. According to the 10th edition of RDA published by National

TABLE 5.1
Food Sources and Their Vitamin D Content

Food Sources
International Units 

(IU) per Serving
Percent Daily Value 

(% DV)

Cod liver oil, 1 tablespoon 1360 340
Salmon, cooked, 3.5 ounces 360 90
Mackerel, cooked, 3.5 ounces 345 90
Tuna fish, canned in oil, 3 ounces 200 50
Sardines, canned in oil, drained, 1.75 ounce 250 70
Milk, nonfat, reduced fat, and whole, vitamin D 
fortified, 1 cup

98 25

Margarine, fortified, 1 tablespoon 60 15
Pudding, prepared from mix and made with 
vitamin D-fortified milk, 0.5 cup

50 10

Ready-to-eat cereals fortified with 10% of the DV 
for vitamin D, approximately 1 cup servings 
(servings vary according to the brand)

40 10

Egg, 1 whole (vitamin D is found in egg yolk) 20 6
Liver, beef, cooked, 3.5 ounces 15 4
Cheese, Swiss, 1 ounce 12 4

Note: This table was compiled by the Office of Dietary Supplements (ODS) at the National Institutes
of Health, Bethesda, MD. Information pertaining to food sources that are not listed can be obtained
from http://www.nal.usda.gov/fnic/cgi-bin/nut_search.pl. This table was developed as part of the ODS
Supplement’s mission to disseminate scientifically accurate research results and to educate the public
to promote an enhanced quality of life and health among the U.S. population.
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Research Council, the RDA for vitamin D for adults older than 24 years of age
was set at 5 

 

μg (200 IU), the same level recommended in 1980. While it has not
been determined whether there should be an increased requirement for vitamin
D prior to and during pregnancy and lactation, 10 

 

μg (400 IU) per day was
originally recommended for this group of individuals. Nevertheless, the IOM
recently determined that scientific information available to establish the RDA for
vitamin D is insufficient and decided to list recommended intakes as AI, which
represents the daily vitamin D intake that should maintain bone health and normal
calcium metabolism in healthy people (Table 5.2). 

RDA applies only to healthy people and may not be sufficient for individuals
with special needs such as metabolic disorders, chronic disease, individuals
undergoing drug therapy, people who are under extreme stress, and those who
exercise and have a high activity level. Because vitamin D is a lipophilic com-
pound requiring the presence of fat for efficient absorption from the diet, indi-
viduals with fat malabsorption also require additional supplements of vitamin D.
The Food and Nutrition Board of the IOM has set the tolerable upper level intake
(UL) for vitamin D at 25 

 

μg (1000 IU) for infants up to 12 months of age and
50

 

μg (2000 IU) for children, adults, pregnant, and lactating women.
Calvo and Whiting32 recently conducted a global perspective of vitamin D

intake and found that there was a high prevalence of vitamin D insufficiency
worldwide. The authors compared approximately 80 studies conducted over the
past 25 years on vitamin D intakes as estimated from food frequency question-
naires, 24-h recall, and multiple day food records. When the data were plotted
according to age and classification of the country, it was evident that vitamin D
intake was often too low to sustain a healthy circulating levels of 25-(OH)D3 in
peoples from countries without mandatory staple food fortification. Dietary sup-
plement use was found to contribute 6 to 47% of the average vitamin D intake.
Concern over increased risk of melanoma with unprotected sun exposure has also
contributed to vitamin D insufficiency in many populations of the world.

5.5 THE VITAMIN D RECEPTOR

From studies performed by Zull and colleagues33 in which vitamin D3 function
was blocked by transcription and protein inhibitors, it became evident that nuclear

TABLE 5.2
Adequate Intakes for Vitamin D for Different Age Groups (

 

μ g/day)

Age Children Men Women Pregnancy Lactation

0–13 years 5 (= 200 IU)
14–18 years 5 (= 200 IU) 5 (= 200 IU) 5 (= 200 IU) 5 (= 200 IU)
19–50 years 5 (= 200 IU) 5 (= 200 IU) 5 (= 200 IU) 5 (= 200 IU)
51–70 years 10 (= 400 IU) 10 (= 400 IU)
+71 years 15 (= 600 IU) 15 (= 600 IU)
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activity was required for most biological actions of vitamin D3. Following the
pioneering studies conducted by Haussler and Norman34 on the uptake of vitamin
D3 into intestinal target tissues in chickens, more definitive evidence began to
emerge for the presence of a vitamin D receptor (VDR).

The VDR is a member of the nuclear receptor superfamily. It has been shown
that the VDR forms a heterodimeric complex with the retinoic acid receptor
(RXR) and binds to vitamin D responsive elements (VDRE) in the DNA consist-
ing of two six-base hexameric motifs in a direct repeated (DR) or inverted
palindromic arrangements.35 Studies by Brumbaugh and Haussler36,37 indicated
that the affinity of the VDR for its radioactively labeled 1

 

α,25-(OH)2D3 ligand is
in the low nanomolar range. Subsequent studies confirmed that VDR could bind
to the chromatin fraction in the presence of ligand and that the cytoplasmic VDR
translocates to the nucleus upon ligand activation.38 The VDR contains a charac-
teristic DNA-binding domain (DBD) consisting of 66 amino acids and a C-ter-
minal ligand-binding domain (LBD) of approximately 300 amino acids.35 The
LBD not only binds ligand but also interacts with other nuclear proteins such as
corepressors (CoR) and coactivators (CoA). Binding of ligand to the VDR pro-
motes a conformational change within the LBD, thus closing the ligand binding
pocket by intramolecular folding,39 resulting in dissociation from CoRs and
association with CoAs. These actions are essential for vitamin D-dependent gene
expression.

The known target organs of vitamin D3 include not only the intestine as stated
above, but also the kidney, bone, and parathyroid glands. Vitamin D3 and VDR
are pivotal regulators of calcium homeostasis and bone mineralization. In addi-
tion, recent research using animal tissues, cell lines, and primary cells along with
evidence for antiproliferative and pro-differentiating effects of 1

 

α,25-(OH)2D3

has identified VDR in numerous other tissues and actions of vitamin D in different
organs. A list of 1

 

α,25-(OH)2D3 target tissues and cell types (both tumor and
nontumorigenic) along with references is provided in Table 5.3. 

5.6 VITAMIN D AND THE CANCER CONNECTION

The role of vitamin D in cancer prevention perhaps has been known for more
than 50 years. Although excessive sun exposure has been documented to increase
the risk of skin cancer, research conducted starting as early as 1936 has proved
this population of patients with skin cancer to be at a lower risk for other types
of cancer. Sun exposure has been correlated with decreased incidence of certain
types of cancer such as cancers of the prostate, breast, and colon. Individuals
residing in the U.S., which lies in the northern latitudes, have a risk for cancer
incidence which is two to three times higher than the risk of cancer incidence of
people living in sunnier, equatorial parts of the world.40 This intriguing observa-
tion by Apperly40 was followed by several epidemiological studies that demon-
strated an inverse relationship between 25-(OH)D3 levels and cancer risk and
mortality.41,42
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Colon Cancer: With respect to colon cancer, there have been 15 epidemi-
ological studies investigating the association of vitamin D and the risk of colon
cancer.41,43–45 The majority of studies pointed to a higher risk of colon cancer in
individuals whose serum 25-(OH)D3 levels were below the median or in the lowest
quartile or quintile. In individuals with serum 25-(OH)D3 levels between 27 and
32 ng/ml, the incidence of colon cancer was reduced by 20% compared to
individuals with the lowest 25-(OH)D3 levels. Greater reductions in cancer inci-
dence were observed in individuals with serum levels of 25-(OH)D3 above 55
ng/ml. Of the 11 studies evaluating oral vitamin D intake, 6 indicated a 50%
decrease in cancer incidence with intakes equal or greater than 650 IU per day.
Although the remaining five studies found no association between vitamin D
intake and cancer, three of these five studies were performed in areas with
relatively high sunlight exposure. Four studies of the geographic association of
sunlight intensity with age-adjusted colon cancer mortality rates found markedly
lower rates in sunnier areas, further substantiating the association between sun-
light-derived vitamin D levels and colon cancer incidence/mortality. 

Current U.S. and Canadian adult dietary reference intakes have been formu-
lated based on the assumption that no endogenous vitamin D is available from
sunlight exposure. However, no consideration was given to racial differences in
vitamin D-synthesizing capacity, despite the well-established effects of differ-
ences in skin pigmentation on endogenous vitamin D synthesis. When Calvo
and Barton46 reevaluated the dietary data and serum 25-(OH)D3 levels from the
NHANES III study with respect to race (blacks vs. whites), blacks had a sig-
nificantly higher incidence as well as mortality rates from aggressive cancers
compared to that of whites.46 Mean serum 25-(OH)D3 levels of the white

TABLE 5.3
Tissue Distribution of VDR

System Tissue Type

Cardiovascular Cardiac muscle
Central nervous system Neurons
Connective tissue Fibroblasts, stroma
Endocrine Parathyroid gland, thyroid, adrenal, pituitary. Pancreas beta cell
Epidermis Skin, breast, hair follicles
Exocrine Parotid glands, sebaceous gland
Gastrointestinal Esophagus, stomach, small intestine, large intestine, colon
Hepatic Liver parenchyma
Immune Thymus, bone marrow, B cells, T cells
Musculoskeletal Bone osteoblasts, osteocytes, cartilage chondrocytes, striated muscle
Renal Kidney, urethra
Reproductive Testis, ovary, placenta, uterus, endometrium, yolk sac, 

chorioallontroic membrane
Respiratory Lung alveolar cells
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population were 79 ± 0.95 compared to 48.2 ± 1.05 nmol/L in the black popu-
lation, while average vitamin D intake including food and supplements were 7.92
± 0.15 and 6.2 ± 0.13 μg/day for white and black populations, respectively.

5.7 VDR POLYMORPHISMS AND CANCER

The reported association of VDR polymorphism with bone mineral density was
the first study to generate interest in the relationship of receptor polymorphism
to cancer. Figure 5.3 presents an illustration of human VDR gene along with the
polymorphism sites.

5.7.1 BREAST CANCER

In breast cancer, low vitamin D levels in serum have been correlated with disease
progression and bone metastases, a situation also noted in prostate cancer and
suggesting the involvement of the VDR.42,47–49 Additionally, the VDR has been
detected in several breast tumor cell lines and several groups have investigated
the hypothesis that VDR polymorphism might influence the treatment outcomes
in women affected by breast cancer in the last decade. Polymorphisms in both
the 5′ and the 3′ regions of the VDR gene have been associated with risk of
several diseases including breast cancer.

Ruggiero et al.50 evaluated a total of 88 patients with breast cancer (50 newly
diagnosed and 38 women suffering relapse) for individual genetic patterns of
VDR by PCR (polymerase change reaction) amplification of genomic DNA
followed by digestion with the restriction enzyme Bsm I. While the VDR fre-
quency distribution in the control group comprising 167 healthy women partici-
pating in the osteoporosis trial and the primary disease patients in this study did
not differ significantly, women who were homozygous (bb) appeared to have
almost a four times higher risk of developing metastases than homozygous (BB)
women. Similarly, a recent study by Buyru et al.51 has further shown that the
prevalence of both the VDR Taq I and Bsm I alleles and the genotype frequencies
were similar in both the normal population and patients with breast cancer.

FIGURE 5.3 Structure of human VDR gene. (Adapted from Price et al.62)
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Because endogenous hormone exposure is known to alter breast cancer sus-
ceptibility, genetic variations in VDR along with another nuclear hormone recep-
tor, the androgen receptor (AR), were considered possible candidates for predis-
position genes for breast cancer risk in a case-controlled study conducted by
Dunning et al.52 Using two series of Caucasian female breast cancer cases, one
incident and one prevalent, and by comparing both cancer case sets with two sets
of matched controls from the East Anglican region of Britain, the authors found
no association between polymorphism and breast cancer risk. Compared to the
individuals with two short alleles (<22 repeats) of the AR polyglutamine tract,
the odds ratios (ORs) and 95% confidence intervals (CIs) for individuals with
one or two long alleles were 0.82 (95% CI: 0.62 to 1.09) and 1.31 (95% CI: 0.87
to 1.97), respectively. Heterozygotes and homozygotes for the VDR TaqI cutting
site had odds ratios of 1.01 (95% CI: 0.81 to 1.27) and 0.97 (95% CI: 0.71 to
1.32). The data suggest that neither the AR nor the VDR polymorphisms had a
major effect on the risk of breast cancer.

In contrast to the conclusions of the studies cited above, the results from
other controlled studies have suggested a possible association between VDR
polymorphism and breast cancer risk.53–55 Using PCR-RFLP analysis, the allele
frequencies of the 3′ Taq I polymorphism showed a significant association (P =
0.0004, OR: 5.39, CI: 1.81 to 17.20) with breast cancer in a study of Chinese
women. The haplotype analysis of Apa I and Taq I showed linkage disequilibrium
between the t-allele and A-allele. The frequency of tA haplotype was higher in
patients with breast cancer than in controls (P = 0.001), indicating that the tA
haplotype is associated with increased risk for breast cancer. Studies conducted
by Bretherton-Watt et al.53 and Ingles et al.55 suggest that both Bsm I and poly-
A polymorphisms in the 3′ end of the VDR may have an association with increased
risk of breast cancer in both the U.K. and U.S. Caucasian population, while the
5′ VDR gene variant or the start codon polymorphism, Fok I, had no implications
on breast cancer risk. Similarly, Curran et al.56 have further substantiated these
findings in Caucasian populations of Australia. Their results indicate that the
allele frequency of the 3′ Apa I polymorphism (p = 0.016, OR: = 1.56, 95% CI:
1.09 to 2.24) and Taq I RFLP (p = 0.053; OR = 1.45; 95% CI: 1.00 to 2.00)
showed a similar trend in association with breast cancer while the Fok I poly-
morphism was not significantly different (p = 0.97, OR: 0.99, 95% CI: 0.69 to
1.43).

The apparent discrepancies in the association of VDR polymorphisms and
breast cancer risk may be attributed to the variations between different populations
based on their ethnicity. It is difficult to equate different polymorphisms between
different studies conducted with a heterogeneous population. For example, there
could be variations in VDR allele frequencies within the Caucasian population
from different parts of the world as shown in the Finnish study on the prevalence
of DNA related polymorphism among participants in a large cancer trial.57 The
prevalence of Taq I polymorphism in the control group in the Finnish study was
significantly different from the other Caucasian population where there was 99%
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concordance between studies.35 The frequencies of the T allele among Austra-
lian,56 Swedish,54 and U.K.53,58 Caucasian control groups ranged from 55 to 57%.

Similarly, differences in VDR polymorphism between different ethnic groups
have been documented. With regard to Bsm I polymorphism, the frequency of
the b allele in control subjects was reported to be similar: 58%,58 57% in non-
Latino whites,55 and 52% in the Italian population.50 The risk was found to be
significantly higher in Latino and in Asian populations with the frequency of 73%
and 88 to 95%, respectively.

Although the relationship between VDR polymorphisms and breast cancer is
still controversial and has not been confirmed by all studies, there may be some
consensus in the limited number of studies reported so far, particularly on the
association of VDR polymorphism and breast tumor metastases or disease pro-
gression. Schondorf et al.59 have reported a significant correlation between the
absence of both Apa I (AA) (TT) restriction sites in both alleles and the occurrence
of bone metastases. Patients with AA genotype had a 1.7-fold increased risk of
developing bone metastases, while patients with TT genotype had a 0.5-fold risk.
Lundin et al.60 demonstrated that patients without the Taq I site (TT genotype)
were at an increased risk for lymph node metastasis. A tendency toward increased
survival was also observed among women who were homozygous for the Taq I
site, thus suggesting that VDR polymorphism might influence the tumor progres-
sion and treatment response.

5.7.2 PROSTATE CANCER

Similar to the studies of breast cancer described above, polymorphisms that occur
near the 5′ end (FokI and EcoRV) and the 3′ end (Bsm I, Taq I, and polyA) of
human VDR gene were evaluated to determine their relationship to the relative
risk of prostate cancer. Studies by Xu et al.61 demonstrated that subjects with the
ff genotype of Fok I polymorphism had a lower mean percentage of Gleason
grade 4/5 cancer (30.3%) than subjects with the FF or Ff genotypes (42.8 and
43.8%, respectively,) which may reflect the outcome after prostatectomy. How-
ever, possession of the ff genotype did not translate into improved prostatic
specific antigen (PSA) scores or other prognostic markers. More recent data
reported by several investigators have indicated no significant relationship
between Fok I polymorphisms of the VDR gene start codon and prostate cancer
risk in men.62 However, a threefold increase in prostate cancer risk associated
with the less active vitamin D receptor allele (the T allele from VDR TaqI
polymorphism at codon 352) among the Southern European population was
reported by Ntais et al.63 It was estimated that almost 50% of cases in men older
than 66 years could be attributed to the influence of this risk factor.

A meta-analysis of 14 studies (17 comparisons) with TaqI genotyping (1870
prostate cancer cases; 2843 controls), 6 studies (8 comparisons) with poly (A)
repeat genotyping (540 cases; 870 controls), 5 studies with BsmI genotyping (987
cases; 1504 controls), and 3 studies with FokI genotyping (514 cases; 545 con-
trols) showed that the four polymorphisms thus far evaluated are unlikely to be
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major determinants of susceptibility to prostate cancer on a wide population basis.
While these results suggest that polymorphisms in the VDR gene may not be
strong predictors of prostate cancer risk among Caucasian men, recent studies
conducted by Liu et al.64 on the Han nationality population in Northern China
with a low risk of prostate cancer indicate that there are ethnic differences in the
distribution of VDR genotypes. Most notably, the recent study by Tayeb et al.65

showed that the VDR TaqI polymorphism is associated with a group of Saudi
Arabian men with benign prostatic hyperplasia (BPH) who are at an increased
risk of prostate cancer, providing a potential tool to assist prediction strategies
for this important disease.

Since the first publication on VDR polymorphism was published in 1992,
considerable progress has been made on the association of VDR polymorphism
and risk of several cancers. However, to this date, molecular and functional
consequences of VDR polymorphism are largely unknown. Limited research
indicates that Bsm I, Apa I, and Taq I sites present at the 3′ UTR of the gene
might be involved in the regulation of VDR expression, particularly through
regulation of mRNA stability. It is therefore essential to differentiate between the
marker polymorphisms and the truly functional polymorphisms in VDR among
patients with cancer. Currently, there is no information available on the correlation
of VDR genotypes and VDR mRNA expression, which makes functional and
clinical implications of VDR genotypes difficult to interpret. It is however plau-
sible that certain VDR genotypes might alter the ability of VDR to interact with
RXR and VDREs, which could ultimately result in differential regulation of VDR
target genes that may control cell growth, differentiation, and sensitivity to hor-
monal levels. Additionally, the interpretation of VDR polymorphisms is also
severely limited by the fact that until now, only few polymorphisms in this large
gene have been studied and that most of these are anonymous restriction fragment
length polymorphisms with unknown functional effects.

5.8 1α,25-(OH)2D3 ANALOGS IN THE TREATMENT 
OF CANCER

In addition to its well-established effects on the regulation of calcium homeo-
stasis, 1α,25-(OH)2D3 has potent regulatory effects on cell growth and differen-
tiation. Experimental evidence suggests a role for 1α,25-(OH)2D3 in tumor cell
killing, anti-angiogenesis, and interference with tumor cell invasion, thus making
it a potential candidate agent for cancer regulation. 1α,25-(OH)2D3 has been
recognized for its regulatory effects on cell cycle checkpoints in several cell types.
It has a major inhibitory effect on the G1–S progression by upregulating the
cyclin-dependent kinase inhibitors p21 and p27 along with the inhibition of cyclin
D1.66 1α,25-(OH)2D3 indirectly regulates the cell cycle by increasing the expres-
sion of transforming growth factor-beta (TGF-β)67,68 and decreasing that of epi-
dermal growth factor receptor (EGFR).69–72 The pro-apoptotic effects observed
with vitamin D3 are believed to be mediated either indirectly through insulin-like
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growth receptor and tumor necrosis factor-α or more directly through BCL-2
family proteins, ceramide pathways, death receptors such as fas, and stress-
activated protein kinases (JNK, MAPK, and p38).66,73,74 Studies demonstrate that
1α,25-(OH)2D3 is capable of inhibiting tumor cell invasion, metastasis, and angio-
genesis via mechanisms that may include regulation of serine proteinases and
metalloproteinases.66

Despite the overwhelming evidence that 1α,25-(OH)2D3 is not just a nutrient
but may be involved in a wide range of activities, its hypercalcemic actions have
hindered its potential as a clinically useful anticancer agent. To overcome this
effect, several groups have developed analogs of 1α,25-(OH)2D3 in an attempt to
dissociate its antiproliferative activity from its calcemia-inducing activity. To this
date there are at least 2000 1α,25-(OH)2D3 analogs, now called deltanoids, that
are available for research purpose with a considerable number of analogs at the
preclinical/clinical stage of evaluation.

There is extensive literature available on the use of deltanoids as anticancer
agents. With VDR being expressed in more than 30 nonclassical target tissues
and many cancer-related cells, the deltanoids have been shown to inhibit cell
proliferation in many tumor cell types in culture. Initial findings using hemato-
poietic-derived tumor cells showed inhibition of cell proliferation. Further evi-
dence indicated the versatile use of deltanoids across several nonhematopoietic
malignancies including transformed breast, prostate, skin, lung, colon, ovary,
pancreas cells, as well as neuroblastoma and melanoma cells.66,75–79,80 Although
much of the mechanistic data gathered in vitro point toward cell cycle arrest,
differentiation, and induction of apoptosis, the proposed mechanism of action of
deltanoids is likely to differ based on the type of tumor model examined. No
unified hypothesis has emerged so far on the basis for the anticancer effects of
1α,25-(OH)2D3 and its analogs. In addition, as supraphysiological concentrations
are often required to achieve anticancer effects when used alone, recent reports
suggest that deltanoids could be more valuable when used in conjunction with
other anticancer treatments.

In 1997, Light et al.81 reported that treatment of murine squamous carcinoma
cells with 1α,25-(OH)2D3 or its analog Ro23-7553 resulted in a significant growth
inhibition, with accumulation of cells in G0–G1 and an accompanying decrease
of cells in S phase. The ability to arrest cells in G0–G1 was exploited by combining
Ro23-7553 with the cytotoxic agent cisplatin (cis-diamminodichloroplatinum;
cDDP). Pretreatment with deltanoids for 24 to 48 h significantly enhanced cDDP-
mediated tumor cell kill as compared to concurrent treatment with Ro23-7553
and cDDP or cDDP alone.

Deltanoids can be effectively combined with ionizing radiation and chemo-
therapeutic agents such as adriamycin to induce apoptosis in breast tumor models
both in vitro and in vivo.82–86 While the primary response of breast tumor cells
to deltanoids such as EB 1089 is growth inhibition, apoptosis has been observed
in a fraction of the cell population. The possibility that the combination of
deltanoids with radiation might promote cell death (i.e., through a differentiation
stimulus plus DNA damage) was investigated by exposing both TP53 wild-type
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and TP53-mutated breast tumor cells to 1α,25-(OH)2D3 or EB 1089 for 48 h prior
to irradiation. The combination of deltanoids with radiation resulted in enhanced
antiproliferative effects in the TP53 wild-type MCF-7 cells based on both a
clonogenic assay and the determination of numbers of viable cells. The combi-
nation of EB 1089 with radiation increased DNA fragmentation based on both
the terminal transferase end-labeling (TUNEL) and bisbenzamide spectrofluoro-
metric assays, suggesting the promotion of apoptosis. Enhancement of local tumor
control by deltanoids followed with fractionated radiation was further substanti-
ated in vivo with the use of EB 1089, partly through the promotion of apoptotic
cell death.

Treatment with EB 1089 was found to block the increase in p21waf1/cip1
levels induced by adriamycin and interfere with induction of MAP kinase activity
by ionizing radiation. These effects may be related to the capacity of EB 1089
to promote secretion of insulin-like growth factor binding protein. Similarly,
pretreatment with another deltanoid, ILX 23-7553, shifted the dose–response
curve for clonogenic survival, increasing sensitivity to adriamycin 2.5-fold and
sensitivity to radiation fourfold. Our recent studies demonstrate that EB 1089
delays the accelerated senescence response to fractionated ionizing radiation in
the breast tumor cells, promotes cell death in the irradiated cells, and delays
proliferative recovery.82,87 Taken together these findings indicate that deltanoids
sensitize breast tumor cells to certain anticancer treatments. These data support
the concept that deltanoids could have utility in combination with conventional
chemotherapy or radiotherapy in the treatment of cancer.

Trump and Johnson’s research groups88–92 have conducted several studies both
in vitro and in vivo on the various combinations of 1α,25-(OH)2D3 and other
antitumor agents. Yu et al.93 have shown that 1α,25-(OH)2D3 increased mito-
xantrone/dexamethasone-mediated growth inhibition in prostate cancer PC-3 cells
(p < 0.05) and that 1α,25-(OH)2D3 acted synergistically with mitoxantrone. Addi-
tionally, such a combination was shown to reduce the surviving fraction per gram
tumor compared with mitoxantrone/dexamethasone or untreated controls
(p < 0.03). The authors have further demonstrated the use of such combination
therapy in other tumor models including murine squamous cell carcinoma
(SCCVII/SF).81,91–93 The growth of SCCVII/SF tumors was inhibited in mice
treated simultaneously with dexamethasone and 1α,25-(OH)2D3 when compared
to no treatment or single-agent treatment. In this case total VDR content in
SCCVII/SF cells was increased after treatment with dexamethasone. Treatment
of tumor-bearing animals with dexamethasone (9 μg/day) for 7 days also led to
increased VDR-ligand-binding activities in whole-cell extracts from tumor or
kidneys and decreased activity in intestinal mucosa. It therefore appears that
dexamethasone is capable of enhancing the antitumor effect of 1α,25-(OH)2D3

by regulating VDR-ligand-binding activity.
The strategy of combining deltanoids with multiple anti-cancer agents is

promising. Danilenko and Studzinski94 have summarized an extensive range of
compounds and agents that have been used in combination with deltanoids to
increase their differentiation-inducing and antiproliferative activities. They have
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also discussed in detail the possible mechanistic basis for the observed synergy
or additive effect of deltanoids in several different tumor types. Evidence available
from the literature on the potentiation of deltanoid effects with other differenti-
ation agents, plant derived compounds, antioxidants, and other agents is presented
in the review article by Danilenko and Studzinski.94

5.9 CONCLUSION

There is accumulating evidence that the vitamin D3/VDR axis is important in
multiple cancers. Epidemiological studies on the association of the occurrence
and outcome of cancers with serum 1α,25-(OH)2D3 levels or vitamin D3 status
are consistent with vitamin D insufficiency being a factor in the development of
certain malignancies, primarily prostate, breast, and colon cancer. Given the direct
link between 1α,25-(OH)2D3 and its nutritional precursor vitamin D3, new fron-
tiers in current research include investigating the physiological role of extrarenal
1-hydroxylases in cells prone to cancer. There is also current emphasis on manip-
ulating 1α,25-(OH)2D3 levels in patients with cancer as an alternative means of
exploiting the anticancer properties of 1α,25-(OH)2D3. Clinical trials95–97 are
under way examining the safety and efficacy of weekly high dose of 1α,25-
(OH)2D3 in the presence or absence of docetaxel, carboplatin, or dexamethasone
in patients with androgen-independent prostate cancer. These studies follow very
encouraging phase II trials in the same settings. These trials demonstrated that
high intermittent doses of 1α,25-(OH)2D3 can be administered to patients without
toxicity and that 1α,25-(OH)2D3 has potential as an anticancer agent.

It is important to identify the appropriate recommended dietary allowance
for vitamin D3 to achieve normal health or to overcome the occurrence of above-
mentioned vitamin D3 insufficiencies in cancer-prone populations. It is advisable
to assure adequate vitamin D3 status in relation to carcinomas of the breast,
prostate, and colon, especially if sun exposure is curtailed and/or for individuals
having a skin type with increased pigmentation. Because 1α,25-(OH)2D3 and its
analogs have the added potential to be used to suppress multiple phases of tumor
development such as initiation of carcinogenesis, promotion, and progression,
there is definitely a critical need to develop deltanoids as anticancer agents. More
experimental approaches are necessary to elucidate the underlying molecular and
cellular basis of the anticancer properties of vitamin D3 and its analogs.
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ABSTRACT

Numerous attempts have been made to find antineoplastic dietary supplements.
Of the potential food additives, vitamin E (VE) has been a focus of significant
research because there are data suggesting its potential effect against cancer,
based on the ability of VE to scavenge reactive oxygen species. Although several
studies indicated an inverse correlation between VE intake and incidence of
cancer, the data are not convincing. As with other epidemiological studies, there
has been little outcome, offering no conclusive evidence. On the other hand,
recent years have witnessed emergence of novel anticancer agents from the group
of VE analogs, epitomized by 

 

α-tocopheryl succinate (

 

α-TOS). These agents,
unlike VE itself, are redox-silent and, unlike VE, induce apoptosis. Additional
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data suggest selectivity for malignant cells and their superiority over VE in cancer
suppression, at least in preclinical settings. In this chapter, we review the current
status of VE and, in particular, its analogs as potential antineoplastic agents and
try to suggest future directions so that some of these compounds may prove useful
for treatment of multiple malignancies.

6.1 INTRODUCTION

Significant efforts have been made to find cures against diseases, of which cancer
is, disputably, the greatest challenge. The problem with neoplasia is that the
pathology is of clonal origin; therefore, cancer cells are undergoing chromosomal
instability and frequent mutations that complicate treatment. Another complica-
tion is that many of the established anticancer drugs are nonselective, causing
damage not only to the target malignant cells, but also to normal cells and tissues,
compromising the treatment outcome.

Focus has been given to dietary supplements as potential anticancer drugs.
Thus, agents present in the diet are, generally, nontoxic, so that they may be
selective antineoplastic agents, depending on their activities. Of dietary compo-
nents, vitamin E (VE) has been studied because it is capable of scavenging
reactive oxygen species (ROS) that have been implicated in tumorigenesis. Many
epidemiological studies have aimed at determining whether dietary VE may
inhibit cancer initiation and progression. Despite these investigations, little or no
correlation between VE intake and the incidence of a particular neoplastic disease
has been found.

Figure 6.1 shows the structure of the biologically most active VE, 

 

α-toco-
pherol (

 

α-TOH) and its analog 

 

α-tocopheryl succinate (

 

α-TOS), a redox-silent
VE analog with strong anticancer activity.1 There are three major domains in the
structure of the compounds. Domain I (hydrophobic domain) is essential for
association of the agents with membranes and lipoproteins; Domain II (signaling
domain) is involved in fine-tuning of the activity of the compounds; and finally,
Domain III (functional domain) endows the compounds with their overall activity.
Thus, the hydroxyl group gives 

 

α-TOH its redox activity, while succinate provides

 

α-TOS with its proapoptotic activity. It is now clear that it is the chemistry of
the compounds that decide their major biological activity.

Several papers reported superiority of 

 

α-TOS over 

 

α-TOH in its anticancer
effect.1 This follows from studies mostly using athymic mice with human cancer
xenografts. The high anticancer index of 

 

α-TOS is linked to its apoptogenic
activity. This is a highly intriguing molecule because it not only suppresses cancer
by causing apoptosis in malignant cells, but it also inhibits their proliferation and
modulates expression of several important genes. Data are now suggesting also
an antiangiogenic activity of 

 

α-TOS. Importantly, 

 

α-TOS is nontoxic to normal
cells and tissues.

These notions stipulate that VE analogs hold a promise as selective anticancer
agents with clinical use. At present the molecular mechanisms of their activities
that translate into their antineoplastic effects are not understood in detail. It is
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important to enhance our knowledge in this respect, so that clinical trials can
commence that will, we hope, lead to generation and use of novel antineoplastic
strategies.

6.2 VITAMIN E AS AN ANTICANCER AGENT — 
MORE THAN AN ANTIOXIDANT?

Great interest has been given to the potential use of VE as anticancer drugs. This
is rather logical, since VE and other redox-active micronutrients are ingested
regularly and their dose can be increased by food fortification. They may be
beneficial since they do not exert deleterious effects.

The term VE refers to eight naturally occurring, structurally related agents,
four tocopherols (

 

α-,

 

β-,

 

γ-, and 

 

δ-TOH), and four tocotrienols (

 

α-,

 

β-,

 

γ-, and

 

δ-T3H). The biological activity of VE has been determined by the rat fetal
resorption assay, in which 

 

α-TOH exhibits the highest activity among the forms
of VE. 

 

α-TOH is also the form of VE present at the highest level in serum and
dietary supplements. However, the predominant form of VE in a typical Western
diet is 

 

γ-TOH, which is present in food at levels two to four times higher than
those of 

 

α-TOH.2 Plasma as well as tissue concentrations of 

 

γ-TOH and 

 

α-TOH
can be enhanced by supplementation.2

Many attempts have been made to find out whether dietary VE has an anti-
cancer activity. Although the best understood function of VE is linked to its redox
activity, studies show that VE compounds exhibit antitumor properties. However,

FIGURE 6.1 Major domains in VE analogs. Shown are the structures of 

 

α-TOH and 

 

α-
TOS with the specification and major function of the three main domains. Domains I and
II are identical; Domain III differs. While Domains I and II are important for the extent
of the activity, Domain III determines whether the agent does or does not induce apoptosis.
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the epidemiological evidence supporting a link between 

 

α-TOH or other forms
of VE and cancer is limited and intervention studies are scarce.

In the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) trial,
smokers who took 

 

α-TOH supplements had a 32% lower incidence of prostate
cancer and 41% lower mortality from prostate cancer than the unsupplemented
subjects.3 Higher serum 

 

α-TOH was associated with lower lung cancer risk, in
particular among those with less cigarette smoke exposure.4 In contrast, gastric,
pancreatic, or colorectal cancers were not affected in the ATBC study.5–7 In the
Linxian trial, subjects who received 

 

α-TOH, selenium, and 

 

β-carotene, showed
a 13% reduced incidence of cancer and 50% reduced mortality from stomach
cancer.8 An ongoing Selenium and Vitamin E Cancer Prevention Trial (SELECT)
is the second large-scale study of prevention of prostate cancer with final results
anticipated not before the year 2013.9 The SELECT project offers an opportunity
to conduct molecular epidemiologic investigations for assessment of the
gene–environment interactions and their role in carcinogenesis. These results may
provide much needed evidence about association of VE and cancer.

Observational studies in humans potentially suggesting association between

 

α-TOH and cancer risk have provided inconsistent results. Prediagnostic serum

 

α-TOH levels are inversely associated with lung cancer in some but not all studies,
and case-control investigations have been generally supportive of reduced lung
cancer risk among persons with higher blood 

 

α-TOH levels.10–12 No association
has been found between serum 

 

α-TOH and cancer risk in some cohort and case-
control studies of prostate, breast, or colon cancers.13–16 The epidemiological
evidence of association of VE with cancer risk is presented in Table 6.1 and
Table 6.2.

Attempts to prevent cancer by VE are based on the rationale that tumorigen-
esis results from free radicals attacking DNA. 

 

α-TOH is the major chain-breaking
antioxidant in the lipid phase. It is thought to inhibit carcinogenesis at the level
of transformation of normal cells into malignant cells, primarily through its
antioxidative activity, i.e., by scavenging ROS and reactive nitrogen species. In
addition,

 

α-TOH may also inhibit cancer formation through various alternative
mechanisms, including inhibition of cell proliferation, cell cycle arrest, prevention
of angiogenesis, and enhancement of the immune function. In the prostate cancer
lines LNCaP and PC3, 

 

α-TOH caused a dramatic reduction of the population of
cells in the S phase.17 VE deficiency has been shown to be associated with
impairment of the immune system, including both T- and B-cell-mediated func-
tions. Further, VE restored age-related immune dysfunction.18,19

 

α-TOH has also
been shown to regulate cell growth, probably through its influence on several
interconnected pathways. For example, it is thought to increase the level of p27Kip1

while decreasing the level of the proliferating cell nuclear antigen,20 blocking
prostaglandin and arachidonic acid metabolism, inhibiting protein kinase C activ-
ity, and affecting the expression of hormones and growth factors. Subjects who
received 

 

α-TOH had significantly lower serum androstenedione and testosterone
compared to the placebo group.21 This finding has been regarded as a possible
explanation of the selective reduction in prostate cancer observed in the ATBC
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TABLE 6.1
Epidemiological Evidence of Association of Vitamin E with Cancer Risk

Country
No. of 

Subjects Type of Study Type of Cancer RR/OR 95% CI Association Ref.

Finland 29,133 Cohort Prostate 0.32 0.12–0.47 Lower risk 2
0.41 0.01–0.65

Lung 0.81 0.67–0.97 Lower risk 3
Stomach, pancreas, 
colorectal

ND ND No association 4–6

China 29,584 Intervention Stomach 0.79 0.64–0.99 Lower risk 7
USA 21,116 Case-control Prostate 0.76 0.54–1.08 May be protective 116
USA 24-county Case-control Breast 0.75 0.49–1.13 No association for all women and 

for black women; modest inverse 
association among white women

13

USA 1,045 923 Cohort Stomach 1.02 0.82–1.27 No association 14
USA 33-county Case-control Colon 0.9 0.6–1.5 No association for whites 15

0.3 0.1–0.6 Strongly inverse association
Netherlands 58,279 Cohort Prostate ND ND No association 16
USA 711,891 Cohort Colorectal 1.08 0.85–1.38 No association 117
USA 1,157 Case-control Rectal 2.2 1.1–4.3 Increased risk 118

3.6 for 

 

α-TOH 1.4–9.4 Stronger increased risk for women 
aged 60 years5.3 for 

 

γ-TOH 2.11–3.2
1.9 for 

 

β-TOH 0.9–4.0
Italy and 
Switzerland

1,826 Case-control Laryngeal 0.4 0.3–0.6 Significant inverse relation 119

Note: RR, related risk; OR, odds ratio; CI, confidence interval; ND, no data.
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study. Thus, the multiple functions of 

 

α-TOH may allow it to inhibit tumorigen-
esis at various stages, from initiation and promotion to progression and tumor
growth; however, this premise awaits experimental verification.

It is now becoming clear that modification of the VE molecule changes, rather
dramatically, its anticancer activity, with a recent focus on the proapoptotic effect
of the various forms and analogs of VE.22–24 Table 6.3 documents the relationship
between the antioxidant activity of the compounds and their propensity to induce
apoptosis in several cell lines. Apparently, there is inverse correlation between
the proapoptotic and antioxidant activity of the agents, with the most apoptogenic
of them, 

 

α-TOS, being completely redox-silent. Recent data reveal that non-
antioxidant analogs of VE strongly suppress cancer in vivo. The current under-
standing of this is discussed below. 

6.3 VITAMIN E ANALOGS — THE IMPORTANCE OF 
REDOX-SILENCE

6.3.1 STRUCTURE–FUNCTION RELATIONSHIP

The superior activity of redox-silent analogs of VE, exemplified by 

 

α-TOS, is
given by their structure. Figure 6.1 shows the major domains of 

 

α-TOS and
related compounds. It is the substitution of the phenolic hydroxyl group by the

TABLE 6.2
Summary of Epidemiological Evidence of Association of Vitamin E with 
Cancer Risk

Treatment Type of Cancer
Association of VE 
with Cancer Risk

 

α-TOH, 

 

β-carotene Lung, prostate Lower cancer risk
Bladder, stomach, pancreas, urinary 
tract, colorectal

No association

 

α-TOH, 

 

β-carotene, lycopene Rectal Increased cancer risk
VE, selenium, 

 

β-carotene Prostate, stomach Lower cancer risk
VE Prostate No association
Vitamin A, vitamin C, VE, folate, 

 

β-carotene
Prostate, bladder, skin, breast, 
lymph

No association

Esophagus Lower cancer risk
Vitamin A, vitamin C, VE, 
carotenoids

Prostate, ovary, lung Lower cancer risk
Bladder, stomach, breast No association

Vitamin C, VE, 

 

β-carotene, calcium Colon Lower cancer risk
Vitamin C, VE Bladder, breast, colorectal No association

Ovary, bladder Lower cancer risk

 

β-carotene, vitamin C, VE, folate Stomach, ovary, stomach Lower cancer risk
Lung No association

Vitamin C/VE/multivitamins Stomach, breast No association
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succinyl moiety that makes 

 

α-TOS proapoptotic. To understand the importance
of the individual domains in the activity of VE analogs, we synthesized com-
pounds in which the various domains were modified or completely removed, and
tested the resulting analogs for their efficacy to cause apoptosis in malignant cell
types.25

The individual analogs studied are shown in Figure 6.2 and their effects on
cancer cells are listed in Table 6.4. Compounds derived from 

 

α-TOH with a lower
number of methyl substituents in the signaling domain showed no proapoptotic
activity. Esterification of the hydroxyl group with dicarboxylic fatty acids of
various lengths revealed that 

 

α-tocopheryl maleate and 

 

α-tocopheryl fumarate
were the most efficient. Presence of an uncharged fatty acid moiety in the func-
tional domain, as suggested by 

 

α-tocopheryl acetate, resulted in no apoptotic
activity, and methylation of the free carboxylate of the ester group, as shown in
case of 

 

α-TOS or 

 

δ-TOS methyl ester completely abrogated the apoptogenic
activity.25 Removal of the hydrophobic domain also wiped out the activity, as
exemplified by 

 

α-Trolox succinate. 
An interesting modification to the hydrophobic domain is an exchange of the

fully saturated phytyl change by the chain with three double bonds. While 

 

α-T3H
does not cause apoptosis,25 γ- and δ-T3H are apoptogenic.25,26 Reasons for the
activity of γ- and δ-T3H are not known, although the polyunsaturated hydrophobic

TABLE 6.3
Comparison of Proapoptotic and Antioxidant Activity of Various Vitamin E 
Compounds

Vitamin E 
Analogs

Antioxidant Activity Apoptosis, EC50 (μ g/ml)

IU/mg
Compared to 

α-TOH MCF-7 MDA-MB-435

Tocopheryl Analogs
α-TOS 0 7 ± 1.0 8 ± 1.0
α-TOA 0 >200 >200

Tocopherols
α-TOH 1.49 100% >200 >200
β-TOH 0.75 50% >200 >200
γ-TOH 0.15 10% >200 >200
δ-TOH 0.05 3% 97 ± 5.0 145 ± 33

Tocotrienols
α-T3H 0.75 50% 14 ± 2.0 176 ± 23
β-T3H 0.08 5% NT NT
γ-T3H NT 0% 15 ± 2.0 28 ± 2.6
δ-T3H NT 0% 7 ± 0.8 13 ± 3.5

Source: From Yu, W. et al. Nutr Cancer. 1999; 33:26–32. With permission.
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domain may act as an inhibitor of farnesyl transferase and geranylgeranyl trans-
ferase that modulate apoptosis.27 Even more efficient than γ-T3H was its succiny-
lated counterpart, γ-T3S.25 This is an intriguing finding concerning the potential
selectivity of the agent. It has been shown that α-TOS is selective for malignant
cells.28 One of the reasons may be that the VE analog is a weak acid with a pKa

of ~5.4.29 At the neutral pH of normal tissue interstitium, ~98% of the total pool
of α-TOS is deprotonated, thus unable to diffuse into the cells. However, at the
acidic tumor interstitium (pH 6.2 to 6.5), 10- to 15-fold more α-TOS is protonated;
thus the uptake rate of the agent is much higher,30 as demonstrated for other
anticancer agents with acidic pKa.31 We have shown that the cell “killing rate” for

FIGURE 6.2 Structures of compounds used to understand the structure–function relation-
ship of VE analogs.  (continued)
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α-TOS increased with low pH while no effect on the apoptotic activity was found
for γ-T3H lacking the free carboxyl group,29 and we have observed that γ-T3H
killed cells such as fibroblasts and cardiac myocytes, resistant to α-TOS. Succi-
nylation may thus make agents such as γ-T3H selective for malignant cells.

The ester link between the functional domain and the signaling domain has
recently been replaced by an amide bond; the amide analogs are significantly
more apoptogenic than their ester counterparts. Of these, α-tocopheryl maleyl
amide was most effective, almost 100-fold more active than the prototypic
α-TOS.32 Again, methylation of its free carboxylate completely abrogated its
apoptogenic activity.32

Collectively, these findings clearly suggest that many modifications are pos-
sible within the molecule of α-TOS, modulating the apoptogenic activity of the
compound. It is now clear that a VE analog, to be an inducer of apoptosis, needs
the hydrophobic chain, the tocopheryl group, and a side group with a free car-
boxylate. That α-TOS is compatible with these requirements was first suggested
by the group of Fariss, who reported that the intact molecule of the VE analog
was required for its apoptogenic activity since a similar effect was observed for
α-tocopheryl butyrate, a nonhydrolyzable form of α-TOS with an ether link
between the functional and the signaling domain.33 Recently, Kline’s group

FIGURE 6.2 (CONTINUED)

No. Acronym Name of Analog No. Acronym Name of Analog

1 α-ΤΟΗ δ-Tocopherol 16 γ-TOS γ-Tocopheryl succinate
2 β-ΤΟΗ β-Tocopherol 17 δ-TOS δ-Tocopheryl succinate
3 γ-ΤΟΗ γ-Tocopherol 18 α-T3H α-Tocotrienol
4 δ-ΤΟΗ δ-Tocopherol 19 γ-T3H γ-Tocotrienol
5 α-TOA α-Tocopheryl acetate 20 γ-T3S γ-Tocotrienyl succinate
6 α-TOS α-Tocopheryl succinate 21 α-T2H α-2-Geranyl-chromanol
7 α-TOM α-Tocopheryl maleate 22 PYS Phytyl succinate
8 α-TO2MS α-Tocopheryl 2-

methylsuccinate
23 OS Oleyl succinate

9 α-TOG α-Tocopheryl glutarate 24 α-TOSM α-Tocopheryl succinyl 
methyl ester

10 α-TO3MG α-Tocopheryl 3-
methylglutarate

25 δ-TOSM δ-Tocopheryl succinyl 
methyl ester

11 α-TO33DMG α-Tocopheryl 3,3 
dimethylglutarate

26 α-TAS α-Tocopheryl succinyl 
amide

12 α-TO22DMG α-Tocopheryl 2,2-
dimethylglutarate

27 δ-TAS δ-Tocopheryl succinyl 
amide

13 α-TroH α-Trolox 28 α-TAM α-Tocopheryl maleyl 
amide

14 α-TroS α-Trolox succinate 29 δ-TAM δ-Tocopheryl maleyl 
amide

15 β-TOS β-Tocopheryl succinate 30 α-TASM α-Tocopheryl succinyl 
amide methyl ester
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synthesized a nonhydrolyzable analog of VE more efficient as an inducer of
apoptosis in ovarian cancer cells compared to α-TOS, perhaps due to higher
stability, which was also efficient against breast cancer and metastasis.34,35

6.3.2 VITAMIN E ANALOGS AS ANTICANCER AGENTS

The clinical potential of VE analogs follows from reports about their anticancer
properties in animal models. These effects can be separated into antitumorigenic
and antineoplastic activity. The formed effect has been shown in mice, where α-
TOS enhanced breast cancer dormancy.36 This may be due to inhibition of angio-
genesis by the agent, as suggested by downregulation of the vascular endothelial
growth factor.36 We have recently observed that α-TOS also downregulated com-
ponents of both autocrine and paracrine signaling pathways relevant to tumori-
genesis, fibroblast growth factors, and their receptors (J. Neuzil, unpublished
data). Suppression of angiogenesis may also be an important factor in inhibition
of the onset of melanomas by α-TOS.37

Several animal models showed strong efficacy of α-TOS against cancer
growth, including colon cancer,38 melanomas,39,40 and mesotheliomas41

(Figure 6.3). α-TOS also suppressed liver metastasis in a colon cancer model.42

TABLE 6.4
Apoptotic Activity of Vitamin E Analogs

VE Analoga Apoptosisb VE Analog Apoptosis

None 9.5 ± 2.1 δ-TOS (17) 25.6 ± 3.9
α-TOH (1) 10.2 ± 2.5 α-T3H (18) 9.2 ± 2.1
α-TOA (5) 10.5 ± 2.9 γ-T3H (19) 38.2 ± 5.2
α-TOS (6) 49.2 ± 6.1 γ-T3S (20) 59.8 ± 7.4
α-TOM (7) 72.1 ± 8.2 α-T2H (21) 55.8 ± 6.7
α-TOF 95.1 ± 4.2 PYS (22) 9.1 ± 2.8
α-TO2MS (8) 36.2 ± 4.3 OS (23) 10.2 ± 2.1
α-TOG (9) 30.2 ± 3.9 α-TOSM (24) 12.4 ± 3.1
α-TO3MG (10) 22.5 ± 3.5 α-TOSM (25) 13.9 ± 2.2
α-TO33DMG (11) 15.1 ± 3.1 α-TAS (26) 98.5 ± 7.8
α-TO22DMG (12) 16.5 ± 2.2 δ-TAS (27) 84.1 ± 8.9
α-TroS (14) 10.2 ± 1.5 α-TAM (28) 100
β-TOS (15) 38.1 ± 4.5 δ-TAM (29) 95.6 ± 9.7
γ-TOS (16) 30.1 ± 4.4 α-TASM (30) 15.1 ± 3.1

a Structures of VE analogs are shown in Figure 6.1, except for α-TOF, which is a geometric isomer
of α-TOM.
b Apoptosis was assessed in Jurkat cells (0.5 × 106 per ml) exposed to individual VE analogs at
50 μM for 12 h. The annexin V-FITC binding method was used, and the numbers in the table
indicate the percentage of the cells positive for annexin V.

Source: Adapted from References 25 and 28.
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FIGURE 6.3 Antimesothelioma effects of α-tocopheryl succinate. (A) Immunocompro-
mised mice were injected intraperitoneally (i.p.) with human mesothelioma cells and
peritoneal mesotheliomas allowed to established. On week 4 after the animals were injected
with the cells, treatment was initiated consisting of i.p. administration of 200 μl of 200 μM
α-TOS (in DMSO) every third day for more than 20 weeks. Survival was used as a marker
for the effect of α-TOS. (Adapted from Reference 16.) (B) Immunocompromised mice
were injected subcutaneously with human mesothelioma cells and tumors allowed to reach
100 mm3 before treatment onset. The mice were then injected i.p. with 200 μl of 200 mM
α-TOS (in DMSO) every second day for up to 2 weeks. Tumor size was estimated and
volume calculated. (Adapted from Reference 96.)
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Recently, Kline’s group demonstrated anticancer activity of a novel VE analog
against breast cancer and lung metastases alone or in combination with celo-
coxib.43,44 These data demonstrate the therapeutic promise of α-TOS and are likely
to result in clinical application of the agent and design of novel anticancer agents.

A major reason for the anticancer efficacy of VE analogs is their high apo-
ptogenic activity. We observed that while α-TOS significantly suppressed exper-
imental colon cancer, α-TOH showed only marginal, nonsignificant effect.37

Analysis of the tumor sections revealed that both agents inhibited proliferation,
but only α-TOS induced apoptosis.45,46 Apoptosis as a major mechanism for
antitumor activity of VE analogs has also been proposed for its antimelanoma
effect39 and may be expected also in mesotheliomas.41 Although multiple modes
of action may be expected for VE analogs, induction of apoptosis is the major
determinant of their anticancer efficacy.

6.3.3 SELECTIVITY OF VE ANALOGS INCREASES THEIR CLINICAL

APPLICATION

A paradigm rendering VE analogs clinically applicable is their selectivity for
neoplastic cells,1 as shown in many cultured cells.28,45,47–49 The reasons for the
selectivity are not fully understood. Some types of normal cells have the propen-
sity to hydrolyze α-TOS into its redox-active counterpart.1 Selective hydrolysis
of α-TOS may, at least in some cases, explain the selective toxicity of the agent,
since the proapoptotic species α-TOS would then accumulate in nonmalignant
cells at levels below the toxicity threshold.

Hydrolysis of α-TOS cannot always explain its selectivity. For example,
α-TOS is highly toxic to mesothelioma cells but not to nonmalignant mesothelial
cells.41,50 However, in this case, the resistant cells do not hydrolyze α-TOS. It is
possible that the selectivity is given here by the resistance of the nonmalignant
cells to oxidative stress. It has been published that α-TOS provokes generation
of ROS in cancer cells.51–53 We observed that mesothelioma cells generated ROS
as a fast response to α-TOS while nonmalignant mesothelial cells showed very
little ROS accumulation (J. Neuzil, unpublished data). It is possible that anti-
oxidant enzymes are more expressed in nonmalignant cells, whereby affording
protection from ROS-induced apoptosis. In support of this, it has been published
that cells depleted of their mtDNA are resistant to apoptosis,51,53,54 and a recent
paper showed that a reason for this was adaptive upregulation of the mitochondrial
superoxide dismutase.55 It remains to be shown whether this is a mechanism of
resistance of nonmalignant cells to apoptosis induced by α-TOS, although there
is a report indicating the importance of lack of efficient antioxidant systems to
render cancer cells susceptible to the VE analog.56 A recent report documented
a direct correlation between susceptibility of cancer cells to α-TOS and their
propensity to respond to this agent by generation of ROS.57 In support for low
ROS accumulation as a mode of resistance to α-TOS, we have observed relatively
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low accumulation of ROS in α-TOS-resistant differentiated neuroblastoma cells
when compared to the α-TOS-susceptible parental cells (J. Neuzil, unpublished
data).

There is yet another plausible explanation for selectivity of VE analogs for
malignant cells. This is based on the physicochemical nature of these compounds
that are weak acids and that are deprotonated at physiological pH but largely
protonated at the acidic pH of the tumor interstitium. This allows selective faster
diffusion of the drug across the plasma membrane of malignant cells. Thus, there
are several alternative or parallel mechanisms underlying the selectivity of VE
analogs for cancer cells. Because this is one of the most important features of
VE analogs, it is important to understand these mechanisms and, consequently,
design and synthesize novel agents with higher proapoptotic activity while retain-
ing selectivity.

We have recently studied the effect of α-TOS on neuroblastoma cells and
their differentiated counterparts mimicking nonmalignant neurons. While the
former were highly susceptible to the VE analog, the latter were relatively resis-
tant.58 We found two lines of defense against α-TOS in the differentiated cells.
First, the cells, unlike the parental neuroblastomas, did not accumulate ROS.
Second, their levels of antiapoptotic Bcl-2 family proteins were elevated, in
particular that of Mcl-1. These data clearly suggest that mitochondria are impor-
tant not only in induction of apoptosis, but also in the selectivity of importance
VE analogs for malignant cells.

6.3.4 VE ANALOGS OVERCOME RESISTANCE OF MUTANT

CANCER CELLS TO APOPTOSIS, INDUCE THE

MITOCHONDRIAL APOPTOTIC PATHWAY, AND COOPERATE

WITH IMMUNOLOGICAL APOPTOGENS

Many cancer cells avoid established therapy by constantly mutating the relevant
genes. This is a complicating factor, compromising many successful treatments.
Therefore, it is imperative to design novel agents that would overcome these
complications. Many anticancer drugs act via induction of apoptosis of malignant
cells by causing damage to their genomic DNA, which results in activation of
p53 and inhibition of proliferation accompanied by apoptosis. VE analogs show
promise for treatment of cancers where such genes are mutated, most likely
because they use the mitochondrial apoptogenic route.

It was reported by Coffey’s laboratory that Trolox, a water-soluble analog of
VE, inhibited proliferation and induced apoptosis in human colon cancer cells
by increasing the expression of the cell cycle protein p21Cip1/Waf1 in a p53-inde-
pendent manner.59 This paper also showed that the agent could efficiently inhibit
growth of tumors in athymic mice derived from p53- but not p21Cip1/Waf1-deficient
colon cancer cells. It was later observed that α-TOS caused efficient apoptosis
in both p53- and p21Cip1/Waf1-deficient colon cancer cells.38 These findings place
VE analogs among potential anticancer drugs capable of being used instead of
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or as adjuvants to other drugs whose application may be compromised by muta-
tions in the above genes.

Antiapoptotic/pro-survival consequences of other mutations can also be over-
come by VE analogs. For example, overexpression of the receptor tyrosine kinase
erbB2/HER2 complicates breast cancer treatment.60 The reason is that the auto-
activated erbB2 activates Akt, a protein kinase phosphorylating multiple sub-
strates, including IκB kinase (IKK), caspase-9, and Bad, resulting in elevated
expression of pro-survival genes and inhibition of proapoptotic proteins.61,62 It
has been suggested that VE analogs overcome the erbB2-Akt antiapoptotic sig-
naling. Akazawa et al.63 showed that α-tocopheryloxybutyric acid suppressed
auto-phosphorylation of erbB2, shutting down the whole signaling pathway,
although the mechanism is not clear. We have observed that α-TOS caused
comparable apoptosis in both erbB2-low and erbB2-high breast cancer cells by
a two-tier mechanism64 that includes cytosolic mobilization of cytochrome c,
activating the downstream caspases, as well as that of Smac/Diablo, a protein
antagonizing the caspase-inhibitory activity of the inhibition of apoptosis proteins
(IAPs) that are elevated due to Akt-dependent activation of nuclear factor-κB
(NF-κB).65,66 α-TOS thus induces apoptosis in cells over-expressing erbB2 on at
least three levels (Figure 6.4). We are currently investigating the anticancer
activity of VE analogs using transgenic mice overexpressing erbB2 in the mam-
mary epithelial cells, resulting in spontaneous formation of breast carcinomas.67

The major apoptogenic pathway induced by VE analogs is linked to mito-
chondrial destabilization. This is compatible with mitochondria as a novel target
for anticancer drugs.68,69 Mitochondrial proapoptotic signaling has been docu-
mented in several papers, and involves activation of the sphingomyelinase path-
ways, generation of ROS, and mitochondrial translocation of Bax.51,52,70–73 Con-
ceivably, the ratio between the mitochondrial pro- and antiapoptotic proteins may
determine the overall susceptibility of the cells to VE analogs.

Perhaps more importantly, the mode of proapoptotic signaling of VE analogs
makes them candidates for adjuvant therapy, that is, synergizing with apoptogens
using a different mode of action. α-TOS has been investigated for sensitization
of cancer cell to apoptosis induced by the Fas ligand (FasL) and the TNF-related
apoptosis-inducing ligand (TRAIL). Kline’s group has shown that the VE analog
sensitized cancer cells to FasL by mobilizing the latent cytosolic Fas to the plasma
membrane,74,75 as also observed for gastric cancer cells.76,77 This may suggest a
role of α-TOS in cancer surveillance by boosting the immune anticancer/proap-
optotic mechanism.

We have explored the possibility that VE analogs synergize/cooperate with
TRAIL. In colon cancer cells, α-TOS synergized with TRAIL in apoptosis
induction, by utilizing different, convergent pathways. Cooperation between α-
TOS and TRAIL was observed in experimental colon cancer.38 In mesothelioma
cells, α-TOS synergized with TRAIL by upregulating the TRAIL death receptor-
4 (DR4) and DR5.50 This report as well as our recent finding that α-TOS extends
survival of mice with experimental mesothelioma41 is important because



Vitamin E Analogs as Anticancer Agents 125

mesotheliomas are refractory to treatment, largely due to resistance to apoptosis
by established drugs.78 Another mode by which α-TOS can sensitize cancer cells
to TRAIL killing is its interference with activation of NF-κB, as shown for Jurkat
cells.79 A possible mechanism of inhibition of the pro-survival transcription factor
may be caspase-dependent cleavage of its subunit p65 due to activation of the
apoptosis machinery.80,81

FIGURE 6.4 Possible mechanism of apoptosis induction by α-TOS in erbB2/HER2 over-
expressing cells. α-TOS causes cytosolic mobilization of cytochrome c (Cyt c) and
Smac/Diablo. Cyt c forms a ternary complex with Apaf-1 and pro-caspase-9, resulting in
activation of the initiator caspase-9 that, in turn, leads to activation of the effector caspases.
Smac/Diablo amplifies this process by suppressing the IAP family proteins that are elevated
due to Akt-dependent activation of NF-κB. This suggests that α-TOS induces apoptosis
in cells overexpressing erbB2 on at least three levels: inhibition of erbB2 activation,
induction of the mitochondrial-linked apoptotic pathway, and relocalization of
Smac/Diablo, thereby suppressing the caspase-inhibitory IAP activity. Mechanistically, α-
TOS induces mitochondrial generation of ROS as well as mitochondrial translocation of
Bax. Additional effects of α-TOS include: inhibition of erbB2 and NF-κB activation and
suppression of Akt-dependent phosphorylation of Bad (rendering it inactive due to asso-
ciation with the protein 14-3-3) and pro-caspase-9 (suppressing its activity normally
leading to activation of effector caspases). These effects of α-TOS not only induce apop-
tosis in erbB2-overexpressing cells, but also sensitize them to other apoptogens, as shown
here for TRAIL.
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6.3.5 VITAMIN E ANALOGS AS ANTITUMOR AGENTS: BEYOND

MITOCHONDRIA

Although the mitochondrial pathway is central to the apoptogenic action of VE
analogs, there are other pathways that may play an important role in the effects
of the agents. Kline’s group reported regulation of the AP-1 and mitogen-activated
protein kinase/extracellular-regulated protein kinase pathways as additional sig-
naling routes for apoptosis induced by α-TOS.82–86 Some but not all papers
suggested that α-TOS induces apoptosis by interfering with the tumor necrosis
factor-β (TGF-β) signaling, compromising the expression of pro-survival fac-
tors.87–89 These findings may be related to the effect of the VE analog on transition
of cell through the cell cycle. Several reports showed that the agent caused arrest
in G1 or G2. Turley et al.90 presented evidence that α-TOS inhibited proliferation
of breast cancer cells by interfering with the cyclin A-E2F restriction point
machinery. Yeh’s group reported that α-TOS inhibited proliferation of cancer
cells by modulation of the cell cycle transition91 as well as cell invasiveness due
to inhibition of the activity of matrix metalloproteinase-9.92 These effects may
be more specific for prostate cancer cells, as α-TOS has been reported to inhibit
the function of the prostate-specific antigen.93

Our results also show inhibitory effects of α-TOS on cell cycle transition,
with G1 and/or G2 arrest, depending on the cell type.94–96 The mode of cell cycle
inhibition may be related to the effect of α-TOS on its modulators. The G1 arrest
of the osteosarcoma cells may be linked to inhibition of the activity of the cyclin
A/cyclin-dependent kinase-2 complex, while the levels of the transcription factor
E2F1 were enhanced and were followed by phosphorylation of p53.94

Mesothelioma cells undergo a G2 arrest when exposed to low levels of α-
TOS.95,96 This is related to disruption of the FGF-FGFR autocrine proliferation
signaling loop by selective downregulation of both FRF2 and its receptor FGFR1
in the mesothelioma but not the nonmalignant mesothelial cells.95,96 α-TOS exerts
its effect on the transcriptional level, downregulating FGFR1 by inhibiting the
activity of E2F1,95 while FGF2 is downregulated via modulating the transcrip-
tional activity of the early-response growth factor-1.96 The selectivity appears
related to the low level of ROS generation by the nonmalignant mesothelial cells
while their malignant counterparts respond to α-TOS by early generation of high
levels of ROS.96

There are reports suggesting the possibility that VE analogs inhibit angio-
genesis, which indicates an effect of the agents on tumorigenesis and the meta-
static potential. We have observed a reduction in the number of blood vessels in
experimental colon cancer xenografts in mice treated with α-TOS (J. Neuzil,
unpublished data). Preliminary results also indicate an effect of α-TOS on pro-
angiogenic cytokines in endothelial cells, suggesting a proliferation-suppressive
activity of the VE analog. This can be reconciled with findings that α-TOS caused
downregulation of VEGF.36 Another possibility follows from studies indicating
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that proliferating endothelial cells are highly susceptible to α-TOS while the
confluent arrested cells are resistant.80 This highly intriguing paradigm is sup-
ported by comparable results from Hogg’s group using a different inducer of
apoptosis.97 Thus, α-TOS may specifically target angiogenic endothelial cells
while being nonapoptotic toward normal endothelium. Resistance of endothelial
cells suspended in G0 can be explained by high levels of expression of the
checkpoint proteins p21Waf1/Cip1 and p27Kip1 that prevent reentry of the cells into
the cell cycle98,99 and that inhibit caspase activity.100

By virtue of inhibiting angiogenesis, VE analogs would be efficient against
cancers irrespective of the frequent mutations in various genes. This area is also
worth exploring for novel VE analogs. A recent paper showed a potential anti-
angiogenic effect of γ-TOH by inhibiting the activity of cyclooxygenase-2,101

thereby suppressing formation of pro-angiogenic eicosanoids.102 It is expected
that γ-TOS combines an antiangiogenic effect with apoptogenic activity (see
Table 6.1).

6.3.6 PHARMACOKINETICS OF VE ANALOGS — A POTENTIAL

SECONDARY BENEFICIAL BIOACTIVITY

A most intriguing aspect of the potential use of VE analogs as anticancer agents
follows from their pharmacokinetics. These agents are esters of VE and, there-
fore, hydrolyzed upon intestinal intake after ingestion.103 To overcome the intes-
tinal hydrolysis step, agents such as α-TOS need to be administered intraperi-
toneally. After reaching the circulation, they associate with lipoproteins104,105 that
carry them to the neoplastic microvasculature. Once in the tumor blood vessels,
α-TOS migrates to the malignant tissue where it induces apoptosis, thereby
suppressing growth of the tumor. Because the blood components and the periph-
eral tissue are a dynamic system, there is constant exchange of hydrophobic
molecules. α-TOS is thus gradually moved from the tumor and cleared, bound
to remnant lipoproteins, via the liver. Here, α-TOS is hydrolyzed by nonspecific
esterases. It is then partially disposed of within the bile, partially resecreted into
circulation depending on the level of the saturable α-tocopherol-binding protein
(α-TTP).105–108

The paradigm described above is shown in Figure 6.5. It is clear that, based
on this scheme, supported by theoretical considerations and experimental
data,109,110 esters of VE are hydrolyzed in the liver into the redox-active VE that
is, in part, returned into circulation. From this, it can be deduced that α-TOS and
similar compounds possess at least two bioactivities. In the pro-vitamin form, α-
TOS suppresses cancer. After conversion to its vitamin form, it acts as a redox-
active compound and as an anti-inflammatory agent.111–115 Thus, we believe that
the novel VE analogs represent agents with thus far unrecognized dual beneficial
bioactivity relevant to a variety of highly deleterious pathologies, including cancer
and inflammatory diseases.
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6.4 CONCLUSIONS AND FUTURE DIRECTIONS

The above discussion reveals the exceptional promise of VE analogs as therapeu-
tic agents. There are several features that make these compounds unique: (1) VE
analogs induce apoptosis selectively in malignant cells and inhibit tumor growth
in experimental models; (2) they overcome resistance to established anticancer
drugs due to bypassing mutations in or deletions of critical genes; (3) they
synergize with anticancer agents and/or sensitize resistant cells toward them;
(4) they cause apoptosis in proliferating endothelial cells, suggesting their anti-
angiogenic activity; and (5) they are metabolized into the redox-active VE with
secondary beneficial bioactivity.

FIGURE 6.5 Proposed molecular mechanism for the “double-edge” activity of α-toco-
pheryl succinate. Following entry into the bloodstream, the pro-vitamin α-TOS vitamin
E succinate (VES) associates with circulating lipoproteins (LP) that carry the agent to the
microvasculature of the neoplastic tissue. Here, VES exerts its antiproliferative/proapop-
totic activity toward malignant cells that translates into inhibition of tumor growth. Since
there is a constant exchange of hydrophobic molecules between the peripheral tissues and
the circulation, α-TOS is gradually removed by virtue of remnant lipoproteins that are
endocytosed by hepatocytes that possess high levels of nonspecific esterases (NE). Here,
the remnants are dissembled and nascent VLDL formed. α-TOH (VE), both the original
and that formed by hydrolysis of VES, is partially shuttled to nascent VLDL bound to the
saturable tocopherol-transfer protein (TTP), partially excreted in the bile. Nascent VLDL
enriched with VE is then resecreted into circulation, endowing the system with additional
VE that promotes the antioxidant and anti-inflammatory defenses.
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At this stage, we need more data to understand the exact mechanisms by
which these compounds exert their proapoptotic/anticancer activity and, in par-
ticular, what makes them selective for malignant cells. Importantly, too, we need
to obtain more data from preclinical studies using several experimental models.
Thus far, the majority of these data comes from work with athymic mice.
Transgenic mice predisposed to develop tumors need to be used because in such
animals the role of the immune system, essential for tumor surveillance, is not
impaired. It is hoped that, with better understanding of the molecular mechanism
underlying the activity of VE analogs, they will be approved for clinical testing.
Should they prove successful, the very cheap α-TOS or its derivatives may
become drugs of choice against multiple malignancies with a secondary bene-
ficial activity.
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7.1 INTRODUCTION

Free radicals induce various cellular injuries (including lipid peroxidation, DNA
alteration, and protein inactivation) that may be involved in the etiology of
degenerative diseases such as cancer, cardiovascular diseases, and neurodegen-
erative diseases.1–3 There is now overwhelming evidence of an inverse relationship
between a diet high in antioxidants and the incidence of disease.4–6 Epidemio-
logical and laboratory studies indicate that high consumption of antioxidant-rich
fruits and vegetables can reduce the risk of cancer.6–9 Currently, the U.S. Depart-
ment of Agriculture and the National Cancer Institute recommend the consump-
tion of a minimum of five servings of fruits and vegetables per day to prevent
cancer.10 Vitamin C is one of the most prevalent antioxidants in fruits and vege-
tables, and is considered to exert chemopreventive effects without apparent tox-
icity at doses substantially higher than the current recommended daily allowance
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(RDA) of 60 mg/day.10 Vitamin C has also been used as a dietary supplement for
the prevention of oxidative-stress-mediated chronic diseases such as cancer, car-
diovascular disease,11 hypertension,12 stroke,13 and neurodegenerative disorders.3

In 1997, expert panels at the World Cancer Research Fund and the American
Institute for Cancer Research asserted that vitamin C can reduce the risk of
stomach, mouth, pharynx, esophagus, lung, pancreas, and cervical cancers.10

Vitamin C has been considered primarily as a chemopreventive agent. It can
protect cells from oxidative stress by scavenging free radicals and quenching
lipid-peroxidation chain reactions, which may cause DNA damage. Thus, vitamin
C may block the initiation of carcinogenesis. The carcinogenicity of oxidative
stress is primarily attributable to genotoxicities of reactive oxygen species (ROS)
and reactive nitrogen species (RNS). However, ROS and RNS can promote cancer
through diverse cellular processes. Inflammation, inhibition of gap-junction inter-
cellular communication (GJIC), and activation of matrix metalloproteinase
(MMP) play important roles in tumor-promotion and tumor-progression pro-
cesses, all of which may be mediated by ROS. Therefore, the chemopreventive
mechanisms of vitamin C may be associated with the inhibition of these events
as well as its protective activity against oxidative DNA damage. This chapter
summarizes possible cancer-preventive mechanisms of vitamin C, with an empha-
sis on its inhibition of epigenetic mechanisms.

7.2 CONCEPTS OF CHEMOPREVENTION

There has been an extensive effort over the past three decades to develop effective
therapies for cancer. However, according to the current statistics, the overall
incidence and mortality of cancer has not decreased.14,15 Therefore, attention is
currently focused on prevention as an alternative strategy for the management
of cancer, even though cancer treatment still offers considerable therapeutic
benefits to a large group of patients. Recent advances in our understanding of
the cellular and molecular events linked to carcinogenesis have led to the devel-
opment of a new and promising area of cancer-prevention research, termed
chemoprevention.16 Chemoprevention is defined as the use of specific chemical
substances of either natural or synthetic origin to suppress, retard, or reverse the
process of carcinogenesis.

The rational and successful implementation of a chemoprevention strategy
relies on a precise understanding of carcinogenesis at the cellular and molecular
levels. Carcinogenesis is a multistage process involving a series of discrete steps.
Based on experimentally induced models of carcinogenesis, the process of tum-
origenesis is generally considered to consist of three distinct steps: initiation,
promotion, and progression.1,17 Throughout these three steps, unique biological
and morphological changes occur in cells. Initiation, an irreversible and short-
term event, has been ascribed to DNA damage leading to mutagenesis. Promotion,
an interruptible or reversible and long-term process, is believed to be caused by
epigenetic mechanisms that result in the expansion of damaged cells to form an
actively proliferating multicellular premalignant tumor cell population. Progres-
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sion, an irreversible process, was believed to be caused by genetic instability that
leads to mutagenic and epigenetic changes, which are related to the production
of new clones of tumor cells with increased proliferative capacity, invasiveness,
and metastatic potential. Thus, the development of multistage carcinogenesis may
span more than 20 years, suggesting the possibility of reversing or suppressing
this disease in its early, premalignant stages. Accordingly, considerable attention
has been given to identifying natural chemopreventive substances capable of
inhibiting, retarding, or reversing multistage carcinogenesis. There is accumulat-
ing evidence that a wide variety of antioxidative substances derived from ordinary
foods possess chemopreventive and chemoprotective activities.

7.3 SOME MAJOR BIOMARKERS RELATED TO 
MULTISTAGE CARCINOGENESIS

While numerous antioxidative vitamins and phytochemicals have been found to
exert potential cancer chemopreventive activities, the definition of the appropriate
biomarkers to quantify their chemopreventive effects remains subjective.18 The
precise understanding of biochemical and molecular mechanisms is the first step
to identifying such proper biomarkers and is essential for the successful imple-
mentation of chemopreventive strategies.

Cellular enzymes and structural proteins, membranes, simple and complex
sugars, and DNA and RNA are all susceptible to oxidative damage that may lead
to tumor initiation. The elimination or minimization of exposure to diverse envi-
ronmental carcinogens is one strategy for preventing the majority of human
cancers, but the complete avoidance of exposure to etiologic factors that can
initiate cancer may be unrealistic.1 Therefore, recent chemopreventive strategies
have focused more on identifying substances possessing antipromoting or anti-
progressive activities that can suppress the transformation of initiated or precan-
cerous cells into malignant ones, rather than searching for anti-initiators.1

A promising strategy applicable to the identification and development of
chemopreventive agents is the inhibition of inflammation. Cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (iNOS) are important enzymes that
mediate inflammatory processes. Improper upregulation of COX-2 and/or iNOS
is associated with the pathophysiology of certain types of human cancers as well
as with inflammatory disorders. Tumor promoters and lipopolysaccharide can
induce inflammation through the overexpression of COX-2 and iNOS with the
concomitant generation of ROS and RNS. Because inflammation is closely linked
to tumor promotion, substances with potent anti-inflammatory activities are antic-
ipated to exert chemopreventive effects on carcinogenesis, particularly in the
promotion stage.

GJIC is essential for maintaining the homeostatic balance by modulating
cell proliferation and differentiation in multicellular organisms.19 Most normal
cells have functional GJIC, while most cancer cells have dysfunctional GJIC.20

A consistent observation is that tumor promoters21–24 inhibit GJIC, while
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antitumor-promoting agents25,26 and anticancer drugs27 can reverse the downreg-
ulation of GJIC.20 Because the inhibition of GJIC is strongly related to carcino-
genicity, particularly tumor promotion, enhancers of GJIC are also anticipated to
prevent cancer.

The inhibition of angiogenesis is considered another prospective strategy in
both cancer chemoprevention and therapy, because angiogenesis is an essential
process of most cancers. MMPs are enzymes involved in degradation of the
extracellular matrix (ECM) and are linked to various steps in the development
of metastasis.28 Therefore, MMPs have been the main target of an increasing
number of clinical trials approved for testing the tolerance and therapeutic effi-
cacy of antiangiogenic agents. Although MMPs have long been implicated in
cancer-cell invasion and metastasis, recent reports suggest that MMPs are also
linked to the tumor promotion process.29–32 Therefore, the inhibition of MMP
production may be associated with antitumor-promoting activities as well as
antiangiogenic and antimetastatic activities. Thus, the inhibition of inflammation,
enhancement of GJIC, and inactivation of MMP are considered important bio-
markers in blocking tumor promotion and tumor progression processes in mul-
tistage carcinogenesis.

7.4 ROLES OF OXIDATIVE STRESS IN MULTISTAGE 
CARCINOGENESIS

Oxidation involves the addition or withdrawal of energy by oxygen from reduced
carbon-based molecules. The paradox is that this process of free radical oxidation
is both deleterious and life sustaining by being coupled to electron transport in
the mitochondria of living cells. Cells using oxygen to generate energy represent
a source of oxygen radicals and reactive oxygen systems. The action of carcin-
ogens is often accompanied by oxidation reactions acting on DNA. ROS produced
in the body include superoxide, hydroxyl, hydroperoxyl, peroxyl, and alkoxyl
radicals. RNS include nitric oxide and the peroxynitrite anion. Food and toxicants
are also major sources of ROS and RNS.

Investigations of the carcinogenic effects of oxidative stress have been
focused primarily on genotoxicity, but ROS are also known to play a significant
role in the promotional stage of carcinogenesis. In particular, several oxidants
and free radical generators are tumor promoters. A recent theory1,17,33 on epige-
netics also suggests that greater attention must be paid to those multistage pro-
cesses that do not involve DNA damage. Some reports showed that oxidative
stress induced by ROS has been linked to tumor promotion in mouse skin and
other tissues.34–36 Many tumor promoters generate ROS, and the involvement of
ROS, particularly hydrogen peroxide, in the tumor promotion is supported by
both in vivo and in vitro studies.20,34,37 The topical application of tumor promoters
to mouse skin results in a distinct increase in the production of hydrogen peroxide
in the epidermis, which is correlated with their tumor promoting potential.38
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Superoxide radicals are also formed in keratinocytes stimulated with the tumor
promoters such as 12-O-tetradecanoylphorbol-13-acetate.39

The generation of oxidative stress is another integral component of the inflam-
matory response. There is considerable evidence that ROS and RNS are involved
in the link between chronic inflammation and cancer.40 Furthermore, tumor pro-
moters and lipopolysaccharide can induce inflammation through the overexpres-
sion of COX-2 and iNOS with the generation of ROS and RNS. It was reported
that ROS41 and RNS42 also promote cancer through the inhibition of GJIC. As
stated above, MMPs have long been implicated in cancer-cell invasion and
metastasis, but MMPs are also linked to the tumor promotion process, which may
be mediated by ROS.29–32 Thus, the promotional phase of carcinogenesis is a
consequence of epigenetic events involving inflammation,1 inhibition of GJIC,22

and activation of MMPs,43 which could be mediated by ROS.

7.5 UNDERLYING CHEMOPREVENTIVE 
MECHANISMS OF VITAMIN C

Clinical trials involving high dosages of dietary vitamin C supplements do not
support a cancer protective role for vitamin C.44,45 However, there is suggestion
for such a role from epidemiological and observational studies based on food
intake.6,46 There was early epidemiologic evidence that a high intake of vitamin
C-rich fruits and vegetables as well as a high serum level of vitamin C is inversely
associated with the risk of some cancers. In 1991, Henson et al.46 analyzed 46
epidemiologic studies on the protective effects of vitamin C against various types
of cancers, among which 33 found a significant link between vitamin C intake
and a reduced incidence of cancers. The more recent analysis by Carr and Frei47

shows that vitamin C acts as an antioxidant in vivo. Of the 44 published in vivo
studies they examined, 38 showed a reduction in markers of oxidative damage
to DNA, lipid, or protein and only 6 showed an increase in oxidative damage
after supplementation with vitamin C. Despite the inconsistent findings of pre-
vious studies, most of them do support the notion that vitamin C decreases the
risk of cancer. The underlying chemopreventive mechanisms are described below.

7.5.1 ANTIOXIDANT EFFECTS

Vitamin C is known to stimulate immune function, inhibit nitrosamine formation,
and block the metabolic activation of carcinogens, but the cancer-preventive
effects of vitamin C may be mainly attributable to its protective effects against
oxidative stress. Vitamin C is known to scavenge superoxide anions48,49 and
peroxynitrites,50,51 as well as to inhibit the formation of superoxide anions and
peroxyl radicals.52 Several studies have revealed that vitamin C has protective
effects against DNA damage by ROS and RNS either alone or synergistically53,54

and exerts preventive effects against DNA damage caused by hydrogen peroxide
in human lymphocytes.55
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Lenton et al.56 showed a negative correlation between intracellular vitamin C
levels and the levels of 8-oxo-deoxyguanosine in lymphocytes from 105 healthy
volunteers. In another report, the levels of 8-oxo-deoxyguanosine in mononuclear
cell DNA, serum, and urine from subjects undergoing supplementation with
500 mg of vitamin C per day were also decreased, which were strongly correlated
with increases in plasma vitamin C concentration.57 However, the relevance of
oxidative modification of DNA bases as a biomarker of carcinogenesis is being
questioned because of a frequent artifact in measuring 8-oxo-deoxyguanosine
levels in DNA.58,59 Moreover, the actual level of 8-oxo-deoxyguanosine in human
DNA varies widely.58,59 Taking the above problems into consideration by using
a quantitative plasmid-based genetic system, Lutsenko et al.60 recently demon-
strated that vitamin C can prevent hydrogen peroxide-induced mutations in human
cells. They suggested that high intracellular concentrations of vitamin C could
reduce DNA mutations caused by oxidative stress in humans.60

In contrast, vitamin C can also exert pro-oxidant activity under certain con-
ditions, particularly in the presence of transition metal ions or alkali. In vitro,
vitamin C reduces free ferric iron that generates hydrogen peroxide in the Fenton
reaction which results in the production of hydroxyl radicals. The hydroxyl radical
reacts rapidly with critical cellular macromolecules, including DNA, which is
implicated in the initiation of cancer. However, the amounts of free transition
metals in vivo are very small because they bind efficiently to proteins. Other
studies have indeed demonstrated that the consumption of 500 mg of vitamin C
per day did not result in significant oxidative DNA damage61 and even a daily
intake of 5000 mg of vitamin C was shown not to promote cancer or induce DNA
damage.62 Moreover, vitamin C was found predominantly to reduce oxidative
damage in vivo even in the presence of iron.47 Therefore, the consensus from in
vitro and in vivo experiments as well as population-based studies reported in the
literature is that a high consumption of vitamin C-rich fruits and vegetables is
unlikely to be linked with increased oxidative DNA damage or with an elevated
risk of cancer.

The intrinsic pro-oxidant potential of vitamin C may also contribute to its
chemopreventive properties. A low or baseline level of oxidative stress appears
to be essential for the cellular transduction signals that lead to the induction or
potentiation of some detoxification/antioxidant enzyme systems. Antioxidant
micronutrients may act as mild pro-oxidants to supply limited amounts of ROS
when needed for triggering antioxidant signal transduction. If this is the case, it
remains to be clarified when and how the pro-oxidant activity of vitamin C is
turned on in the intracellular redox milieu while it is fighting, as an antioxidant,
against excess oxidative stress.

7.5.2 ANTI-INFLAMMATORY ACTIVITY

There is considerable evidence that ROS are somehow involved in chronic
inflammation and cancer.1,2,40,63 The generation of oxidative stress is an integral
part of the inflammatory response associated with tumor promotion. Thus, many
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compounds with antioxidant capability can inhibit tumor promotion and inflam-
mation.1,2,63 Since several studies have provided strong evidence that gastric
cancer is a consequence of chronic inflammation,64 the inflammatory process
caused by the overproduction of ROS could be targeted by vitamin C. Indeed,
vitamin C was shown to attenuate gastric cancer by reducing inflammation caused
by ROS.64 A recent human study also showed low levels of vitamin C in gastric
juice in the early stages of carcinogenesis.40 The protective effects of vitamin C
against gastric carcinogenesis may be partly related to the scavenging of mucosal
oxygen radicals,65 as well as to inhibiting the formation of carcinogenic nitro-
samines. However, pretreatment of endothelial cells with vitamin C in a recent
report resulted in the accumulation of a large amount of this antioxidant inside
the cells, which consequently decreased both the intracellular oxidant level and
iNOS induction.66 Vitamin C was also shown to inactivate nuclear factor-

 

κB
(NF-

 

κB) in endothelial cells during the inflammation process, which was inde-
pendent of its antioxidant activity.67 Therefore, the anti-inflammatory activity of
vitamin C may be mediated by multifactorial mechanisms, some of which may
be unrelated to its intrinsic antioxidant activity.

7.5.3 RESTORATION OF CELL-TO-CELL COMMUNICATION

Cell-to-cell communication through gap junction channels is essential for main-
taining the homeostatic balance via the modulation of cell proliferation and dif-
ferentiation in multicellular organisms.68 Inhibition of cell-to-cell communication
is strongly related to carcinogenicity, particularly to tumor promotion.17,20 Hydro-
gen peroxide, a well-known tumor promoter, also inhibits GJIC.38 We reported
previously that vitamin C prevented the inhibition of GJIC by hydrogen peroxide.69

It also protected hyperphosphorylation of connexin 43 protein (Cx43), a protein
that regulates GJIC in rat liver epithelial cells. We also found that sustained
production of hydrogen peroxide by phenazine methosulfate (PMS) inhibited GJIC
in rat liver epithelial cells. The inhibition of GJIC by PMS involved hyperphos-
phorylation of Cx43 through activation of ERK1/2 (unpublished observation).
Vitamin C prevented inhibition of GJIC, hyperphosphorylation of Cx43, and
activation of ERK1/2 induced by PMS. In contrast, antioxidants such as propyl-
gallate and Trolox did not prevent the hydrogen peroxide-mediated inhibition of
GJIC.38 Several reports suggest that some antioxidative phenolic substances, such
as gallic acid and epigallocatechin gallate, induce DNA damage70–72 and that their
damaging effects are probably due to the generation of hydrogen peroxide. We
have found that gallic acid and epigallocatechin gallate generate ROS that con-
tributed to inhibition of GJIC, and that vitamin C protected against these effects
(unpublished observation). Thus, the effect of vitamin C on GJIC appears to be a
chemopreventive effect different from other antioxidative dietary substances.

A recent analysis by Rosenkranz et al.73 indicates that inhibition of GJIC is
strongly linked to carcinogenicity in rodents possibly by influencing inflammatory
processes and developmental effects. Integration of the analysis also suggests that
the inhibition of GJIC is involved in the nongenotoxic induction of cancer and in
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tumor promotion.73 Therefore, we suggest that the cancer chemopreventive effects
of vitamin C are linked to its protective effects against epigenetic mechanisms
such as inflammation and the inhibition of GJIC as well as its antioxidant activities.

7.5.4 ANTIMETASTATIC EFFECTS

The ECM is a framework of proteins and proteoglycans that provides structural
integrity to tissues. It also plays critical roles in cell growth, differentiation,
survival, and motility. MMPs are a family of zinc-dependent endopeptidases that
can degrade the major components of the ECM. Many studies have shown that
ECM-degrading enzymes, including MMPs, play a pivotal role in tumor invasion
and metastasis. A recent review suggests that MMP inhibitors exert strong effects
at the tumor promotion stage, which may be partly attributable to the inhibition
of the expression of enzymes related to inflammation such as COX-2 and iNOS
as well as angiogenic factors.2 Therefore, MMPs may play an important role in
tumor promotion as well as in tumor invasion and metastasis.29,30 Thus, MMPs
are considered to be a novel target for noncytotoxic chemoprevention in multi-
stage carcinogenesis.28

Vitamin C acts at the transcriptional level to downregulate MMP-2 expression
and activity in human amnionic cultured cells.74 A recent review43 has provided
evidence that ROS are key regulators of MMP production and that these inter-
actions are important in disease pathologies. Sustained production of hydrogen
peroxide by PMS-induced activation of pro-MMP-2 through the induction of MT-
1 MMP expression in HT1080 fibrosarcoma cells.75 Vitamin C inhibited activation
of pro-MMP-2 by suppressing the activation of MT-1 MMP by PMS, and sup-
pressed PMS-induced motility and invasiveness in HT1080 cells (unpublished
observation). The aforementioned generation of ROS by gallic acid, a major
dietary phenolic substance, also induced activation of pro-MMP-2 through acti-
vation of MT-1 MMP, and this was suppressed by vitamin C (unpublished obser-
vation). This demonstrates that vitamin C can protect ROS-mediated activation
of MMP, which may contribute to its chemopreventive potential.

The aforementioned putative chemopreventive effects of vitamin C are sum-
marized in Figure 7.1.

7.6 CONCLUSION

Vitamin C reportedly exerts substantial cancer chemopreventive effects mainly
due to its strong antioxidant activities against DNA damage. This antioxidant has
also been used as a dietary supplement to prevent oxidative stress–mediated
chronic diseases such as cancer, cardiovascular disease, hypertension, stroke,
neurodegenerative disorders, and aging. Several studies have shown that vitamin
C has pro-oxidant activity under certain conditions such as in the presence of
transition metal ions or alkali.76 A recent study suggests that even a moderate
daily dose of supplementary vitamin C (200 mg) induces the formation of geno-
toxins from lipid hydroperoxides, which results in DNA damage and the initiation
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of carcinogenesis.76 Despite questionable experimental designs and the numerous
contradicting reports, the current consensus from epidemiological and human
studies is that a low risk of cancer is more strongly related to antioxidant-rich
diets than to individual dietary supplement antioxidants.5

The elimination or minimization of exposure to diverse environmental car-
cinogens is one strategy for preventing the majority of human cancers, but the
complete avoidance of exposure to etiologic factors that can induce the initiation
of cancer may be unrealistic. Since tumor promotion is closely linked to oxidative
and inflammatory processes and is a relatively long-term and reversible process,
it can be efficiently reversed and suppressed by vitamin C. A recent theory1,17,33

on epigenetics suggests that greater attention must be paid to multistage carcino-
genesis that does not involve DNA damage. Cancer prevention strategies that
involve intervention at the tumor-promotion stage (a reversible and long-term
process) are more practical than those intervening at the tumor-initiation stage
(an irreversible and short-term process). The chemopreventive effects of vitamin
C appear to be related to antipromoting or antiprogressive activities such as anti-
inflammatory activity, enhancement of cell-to-cell communication, and antiangio-
genetic properties as well as antioxidant activity. Taken together, these observa-
tions suggest that consumption of five servings of fruits and vegetables (contain-
ing 200 to 280 mg of vitamin C) per day can be strongly recommended.
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FIGURE 7.1 Putative chemopreventive effects of vitamin C.

Carcinogenic insults

Normal
cells

Initiated
cells

Preneoplastic
cells

Neoplastic
cells

Vitamin C ROS

Initiation Promotion Progression

Tumor promoters and toxicants

Vitamin C

Inflammation, inhibition of cell-to-cell
communication, increase of metastatic potential

Modulation of epigenetic events



148 Nutrition and Cancer Prevention

REFERENCES

1. Surh Y-J. Molecular mechanisms of chemopreventive effects of selected dietary
and medicinal phenolic substances. Mutat Res 1999; 428:305–327.

2. Surh Y-J, Chun K-S, Cha H-H, Han SS, Keum YS, Park KK, Lee SS. Molecular
mechanisms underlying chemopreventive activities of anti-inflammatory phy-
tochemicals: down-regulation of COX-2 and iNOS through suppression of NF-
κB activation. Mutat Res 2001; 480–481:243–268.

3. Engelhart MJ, Geerlings MI, Ruitenberg A, Van Sweiten JJ, Hofman A, Witteman
JC, Breteler MM. Dietary intake of antioxidants and risk of Alzheimer disease.
J Am Med Assoc 2002; 287:3223–3229.

4. Surh Y-J. Cancer chemoprevention with dietary phytochemicals. Natl Rev Cancer
2003; 3:768–780.

5. Lee KW, Lee HJ, Surh YJ, Lee CY. Vitamin C and cancer chemoprevention:
reappraisal. Am J Clin Nutr 2003; 78:1074–1078.

6. La C V, Altieri A, Tavani A. Vegetables, fruit, antioxidants and cancer: a review
of Italian studies. Eur J Nutr 2001; 40:261–267.

7. Doll R, Peto R. The causes of cancer: quantitative estimates of avoidable risks of
cancer in the United States today. J Natl Cancer Inst 1981; 66:1191–1308.

8. Doll R. An overview of the epidemiological evidence linking diet and cancer.
Proc Nutr Soc 1990; 49:119–131.

9. Michels KB, Giovannucci E, Joshipura KJ, Rosner BA, Stampfer MJ, Fuchs CS,
Colditz GA, Speizer FE, Willett WC. Prospective study of fruit and vegetable
consumption and incidence of colon and rectal cancers. J Natl Cancer Inst 2000;
92:1740–1752.

10. World Cancer Research Fund/American Institute for Cancer Research. Food
research and the prevention of cancer: a global perspective. Washington DC:
American Institute for Cancer Research, 1997.

11. Khaw KT, Bingham S, Welch A, Luben R, Wareham N, Oakes S, Day N. Relation
between plasma ascorbic acid and mortality in men and women in EPIC-Norfolk
prospective study: a prospective population study. European Prospective Investi-
gation into Cancer and Nutrition. Lancet 2001; 357:657–663.

12. Duffy, SJ, Gokce N, Holbrook M, Huang A, Frei B, Keaney JFJ, Vita JA. Treatment
of hypertension with ascorbic acid. Lancet 1999; 354:2048–2049.

13. Kurl S, Tuomainen TP, Laukkanen JA, Nyyssonen K, Lakka T, Sivenius J, Salonen
JT. Plasma vitamin C modifies the association between hypertension and risk of
stroke. Stroke 2002; 33:1568–1573.

14. Jemal A, Thomas A, Murray T, Thun M. Cancer statistics 2002. CA-Cancer J Clin
2002; 52:23–47.

15. Howe HL, Wingo PA, Thun MJ, Ries LAG, Rosenberg HM, Feigal EG, Edwards
BK. Annual report to the nation on the status of cancer (1973 through 1998),
featuring cancers with recent increasing trends. J Natl Cancer Inst 2001;
93:824–842.

16. Sporn MB, Suh N. Chemoprevention: an essential approach to controlling cancer.
Nat Rev Cancer 2002; 2:537–543.

17. Trosko JE. Commentary: is the concept of “tumor promotion” a useful paradigm?
Mol Carcinogen 2001; 30:131–137.



Vitamin C Blocks Carcinogenic Tumor Formation 149

18. Pezzuto JM. Cancer chemopreventive agents: from plant materials to clinical
intervention trials. In: Kinghorn AD, Balandrin MF, eds. Human Medicinal Agents
from Plants. Washington, DC: American Chemical Society 1990; 204–215.

19. Trosko JE, Ruch RJ. Cell–cell communication in carcinogenesis. Front Biosci
1998; 3:208–236.

20. Trosko JE, Chang CC. Modulation of cell–cell communication in the cause and
chemoprevention/chemotherapy of cancer. BioFactors 2000; 12:259–263.

21. Trosko JE, Chang CC, Upham B, Wilson M. Epigenetic toxicology as toxicant-
induced changes in intracellular signalling leading to altered gap junctional inter-
cellular communication. Toxicol Lett 1998; 102–103:71–78.

22. Huang RP, Peng A, Golard A, Hossain MZ, Huang R, Liu YG, Boynton AL.
Hydrogen peroxide promotes transformation of rat liver non-neoplastic epithelial
cells through activation of epidermal growth factor receptor. Mol Carcinogen
2001; 30:209–217.

23. Sai K, Upham BL, Kang KS, Hasegawa R, Inoue T, Trosko JE. Inhibitory effect
of pentachlorophenol on gap junctional intercellular communication in rat liver
epithelial cells in vitro. Cancer Lett 1998; 130:9–17.

24. Rivedal E, Opsahl H. Role of PKC and MAP kinase in EGF- and TPA-induced
connexin43 phosphorylation and inhibition of gap junction intercellular commun-
ication in rat liver epithelial cells. Carcinogenesis 2001; 22:1543–1550.

25. Nielsen M, Ruch RJ, Vang O. Resveratrol reverses tumor-promoter-induced inhi-
bition of gap-junctional intercellular communication. Biochem Biophys Res Com-
mun 2000; 275:804–809.

26. Sai K, Kanno J, Hasegawa R, Trosko JE, Inoue T. Prevention of the down-
regulation of gap junctional intercellular communication by green tea in the liver
of mice fed pentachlorophenol. Carcinogenesis 2000; 21:1671–1676.

27. Na HK, Wilson MR, Kang KS, Chang CC, Grunberger D, Trosko JE. Restoration
of gap junctional intercellular communication by caffeic acid phenethyl ester
(CAPE) in a ras-transformed rat liver epithelial cell line. Cancer Lett 2000;
157:31–38.

28. Birkedal-Hansen H. Proteolytic remodeling of extracellular matrix. Curr Opin
Cell Biol 1995; 7:728–735.

29. Coussens ML, Fingleton B, Matrisian LM. Matrix metalloproteinase inhibitors
and cancer: trials and tribulations. Science 2002; 295:2387–2392.

30. Tosetti F, Ferrari N, De Flora S, Albini, A. “Angioprevention”: angiogenesis is a
common and key target for cancer chemopreventive agents. FASEB J 2002;
16:2–14.

31. Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer
progression. Nat Rev Cancer 2002; 2:161–174.

32. Nelson AR, Fingleton B, Rothenberg ML, Matrisian LM. Matrix metalloprotein-
ases: biologic activity and clinical implications. J Clin Oncol 2000; 18:1135–1149.

33. Wu CT, Morris JR. Genes, genetics, and epigenetics: a correspondence. Science
2001; 293:1103–1105.

34. Cerutti PA. Prooxidant states and tumor promotion. Science 1985; 227:375–381.
35. Nishigori C, Hattori Y, Toyokuni S. Role of reactive oxygen species in skin

carcinogenesis. Antioxid Redox Signal 2004; 6:561–570.
36. Konturek PC, Kania J, Konturek JW, Nikiforuk A, Konturek SJ, Hahn EG. H.

pylori infection, atrophic gastritis, cytokines, gastrin, COX-2, PPAR gamma and
impaired apoptosis in gastric carcinogenesis. Med Sci Monit 2003; 9:SR53–66.



150 Nutrition and Cancer Prevention

37. Upham BL, Kang KS, Cho HY, Trosko JE. Hydrogen peroxide inhibits gap
junctional intercellular communication in glutathione sufficient but not glutathione
deficient cells. Carcinogenesis 1997; 18:37–42.

38. Perchellet EM, Perchellet JP. Characterization of the hydroperoxide response
observed in mouse skin treated with tumor promoters in vivo. Cancer Res 1989;
49:6193–6201.

39. Pence BC, Reiners JJ Jr. Murine epidermal xanthine oxidase activity: correlation
with degree of hyperplasia induced by tumor promoters. Cancer Res 1987;
47:6388–6392.

40. Wiseman H, Halliwell B. Damage to DNA by reactive oxygen and nitrogen
species: role in inflammatory disease and progression to cancer. Biochem J 1996;
313:17–29.

41. Kang KS, Wilson MR, Hayashi T, Chang CC, Trosko JE. Inhibition of gap
junctional intercellular communication in normal human breast epithelial cells
after treatment with pesticides, PCBs, and PBBs, alone or in mixtures. Environ
Health Perspect 1996; 104:192–200.

42. Sharov VS, Briviba K, Sies H. Peroxynitrite diminishes gap junctional commun-
ication: protection by selenite supplementation. IUBMB Life 1999; 48:379–384.

43. Nelson KK, Melendez JA. Mitochondrial redox control of matrix metalloprotein-
ases. Free Radical Biol Med 2004; 37:768–784.

44. Blot WJ, Li JY, Taylor PR, Guo W, Dawsey S, Wang GQ, Yang CS, Zheng SF,
Gail M, Li GY. Nutrition intervention trials in Linxian, China: supplementation
with specific vitamin/mineral combinations, cancer incidence, and disease-specific
mortality in the general population. J Natl Cancer Inst 1993; 85:1483–1492.

45. Yong LC, Brown CC, Schatzkin A, Dresser CM, Slesinski MJ, Cox CS, Taylor
PR. Intake of vitamins E, C, and A and risk of lung cancer. The NHANES I
epidemiologic followup study. First National Health and Nutrition Examination
Survey. Am J Epidemiol 1997; 146:231–243.

46. Henson DE, Block G, Levine M. Ascorbic acid: biologic functions and relation
to cancer. J Natl Cancer Inst 1991; 83:547–550.

47. Carr A, Frei B. Does vitamin C act as a pro-oxidant under physiological condi-
tions? FASEB J 1999; 13:1007–1024.

48. Korycka-Dahl MB, Richardson T. Activated oxygen species and oxidation of food
constituents. Crit Rev Food Sci Nutr 1978; 10:209–241.

49. Lavelli V, Hippeli S, Peri C, Elstner EF. Evaluation of radical scavenging activity
of fresh and air-dried tomatoes by three model reactions. J Agric Food Chem
1999; 47:3826–3831.

50. Haenen GR, Paquay JB, Korthouwer RE, Bast A. Peroxynitrite scavenging by
flavonoids. Biochem Biophys Res Commun 1997; 236:591–593.

51. Heijnen CG, Haenen GR, van Acker FA, van der Vijgh WJ, Bast A. Flavonoids
as peroxynitrite scavengers: the role of the hydroxyl groups. Toxicol in Vitro 2001;
15:3–6.

52. Halliwell B. Drug antioxidant effects. A basis for drug selection? Drugs 1991;
42:569–605.

53. Bohm F, Edge R, McGarvey DJ, Truscott TG. Beta-carotene with vitamins E and
C offers synergistic cell protection against NOx. FEBS Lett 1998; 436:387–389.

54. Green MH, Lowe JE, Waugh AP, Aldridge KE, Cole J, Arlett CF. Effect of diet
and vitamin C on DNA strand breakage in freshly-isolated human white blood
cells. Mutat Res 1994; 316:91–102.



Vitamin C Blocks Carcinogenic Tumor Formation 151

55. Noroozi M, Angerson WJ, Lean MEJ. Effects of flavonoids and vitamin C on
oxidative DNA damage to human lymphocytes. Am J Clin Nutr 1998;
67:1210–1218.

56. Lenton KJ, Therriault H, Fulop T, Payette H, Wagner JR. Glutathione and ascor-
bate are negatively correlated with oxidative DNA damage in human lymphocytes.
Carcinogenesis 1999; 20:607–613.

57. Cooke MS, Evans MD, Podmore ID, Herbert KE, Mistry N, Mistry P, Hicken-
botham PT, Hussieni A, Griffiths HR, Lunec J. Novel repair action of vitamin C
upon in vivo oxidative DNA damage. FEBS Lett 1998; 439:363–367.

58. Halliwell B. Why and how should we measure oxidative DNA damage in nutri-
tional studies? How far have we come? Am J Clin Nutr 2000; 72:1082–1087.

59. Halliwell B. Effect of diet on cancer development: is oxidative DNA damage a
biomarker. Free Radical Biol Med 2002; 32:968–974.

60. Lutsenko EA, Carcamo JM, Golde DW. Vitamin C prevents DNA mutation
induced by oxidative stress. J Biol Chem 2002; 277:16895–16899.

61. Huang HY, Helzlsouer KJ, Appel LJ. The effects of vitamin C and vitamin E on
oxidative DNA damage: results from a randomized controlled trial. Cancer Epi-
demiol Biomarkers Prev 2000; 9:647–652.

62. Vojdani A, Bazargan M, Vojdani E, Wright J. New evidence for antioxidant
properties of vitamin C. Cancer Detect Prev 2000; 24:508–523.

63. Surh Y-J. Anti-tumor promoting potential of selected spice ingredients with anti-
oxidative and anti-inflammatory activities: a short review. Food Chem Toxicol
2002; 40:1091–1097.

64. Feiz HR, Mobarhan S. Does vitamin C intake slow the progression of gastric
cancer in Helicobacter pylori-infected populations? Nutr Rev 2002; 60:34–36.

65. Drake IM, Davies MJ, Mapstone NP, Dixon MF, Schorah CJ, White KL, Chalmers
DM, Axon AT. Ascorbic acid may protect against human gastric cancer by scav-
enging mucosal oxygen radicals. Carcinogenesis 1996; 17:559–562.

66. Wu F, Tyml K, Wilson JX. Ascorbate inhibits iNOS expression in endotoxin- and
IFN gamma-stimulated rat skeletal muscle endothelial cells. FEBS Lett 2002;
520:122–126.

67. Bowie AG, O’Neill LAJ. Vitamin C inhibits NF-κB activation by TNF via the
activation of p38 mitogen-activated protein kinase. J Immunol 2000;
165:7180–7188.

68. Kumar MN, Gilula NB. The gap junction communication channel. Cell 1996;
84:381–388.

69. Lee KW, Lee HJ, Kang KS, Lee CY. Preventive effects of vitamin C on carcino-
genesis. Lancet 2002; 359:172.

70. Shiraki M, Hara Y, Osawa T, Kumon H, Nakayama T, Kawakishi S. Antioxidative
and antimutagenic effects of theaflavins from black tea. Mutat Res 1994;
323:29–34.

71. Johnson MK, Loo G. Effects of epigallocatechin gallate and quercetin on oxidative
damage to cellular DNA. Mutat Res 2000; 459:211–218.

72. Yen G-C, Duh P-D, Tsai H-L. Antioxidant and pro-oxidant properties of ascorbic
acid and gallic acid. Food Chem 2002; 79:307–313.

73. Rosenkranz HS, Pollack N, Cunningham AR. Exploring the relationship between
the inhibition of gap junctional intercellular communication and other biological
phenomena. Carcinogenesis 2000; 21:1007–1011.



152 Nutrition and Cancer Prevention

74. Pfeffer F, Casanueva E, Kamar J, Guerra A, Perichart O, Vadillo-Ortega F. Mod-
ulation of 72-kilodalton type IV collagenase (Matrix metalloproteinase-2) by
ascorbic acid in cultured human amnion-derived cells. Biol Reprod 1998;
52:326–329.

75. Yoon SO, Park SJ, Yoon SY, Yun CH, Chung AS. Sustained production of H2O2

activates pro-matrix metalloproteinase-2 through receptor tyrosine kinases/phosphati-
dylinositol 3-kinase/NF-κB pathway. J Biol Chem 2002; 277:30271–30282.

76. Lee SH, Oe T, Blair IA. Vitamin C-induced decomposition of lipid hydroperoxides
to endogenous genotoxins. Science 2001; 292:2083–2086.



153

8 Folic Acid, Folates, and 
Cancer

John J. McGuire

CONTENTS

8.1 Folate Metabolism ...................................................................................153
8.2 Folates in Cancer Therapy ......................................................................156

8.2.1 Dietary Folate Deficiency in Cancer Treatment .........................156
8.2.2 Folate Antagonists (Antifolates) in Cancer Chemotherapy........156

8.3 Folates and Cancer Prevention................................................................156
8.3.1 Defining Folate Deficiency..........................................................157
8.3.2 Folate Deficiency and DNA Damage .........................................158
8.3.3 Preclinical Data Linking Folate Deficiency and Cancer ............159
8.3.4 Clinical Data Linking Folate Deficiency and Cancer.................159

8.3.4.1 Colon Cancer................................................................160
8.3.4.2 Childhood Cancer ........................................................161
8.3.4.3 Other Sites....................................................................161

8.3.5 Mechanisms of Carcinogenesis through Folate Deficiency .......162
8.3.6 Other Factors Contributing to Actual or Functional Folate 

Deficiency ....................................................................................165
8.3.7 Folate Supplementation ...............................................................166

References .........................................................................................................167

8.1 FOLATE METABOLISM

The term folates (pteroylglutamates) denotes a family of essential human vitamins
based on the structure of folic acid (pteroylglutamic acid; PteGlu; Figure 8.1).
Members of this family differ structurally in three respects:1,2 (1) oxidation state
of the pyrazine ring (fully oxidized, 7,8-H2, or 5,6,7,8-H4); (2) substitution at the
N5 and/or N10-position(s) by one-carbon units at the oxidation level of methanol,
formaldehyde, and formate; and (3) the presence of additional glutamate residues
(poly-

 

γ-glutamates; H4PteGlun) attached to the 

 

γ-carboxyl of the single glutamate
that is intrinsic to the folate structure. Only 5,6,7,8-tetrahydrofolates (H4PteGlun)
carry and transfer one-carbon units and hence are the physiologically active forms
of the vitamin; folic acid itself is a provitamin that requires reduction to become
active. The various one-carbon units are interconvertible (Figure 8.2), with the
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exception of the irreversible synthesis of 5-CH3-H4PteGlu. H4PteGlun cofactors
transfer these one-carbon units in anabolic and catabolic reactions, including the
synthesis of serine, glycine, methionine, thymidylate, and purines, and in the
degradation of histidine. These reactions occur primarily in the cytosol and
mitochondria (Figure 8.2),3 although there is evidence that nuclei, lysosomes,
and the Golgi may also have specialized folate-dependent pathways.2 Intracellular
folates occur almost exclusively as poly(

 

γ-glutamyl) metabolites (Figure 8.1).4

Monoglutamyl folates (which are transport forms of the vitamin) must be present
transiently in the intracellular space, but intracellular levels of monoglutamate
are low or undetectable under physiological conditions. A distribution of poly-
glutamate lengths generally occurs that is cell lineage-specific; within a given
cell lineage, the length distribution is generally identical for folate species con-
taining different one-carbon substituents. In human cells, the usual range of
lengths is five to eight total glutamates. Poly(

 

γ-glutamylation) of folates serves
two primary functions:2,4 (1) retention of intracellular folates at levels (1 to 10
µM) far in excess of the extracellular concentration (human plasma is 10 nM in
folates5) because folylpolyglutamates, especially if more than two glutamates are
present, are not substrates for efflux pathways, e.g., the reduced folate carrier
(RFC), membrane-bound folate binding proteins (FBPs) and MRP1 and MRP3,6

while monoglutamates are, and also because passive diffusion out of cells is
limited by their high inherent negative charge; and (2) polyglutamyl folates are
kinetically preferred (higher Vmax/Km) over monoglutamyl folates as substrates
for most folate-dependent reactions. Catalytic efficiency may also be enhanced
by preferential channeling of folylpolyglutamates between active sites in multi-
functional folate-dependent enzymes. Although retention is clearly essential at
low physiological extracellular folate concentrations, increased catalytic effi-
ciency is apparently also essential since a Chinese hamster ovary cell line that
transports folates normally, but is unable to synthesize folylpolyglutamates, can-
not survive even in the presence of supraphysiological levels of reduced folates.7

Thus, at least one folate-dependent reaction is insufficiently active with a mono-
glutamate substrate to supply required levels of a critical metabolite.

FIGURE 8.1 Structure of folic acid. The standard numbering of the structure is shown.
Only 5,6,7,8-tetrahydrofolates (H4PteGlun) can carry and transfer one-carbon units. The
one-carbon units are attached at N5 and/or N10. The one-carbon units and their attachment
positions are: 5-methyl (–CH3), 5-formyl (–HCO), 10-formyl (–HCO), 5-formimino
(–CHNH), 5,10-methenyl (=CH+–), and 5,10-methylene (–CH2–). Interconversion of one-
carbon forms and the reactions in which they participate are shown in Figure 8.2.
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FIGURE 8.2 Folate-dependent biosynthetic, catabolic, and interconversion reactions in the cytosol and mitochondria of mammalian cells. Some
reactions are tissue specific.
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8.2 FOLATES IN CANCER THERAPY

8.2.1 DIETARY FOLATE DEFICIENCY IN CANCER TREATMENT

Even before the key role that folates play in cellular metabolism was fully
appreciated, several studies showed that nutritional induction of folate deficiency
might be useful in cancer therapy (e.g., Reference 8). These studies were extended
in preclinical in vivo models and folate deficiency was shown to selectively
decrease tumor growth.9–11 Dietary induction of folate deficiency in humans is
not readily achieved,12 however, and this approach has not been explored further.

8.2.2 FOLATE ANTAGONISTS (ANTIFOLATES) IN CANCER

CHEMOTHERAPY

Soon after the determination of the structure of folic acid in the 1940s, folic acid
analogs were made and their effects on normal animals were noted to be similar
to those observed during nutritional folate deficiency.2 This suggested that phar-
macological induction of acute folate deficiency might induce a selective anti-
tumor effect similar to that observed in nutritional folate deficiency. Further efforts
to develop folate antagonists (antifolates) culminated in the development of
methotrexate (MTX) in the early 1950s. MTX remains the most widely used
antifolate for cancer chemotherapy.2 The most important folate-dependent reac-
tions (Figure 8.2) with respect to cancer chemotherapy are the thymidylate syn-
thase reaction, which provides the only de novo source of dTMP, and glycinamide
ribonucleotide and 5-aminoimidazole-4-carboxamide ribonucleotide transformy-
lases (Figure 8.2), which both catalyze one-carbon transfer reactions in de novo
purine synthesis. Both of these pathways are required to provide precursors for
DNA synthesis, and it is this requirement that forms the basis for use of antifolates
in chemotherapy. Extensive efforts to improve on the efficacy of MTX have led
to the recent approval of two new anticancer antifolates, raltitrexed (in Europe
only) and pemetrexed, for limited indications.2

8.3 FOLATES AND CANCER PREVENTION

Folates have been recognized as essential human vitamins since the 1930s13 when
several forms of severe megaloblastic anemia were first linked with deficiency
of a dietary factor later identified as folic acid.14 In recent years, however, occur-
rence of several pathologic conditions has been found to have previously unrec-
ognized correlations with lower folate status,15 although not necessarily with
clinically defined deficiency, i.e., low plasma or erythrocyte (RBC) folate levels.
These pathologic conditions include neural tube defects, neurological diseases
(especially of the elderly), heart disease, and cancer. The connection of lower
folate status to cancer incidence has been the most difficult to establish, probably
because of the multistep nature of carcinogenesis and the multitude of factors in
the etiology of this disease.
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8.3.1 DEFINING FOLATE DEFICIENCY

Another important factor contributing to the difficulty in linking low folate status
and cancer has been the problem of defining folate deficiency. Initially, required
daily folate intake was based on the level sufficient to prevent megaloblastic
anemia16 and normal clinical plasma and RBC ranges were set empirically to
achieve this goal; folate deficiency was defined by the occurrence of megaloblastic
anemia. As the number of pathologic conditions in which folate status has an
impact has increased, however, the definition of folate deficiency has expanded
because the pathologic effects (aside from megaloblastosis) may occur despite
“normal” laboratory serum or RBC folate levels. This has led to the concept of
“functional folate deficiency.” Functional folate deficiency could occur in spite
of adequate dietary intake of folate and efficient absorption, possibly even when
folic acid supplementation is used, for at least two non-exclusive reasons. First
is the possibility of localized folate deficiency where folate levels within a par-
ticular tissue are subnormal.17–20 For example, it has been suggested that lung
epithelium in smokers has a lower folate level than that of nonsmokers because
constituents of tobacco smoke may mediate breakdown or inactivation of folates.21

A second possibility is that adequate folate may be available in a tissue, but it is
not effectively utilized. This could occur if polymorphic forms of folate-depen-
dent enzymes with lower activity hindered overall folate metabolism. A well-
studied example is the 5,10-CH2-H4PteGlu reductase (MTHFR) gene that pro-
duces the 5-CH3-H4PteGlun required for methionine biosynthesis (Figure 8.2).
Several polymorphisms that decrease the catalytic efficiency of this enzyme are
known that lead to decreased folate utilization (discussed below).

One challenge in this area of study is to identify and validate surrogate
markers for functional folate deficiency.22 Two biomarkers have been of high
recent interest. One measure of functional folate deficiency is the occurrence of
plasma homocysteine (Hcys). Hcys is produced by hydrolysis of S-adenosylho-
mocysteine (AdoHcys), one product of S-adenosylmethionine (AdoMet)-depen-
dent methylation reactions (discussed below). Hcys is normally remethylated by
methionine synthase to produce methionine by using 5-CH3-H4PteGlun (Figure
8.2). In folate deficiency, Hcys is poorly remethylated and thus increases in
plasma. Studies in heart disease have shown that plasma Hcys is a very sensitive
indicator of functional folate status.23 A second surrogate is the presence of
deoxyuridine in DNA in whole blood or its isolated cellular components (dis-
cussed below). Although helpful for prospective studies, especially if made seri-
ally, the present-day level of either surrogate in case-control studies may not be
indicative of status at the time when the initial carcinogenic event occurred, given
the long lag time in development of cancer. Among other markers that may prove
useful are (1) methylation status in lymphocytes or target tissue (either measured
globally or in the promoters of specific genes of interest); and (2) presence of
micronuclei in peripheral blood lymphocytes.24
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8.3.2 FOLATE DEFICIENCY AND DNA DAMAGE

Carcinogenesis is a multistep process in which an initiating mutation or epigenetic
event occurs followed by a promotion phase in which genomic instability is
increased by recurring DNA damage until sufficient damage has occurred to allow
the cell to break free of normal growth controls.25,26 Any process that increases
DNA damage thus has the potential of contributing to initiation and/or promotion
in the development of cancer. Folate deficiency in eukaryotes causes genomic
damage that can be observed directly or indirectly. The biochemical mechanisms
underlying DNA damage are discussed below. The variety of DNA damage
attributed to folate deficiency indicates that it could contribute to carcinogenesis
in the initiation and/or promotion phases.

Cytogenetic abnormalities are readily observed in folate deficiency. Bone
marrow from clinically folate-deficient patients shows a normal karyotype but
the chromosomes display a number of abnormalities including breaks (acentric
fragments, gaps, and displaced fragments), incomplete contraction (metaphase
chromosomes are qualitatively elongated compared to normal), and broken or
widely spread centromeres.27–29 These abnormalities appear to be randomly dis-
tributed and are completely or largely corrected following folate therapy showing
a causal relationship. Similar chromosomal abnormalities occur in cell culture
models of folate deficiency.30 Micronuclei are considered secondary manifesta-
tions of chromosomal abnormalities.31 Dietary folate deficiency induces increased
levels of micronuclei in peripheral blood red cells in animal models31 and in
human subjects.32–34 Micronuclei were normalized by folic acid supplementation
in those cases where it was evaluated, again arguing for a causal relationship. In
preclinical models, occurrence of micronuclei in folate deficiency is further
increased by inhibition of DNA repair, again connecting chromosomal damage
to their occurrence.31 Chromosomal fragile sites in humans35,36 appear to be
especially susceptible to folate deficiency. A number of constitutive fragile sites
are located in the same regions as breakpoints associated with oncogenesis of
leukemias, lymphomas, and solid tumors.37 Recombination at these breakage sites
could lead to oncogene activation,36 although the importance of fragile sites in
oncogenesis has been disputed.38 Folate deficiency can promote recombination,
however, since in yeast starved for thymidylate, which is a major effect of folate
deficiency, recombination of nuclear DNA (presumably through double-strand
breaks) is increased.39

Folate deficiency can also increase mutation frequencies of nuclear genes at
least.40,41 Based on bacterial studies, these mutations should include base substi-
tutions, deletions, duplications, and frame shifts.42 The importance of folate
deficiency in mutation is stressed by the further increase in mutation frequency
observed in folate deficiency in the absence of DNA repair.40
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8.3.3 PRECLINICAL DATA LINKING FOLATE DEFICIENCY AND

CANCER

A number of preclinical studies have investigated the role of folate deficiency in
development of cancer. Interestingly, as of 1995,43 the carcinogenicity of chronic
folate deficiency itself had not been reported; a PubMed search between that date
and 2004 also did not yield any such studies. Either what would certainly be very
long-term studies have not been performed or the studies were performed but
gave inconclusive results. Indirect evidence from studies of chronic MTX treat-
ment, which produces acute folate deficiency,44 does not support the hypothesis
that folate deficiency is carcinogenic.45 It has been pointed out, however, that
nutritional and pharmacologic folate deficiency may not be equivalent.46 Simi-
larly, methyl-deficient diets (i.e., deficient in methionine and choline) are carci-
nogenic,47 but again it is not clear whether this is identical to nutritional folate
deficiency, although both lead to decreased methylation (see below). Further
support for a role of folate deficiency in carcinogenesis comes from observations
that DNA damage caused by a number of known carcinogens is potentiated by
prior induction of folate deficiency.41,48 Also, a number of preclinical studies have
demonstrated increased tumor burden in carcinogen-treated folate-deficient ani-
mals compared to carcinogen-treated pair-fed controls. These cell culture and in
vivo studies have been exhaustively reviewed.36,43,49 Whether folate deficiency
initiates or promotes the activity of carcinogens has not been differentiated by
studies to date.

8.3.4 CLINICAL DATA LINKING FOLATE DEFICIENCY AND

CANCER

Epidemiological data are often the only way to establish a cause-and-effect
relationship between a particular factor (e.g., folate) and a particular human
pathophysiological state (e.g., cancer). The general types of epidemiological
studies and their limitations have been well detailed.49 With regard to folate,
epidemiological studies have in general looked for a correlation between folate
status and incidence of cancer at a particular site. Folate status is determined by
use of dietary questionnaires or direct measurement of plasma and/or RBC folate.
It is thought that RBC folate levels are the most accurate and reliable measure
of current folate status,36 but they are also the most difficult to obtain on large
populations. The limitations discussed above with regard to functional, as opposed
to clinical, folate deficiency must be factored in when examining these data.
Because of the large number of nutritional and other variables associated with
nutritional epidemiological studies, the problem of confounding variables is par-
ticularly acute. The best way, but also the most expensive way, to minimize
confounding variables in studies of folates and cancer is the use of folic acid
supplementation (intervention studies) to determine its effect. Despite these lim-
itations, there are suggestive data for an inverse correlation between folate status



160 Nutrition and Cancer Prevention

and frequency of occurrence of a number of cancers.36,49 This inverse correlation
is strongest in colon cancer. Similar correlations may exist for cancer at other
sites as well, but to date the studies have had too few subjects and/or have not
lasted sufficiently long and have thus revealed suggestive trends rather than
significant correlations. Some of these data, for example, in childhood leukemia,
are of high interest, however.

8.3.4.1 Colon Cancer

The association of folate status with occurrence of colorectal cancer has been a
topic of continuing interest given the high incidence of this disease (147,000 U.S.
cases estimated in 2004) and its poor prognosis if not diagnosed early. Interest
was first sparked by the finding50 that folic acid supplementation significantly
reduced, in a concentration-dependent manner, the occurrence of dysplastic foci
and colorectal cancer in patients with ulcerative colitis, a chronic inflammation
of the colon that predisposes to colon cancer and which currently affects about
1 million people in the U.S. (http://www.ccfa.org/research/info/aboutcd). Studies
through 1999 correlating folate status with colorectal adenomas and colorectal
cancer have been critically reviewed.36,49 In general, these studies show a strong
inverse relationship between dietary or blood folate status and incidence of
adenomas (adenomatous polyps), which are precursors of colorectal cancer, or
incidence of colon cancer. One of the largest studies showed that folate deficiency
inversely correlated with occurrence of colonic adenomas in the Health Profes-
sionals Follow-up Study, a cohort of U.S. male health professionals, and in a
large cohort of nurses in the Nurses’ Health Study.51 In a more recent follow-up
study, the incidence of colon cancer in the same cohort of 47,931 men was also
inversely correlated with dietary folate.52 Similarly, in male smokers in the 50 to
69 age range, an inverse correlation between dietary folate intake and risk of
colon, but not rectal, cancer was observed;53 serum folate levels did not show
this correlation, however. Strong suggestive evidence of an effect of folate on
colon cancer risk in women comes from a follow-up prospective cohort study
evaluating 88,756 women in the Nurses’ Health Study over 14 years.54 After
controlling for other variables, a modestly lower risk for colorectal cancer —
relative risk (RR) 0.67 — was noted in women in the quartile of highest folate
intake (>400 μg/day) vs. the lowest quartile (<200 μg/day) as assessed in the first
year of the study. The protective effect was insignificant in the first 8 years of
study, but was highly significant (RR 0.56) in the last 6 years; this time effect is
as expected if the folate level is related to causality. Interestingly, among all
women who took vitamin supplements that included folic acid (≥100 μg/day;
86% of >400 μg/day group and 13% for <400 μg/day), the data showed only a
nonsignificant trend toward less risk of colon cancer for up to 14 years; however,
after 15 years an impressive protective effect was observed (RR 0.25). Use of
multivitamins did not affect the risk for rectal cancer, however. It was suggested
that the folic acid in the multivitamin supplements was responsible for this effect,
but the presence of numerous other micronutrients that have anticarcinogenic
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effects (e.g., carotenoids and vitamins C and E) obviously tempers the strength
of this conclusion since multivitamin supplementation decreased risk across all
groups of dietary intake. Reliance on dietary folate intake information might have
affected the correlation; however, red blood cell folate tracked questionnaire-
based folate intake in a limited sampling (188 women) of the population. These
data also showed that all women had clinically “normal” blood folate levels (>150
ng/ml) regardless of intake quartile and thus reinforce the concept of functional
folate deficiency. Supplements may be beneficial even at high dietary intake
because dietary folate may not be as bioavailable as the folic acid in the supple-
ments.55 The protective effect of folate appeared to be greatest in women whose
diet was low in methionine, suggesting that DNA methylation (below) may be
involved. Several regional and large national NCI-sponsored folate chemopre-
vention trials are now ongoing (http://researchportfolio.cancer.gov). Results from
these studies should provide solid evidence both for a role of folate deficiency
in development of colon cancer and whether the effects of folate deficiency can
be reversed at a later date.

8.3.4.2 Childhood Cancer

The state of current knowledge about the etiology of childhood cancer, especially
acute lymphoblastic leukemia the most common childhood cancer in the U.S.,
has recently been reviewed.56 Based on a variety of studies with twins and from
newborn screening heel stick cards, the author’s overall conclusion is that initi-
ation to a preleukemic state, as evidenced by the presence of specific abnormalities
in DNA associated with childhood leukemia (e.g., TEL-AML1 translocation and
IgH rearrangements), occurs in utero for a significant fraction of childhood
leukemia cases. One or more secondary events in the preleukemic cells occurring
up to 10 years after birth causes transformation to frank leukemia. Pregnancy is
well known to cause maternal (and presumably fetal) vitamin deficiency. Evidence
from one case-control study of pregnant women and supplement use suggests
that vitamin deficiency could contribute to the initiation event that produces the
preleukemic state and that folate deficiency was the primary source of this effect.57

A second study did not find an effect, however.58 Finding a correlation between
folate deficiency and childhood leukemia would be important because, barring a
mutation in the ovum or sperm, the initiating event must occur during the 9-month
gestation and this is likely the only case where the timing of a carcinogenic event
can be so closely determined.

8.3.4.3 Other Sites

Epidemiological studies correlating folate status with the occurrence of cervical
dysplasia and cervical cancer, lung dysplasia and lung cancer, esophageal cancer,
and brain cancer (e.g., childhood neuroblastoma) have been critically
reviewed.36,49 At this time, the data for these sites generally suggest a trend toward
increased incidence in folate deficiency, but all the studies have too little power
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for their trends to reach significance. Several large prospective studies have
indicated an inverse relationship between dietary folate intake and the risk of
developing breast cancer (discussed in Reference 59).

Cervical cancer is of special interest because a connection between folate
deficiency and cancer was probably first made in cervical cancer when morpho-
logical similarities were noted between cervical dysplasia and abnormal cervical
cells in folate-deficient patients.49 Both case-control and intervention epidemi-
ological studies correlating folate status with cervical dysplasia and cervical
cancer have been critically reviewed.36,49 In almost all the case-control studies,
an inverse correlation between folate status (established either by dietary ques-
tionnaire or direct plasma/RBC assay) and the occurrence of cervical dysplasia
was observed. In most cases, the statistical correlation was weak, however. This
weak correlation is consistent with the contradictory findings in the two small,
perhaps inadequately controlled,36 intervention trials where one showed a protec-
tive effect of folic acid, while a second using high (10 mg/day) folic acid sup-
plementation did not. Folate concentrations vary during the normal estrus cycle,
reaching a peak immediately before ovulation.60 It has been suggested that estro-
gens present during normal cycling induce turnover of folates after ovulation and
may induce localized folate deficiency. Oral contraceptive agents (OCAs) are
associated with folate deficiency and the mechanism may be the same as that for
estrogens.60 OCA use is also associated with the appearance of megaloblastic
epithelial cells in the cervix,60 and these changes can be reversed by folic acid
even in the absence of other symptoms of folate deficiency. It is unclear whether
these abnormal cells can progress to frank cancer. However, folate deficiency
causes a greater risk of cervical dysplasia in women infected with human papil-
lomavirus, while high folate levels led to significantly lower risk of dysplasia in
this group.60 Since HPV infection is a known risk factor for cervical cancer, it
appears that folic acid is protective in this special case.60

8.3.5 MECHANISMS OF CARCINOGENESIS THROUGH FOLATE

DEFICIENCY

As discussed above, genomic instability is both a cause and effect of cancer.
Severe folate deficiency can cause cell death, typically by apoptosis;40,61 however,
those few cells that survive exhibit genomic instability. Genomic instability in
folate deficiency is primarily observed as chromosomal damage (strand breaks,
recombination, micronucleus formation, etc.), which is thought to occur second-
ary to single- and double-strand DNA breaks.39 Two general biochemical mech-
anisms have been proposed to account for the genomic instability that character-
izes folate deficiency and may thus account for the inverse correlation of folate
status and incidence of cancer. The first mechanism involves unbalanced nucle-
otide metabolism, especially involving dTTP, which results in genetic changes
(i.e., point mutations and chromosomal damage). The second mechanism involves
genetic and epigenetic effects caused by DNA hypomethylation because of a
deficiency of the methyl donor AdoMet.
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Because folate is required for the de novo synthesis of purines and thymidy-
late, folate deficiency in the absence of adequate salvage of these metabolites
from dietary sources leads to alterations in deoxynucleotide (dNTP) pools. These
alterations would be further exacerbated by the intricate regulation of dNTP
synthesis that is primarily governed by ribonucleotide reductase.62 Folate defi-
ciency in vitro40 and in vivo63 decreases all dNTP pools (but especially dTTP),
causes an imbalance of dNTP pools, and increases dUTP pools. Interestingly,
both purine and pyrimidine dNTP pools are unbalanced in folate deficiency
in vivo;63 however, it appears that purine depletion is simply lethal, while dTTP
depletion leads to genetic changes.39 Chronically altered dNTP pools are
mutagenic64 and may even lead to a mutator phenotype (high level of spontaneous
mutations).65 In addition, chronically altered dNTP pools cause single- and dou-
ble-strand breaks.64 Several biochemical mechanisms have been proposed (dis-
cussed in Reference 40) by which imbalanced dNTP pools cause DNA damage.
These mechanisms may operate alone, in concert, or may be tissue specific. DNA
damage may derive from (1) decreased fidelity in DNA replication with any dNTP
in excess prone to misincorporation resulting in transitions and transver-
sions;64,66,67 (2) DNA repair may be inhibited because of depressed dNTP
pools40,68–70 or exhibit lower fidelity71 by similar mechanisms (misincorporation
of the dNTP in excess, above; or dUTP incorporation, below). Decreased repair
may also account for the potentiating effect of folate deficiency on known car-
cinogens; (3) dTTP depletion leads to DNA synthesis inhibition and damage
during the abortive formation of replication complexes; and (4) dUTP is incor-
porated in place of dTTP and DNA damage occurs as a consequence of a futile
cycle of misrepair of dU residues.

Misincorporation of dUTP into DNA has received considerable attention as
a primary mechanism of DNA damage in folate deficiency. Although eukaryotic
DNA polymerases do not discriminate between dTTP and dUTP,72 incorporation
of dU during replicative DNA synthesis is normally low (≈104 residues/genome).
dUTP incorporation is normally low because the dUTP pool is kept low (<0.3
nM) relative to dTTP (40 µM) by the action of deoxyuridine 5´-triphosphate
nucleotidohydrolase (dUTPase; EC 3.6.1.23; dUTP → dUMP + PPi). Incorpo-
rated dU residues, as well as those produced by spontaneous hydrolytic deami-
nation of dC,73 are removed specifically by uracil-DNA glycosylase (UDG) in
order to prevent GC → AT transitions during replication. Removal of uracil leads
to an apyrimidinic (AP) site. The AP site is repaired by a generic system that
includes nicking of the AP site by an AP endonuclease, removal of the ribose-
phosphate by a deoxyribophosphodiesterase, resynthesis by a DNA polymerase
and finally ligation.73 Analogous to the case with antifolate treatment (i.e.,
MTX74), it is hypothesized that during folate deficiency dUTP synthesis increases
to such an extent that dUTPase is overwhelmed and significant dUTP accumu-
lation occurs at the same time that dTTP pools decrease because of insufficient
5,10-CH2-H4PteGlun substrates for thymidylate synthase (Figure 8.2). dUTP pools
increase because dUMP pools increase dramatically (as a result of decreased
utilization in dTMP synthesis and because of dysregulation of dUMP synthesis
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caused by decreased dTTP) and there is no regulation of phosphorylation of
dUMP to dUTP. It is postulated that an increased dUTP/dTTP ratio enhances
incorporation of dU into DNA during attempted replication and repair. Since
dTTP levels are low, a futile cycle of base excision and misrepair is initiated that
results in single-strand breaks. Single-strand breaks on opposite strands that are
separated by ≤13 bp can lead to a double-strand break34,75 that would typically
be repaired by recombination. dTTP depletion is known to be very recombi-
nagenic.39 While some data from folate deficiency (e.g., References 34, 70, and
76 to 78) and antifolate treatment (e.g., Reference 79) support this model, other
evidence is not supportive (e.g., References 80 to 82). It is possible that different
pathways of lethal damage operate in different tumor types and/or under different
treatment conditions or with different agents.

A second biochemical mechanism proposed to account for the genomic
instability that characterizes folate deficiency involves genetic and epigenetic
effects caused by hypomethylation of DNA at CpG dinucleotides (5-methyl-
cytosine).26 Under conditions in which methyl donors are limiting, DNA becomes
globally hypomethylated.26 Hypomethylation leads to chromosomal instability
including deletions, insertions, large-scale rearrangements, and a mutator pheno-
type.26,83,84 In mismatch repair, the strand to be repaired can be discriminated
from the parental strand, because the former is undermethylated; hypomethylation
could thus lead to poor repair and the fixing of mismatch mutations.59 In addition,
since methylation can regulate transcription by inactivating promoter regions,
hypomethylation of specific promoter regions also increases transcription of genes
they control.26 In cancer, genes for growth factors and for oncogenes, such as c-
myc and c-ras, are often hypomethylated, leading to increased expression.85,86

Methyl donor deficiency increases the incidence of spontaneous and carcinogen-
induced tumors.87 Conditions that lead to hypomethylation would thus be
expected to be carcinogenic per se or to promote the action of carcinogens.

Biological methylation reactions, including methylation of CpG dinucleotides
in DNA, are generally dependent on AdoMet as the methyl donor. AdoMet is
synthesized enzymatically from ATP and methionine. The methionine can be
derived from methylation of Hcys by 5-CH3-H4PteGlun-dependent methionine
synthase (Figure 8.2) or from the diet; methionine is considered an essential
amino acid88 because de novo synthesis is insufficient to meet metabolic require-
ments. Folate deficiency decreases the de novo synthesis of methionine and, in
the absence of sufficient dietary methionine intake, leads to a decrease in cellular
AdoMet pools.89,90 Thus, folate deficiency can result in methyl donor deficiency,
consequent hypomethylation of DNA,89 and may thus increase the incidence of
cancer. Despite the global hypomethylation observed in tumor cells, hypermeth-
ylation of specific regions occurs;26 although this is difficult to reconcile with
folate deficiency, it may be that hypermethylation is temporally separate from
hypomethylation.
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8.3.6 OTHER FACTORS CONTRIBUTING TO ACTUAL OR

FUNCTIONAL FOLATE DEFICIENCY

Intake of folates either in the form of food or as supplements is only one aspect
of an individual’s folate status. Other factors may play a role, particularly in
establishing functional folate status. Methionine intake (above) is one obvious
factor. Since vitamin B12, as well as folate, is essential for the enzymatic function
of methionine synthase (Figure 8.2), vitamin B12 status also affects the efficiency
of folate metabolism. MTHFR (5,10-CH2-H4PteGlun reductase), which synthe-
sizes 5-CH3-H4PteGlun (Figure 8.2), possesses a flavin cofactor and thus riboflavin
levels may also affect the functioning of folate metabolism; recently, it was shown
that excess riboflavin may actually increase DNA damage in folate deficiency.91

Vitamin B6 is a cofactor for folate-dependent serine hydroxymethyltransferase
(Figure 8.2) adding another possible point of nutrient–nutrient interaction. The
interrelationship between dietary folate intake and expression levels of individual
or multiple folate-dependent enzymes, and their polymorphic variants, may also
affect the functional folate status of the individual.92 In particular, MTHFR has
been examined because its 5,10-CH2-H4PteGlun substrates can either be directed
to methionine biosynthesis (and hence used for methylation, above) or can be
used directly in thymidylate synthesis (Figure 8.2) to support DNA synthesis. It
has also been a focus because several polymorphisms exist in MTHFR, including
the well-characterized C677T variant that has significantly lower catalytic effi-
ciency (it is also thermolabile, which was its first identified distinguishing char-
acteristic).93 Phenotypically, this polymorphism is recognized to increase the
folate requirement of homozygous individuals; this means that at the same
(“normal”) folate intake, homozygous C677T individuals may be folate deficient
(and also functionally folate deficient). Other low-activity polymorphisms of
MTHFR (e.g., A1298C) may also play a role in increased nutritional requirement
for folate.94 The ethnic and sex distribution of the C677T polymorphism tracks
with increased risk of common (i.e., excluding T cell and mature B cell) childhood
ALL.57 In contrast, direct studies93–95 show a protective effect of C677T in some
subclasses of childhood ALL. One feature that does not seem to have been
addressed sufficiently in childhood ALL is whether the MTHFR genotypes of
the mother and the fetus may interact;95 if both mother and fetus are homozygous
for C677T, then perhaps the effect on folate function in the fetus will be more
dramatic. Homozygosity for the C677T polymorphism may also protect against
colon cancer, but increase risk of endometrial cancer.54,57 It has been suggested57,94

that the critical event involving the C677T polymorphism is methylation. With
adequate folate intake, both the synthesis dTMP for DNA synthesis and of methyl
groups for methylation reactions occur optimally. With inadequate folate and the
C677T polymorphism, it is proposed that the lower MTHFR activity shunts more
5,10-CH2-H4PteGlun to thymidylate synthase. dTTP (and purine dNTP) pools are
preserved (or possibly enhanced) and DNA synthesis occurs with normal fidelity.
However, the decreased synthesis of methyl groups leads to decreased DNA
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methylation, which leads to carcinogenesis. Although this is an interesting
hypothesis and is supported by examination of folate pools in red blood cells,96

no experimental evidence showing the preservation of dNTP pools has been
presented. In fact, a recent study97 suggests that there was no change in genomic
instability in lymphocytes from C677T and A1298C homozygous and heterozy-
gous subjects compared to wild-type MTHFR. Further work is clearly needed in
this area to evaluate this provocative hypothesis. In addition to factors that directly
affect functional folate status, there are factors that can affect the phenotypic
effects of that status. One obvious example is DNA repair capability, especially
those aspects that relate directly to the damage likely to occur in folate defi-
ciency.59

8.3.7 FOLATE SUPPLEMENTATION

The above studies suggest that folate supplementation might be beneficial in
preventing colon cancer in particular, but other cancers as well. Thus, it would
appear that supplementation would be warranted, as long as it is safe. Folic acid
is generally perceived as safe even at very high doses.98 Even doses of 500 mg/day
(>1000 times the RDA) are not harmful. It is likely that followers of alternative
medicine have used supplements of pure folic acid at high multiples of the RDA
for extended periods; no untoward effects have been reported in the literature
from this practice. Folate supplementation, especially at high doses can be prob-
lematic in several circumstances, however.98 Of particular concern is the masking
of vitamin B12 deficiency by large amounts of folic acid and the ultimate occur-
rence of undetected, irreversible subacute combined degeneration. This is a par-
ticular concern in elderly individuals who often have borderline vitamin B12

status.99 A potential danger in folate supplementation is that growth of preexisting,
but unrecognized tumors might be accelerated.8,100,101 On the other hand, in a
model system, folate sufficiency decreases the metastatic potential suggesting
that folate supplementation may decrease metastasis of established tumors.102 Of
recent interest, it was reported that supplementation of female mice with folate
(along with other methyl donors) can lead to unintended epigenetic changes
mediated through DNA methylation that are phenotypically apparent in the off-
spring.103 Although the changes observed were not necessarily deleterious, similar
changes in other genes might well lead to adverse consequences, including the
initiation or promotion of cancer.

Should widespread folate supplementation be undertaken? In fact, folate
supplementation is currently being done on a nationwide scale in the U.S. and
other developed countries. The discovery that neural tube defects were signifi-
cantly decreased by oral supplementation with folic acid prior to pregnancy (and
thus were caused by folate deficiency) led to the U.S. FDA-mandated supple-
mentation of flour, bread, and other cereal grain products with folic acid beginning
in January 1998 (http://www.cfsan.fda.gov/~dms/wh-folic.html). The object is to
raise folate intake to 0.4 to 1.0 mg folic acid/day, the amount required in women
of childbearing age to prevent neural tube defects. Although targeted to reducing
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birth defects, this supplementation may have the unintended consequence of
decreasing functional or localized folate deficiency across the entire population
from conception and thus lead to a decrease in other conditions correlated with
folate deficiency, including cancer.104 Prior to supplementation, it was estimated
that up to 10% of the U.S. population was borderline folate deficient36 so a large
segment of the U.S. population may benefit from folate supplementation. For
cancer incidence, if folate deficiency promotes carcinogenesis, as seems likely
based on preclinical studies, then folate supplementation may have an earlier
impact on cancer incidence. If the DNA damage dependent on folate status occurs
early in life or even in utero (above) and functions as an initiating event that
requires further promoting events before the development of cancer, it may take
decades for the full effects of folate supplementation to become apparent. If this
is the case, it may also be that intervention with folate supplementation may not
be as useful in the adult population if the later events are less dependent on folate
status. To date, the very limited epidemiological data show, in fact, decreased
incidence of childhood ALL after the start of mandated supplementation.95

Another issue that has not been widely addressed in intervention studies is
the form of folate with which to supplement. Folic acid was used in most studies
because it is inexpensive, readily available, and (unlike most reduced folates)
chemically stable. However, 5-HCO-H4PteGlu (Figure 8.1) is also chemically
stable and commercially available as leucovorin (LV), although it is currently
expensive. LV has the advantage that it does not require reduction and increases
the supply of one-carbon units by one for each molecule absorbed. Commercial
sources generally produce LV chemically and the synthetic route produces two
diastereomers, 6S and 6R; only the 6S diastereomer is biologically active.105

Newer separation methods allow industrial production of the pure 6S diastere-
omer. It would be worthwhile comparing both the (6R,S) diastereomeric mixture
and the pure 6S diastereomer to folic acid itself in intervention trials.
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9.1 INTRODUCTION

The malignant phenotype is not irreversible. Many agents are known to induce
or restore a more differentiated or “normal” phenotype to malignant cells.1–7

Agents that can induce a differentiated phenotype in malignant cells are called
differentiation-inducing agents. The action of many of these differentiation-induc-
ing agents in a variety of cancer cell types in vitro has been reported.1–7 How
differentiation-inducing agents act to restore a “normal” phenotype to malignant
cells has been under intense investigation over the past two to three decades. The
goal of such investigation has been to identify differentiation-inducing agents
with therapeutic potential and/or differentiation associated cellular mechanisms
with potential for therapeutic intervention.

Chemoprevention of cancer may be operationally defined as the use of agents
to prevent, delay, or reverse the carcinogenic process in vivo. Because differen-
tiation-inducing agents can reverse the malignant phenotype or restore a more
normal phenotype to malignant cells, many differentiation-inducing agents pos-
sess chemopreventive properties. A good example of such agents is the retin-
oids.7–10 Of the major epithelial cancers such as breast, prostate, and colon, colon
cancer appears to be most susceptible to chemoprevention. Animal studies, epi-
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demiological studies, and clinical trials strongly suggest that Ca2+ (or in combi-
nation with vitamin D) is a good chemopreventive agent for colon cancer.11–14

How Ca2+ acts at the molecular level in the chemoprevention of colon cancer,
however, is not understood. Recent studies suggest that the actions of Ca2+ at the
cellular and molecular level are diverse and that Ca2+ and the calcium-sensing
receptor (CaSR) function as a ligand receptor system in controlling the prolifer-
ation and differentiation of colon epithelial cells. The focus of this chapter is on
the cellular and molecular mechanisms of this ligand receptor system and on
linking together its diverse action into unifying concepts in order to better under-
stand its function in the colon.

9.2 INDUCTION OF DIFFERENTIATION

Early work has shown that the biological effects of many differentiation-inducing
agents are diverse. In colon carcinoma, most of these agents have a growth
inhibitory effect and alter the expression of cellular proteins, the expression and
secretion of extracellular matrix (ECM) adhesion proteins and receptors for these
ECM adhesion proteins.1–6,15–18 The significance of these biological effects is now
understood in view of recent advances in our understanding of the biological
function of cellular adhesion molecules and their associated signal transduction
processes, in terms of their mechanisms controlling cell cycle progression. There-
fore, in order to truly appreciate the function of Ca2+ and the CaSR, a discussion
of cellular adhesion and cell cycle control in regulating the differentiation process
is warranted.

9.3 CELL ADHESIONS AND DIFFERENTIATION

There are predominantly two types of cell adhesions: cell adhesion to the ECM
and cell–cell adhesion. The ECM is composed of a myriad of glycoproteins and
glycosoaminoglycans.19 Cell adhesion to the ECM activates intracellular signal
transduction mechanisms that control gene expression (in a tissue-dependent
manner) and regulate the differentiated function of epithelial cells.20–22

Adhesion to the ECM is mediated through specific cell-surface adhesion
receptors that span the plasma membrane and communicate with the cyto-
skeleton.22–25 The integrin superfamily of adhesion receptors is composed of
noncovalently linked heterodimers, which mediate cell adhesion to the ECM.23–26

At least 15 different heterodimers are formed from different combinations of
11-

 

α and 6-

 

β-integrin chains, and each of these integrins has unique structural
and functional properties and characteristic tissue distribution.27,28 Integrins have
small cytoplasmic regions that bind to the elements of the actin cytoskeleton and
colocalize in focal adhesion contacts (cell attachment points to the ECM) with
adhesion plaque proteins such as talin and 

 

α-actinin to form a signal transduction
complex.29 Integrin-mediated adhesions are intimately involved in regulating cell
growth, differentiation, cell-to-cell recognition, intercellular communication, and
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cytotoxic T-lymphocyte killing of target cells.22,27,28 Thus, it is not surprising that
abnormal expression of integrins underlies many pathological processes, includ-
ing malignant transformation.24,26,30,31 For example, the ECM adhesion protein
fibronectin and its 

 

α5

 

β1 integrin receptor possess tumor-suppressing proper-
ties.1–3,31–35 Disruption of fibronectin binding to the 

 

α5

 

β1 integrin abrogates cell-
ular quiescence and induces DNA synthesis.36 The induction of differentiation in
transformed cells, on the other hand, has been shown to restore a normal profile
of ECM adhesion protein production and integrin expression.1–3

Cell–cell adhesion is mediated by adhesion molecules. The cadherin family
of homophilic cell–cell adhesion molecules is expressed in all epithelial tis-
sues.37,38 E-Cadherin, a 120-kDa transmembrane glycoprotein localized at the
adherens junctions, is a prominent cell–cell adhesion molecule and plays a major
role in epithelial cell–cell adhesion.37 In the presence of Ca2+, the E-cadherin
extracellular domain interacts homotypically with the E-cadherin molecules of
neighboring cells to maintain intercellular adhesion and epithelial integrity, while
its cytoplasmic carboxyl end interacts with a group of closely related but distinct
membrane undercoat proteins, termed 

 

α-,

 

β-, and 

 

γ-catenins.37–39

 

β-Catenin com-
plexes with APC (adenomatous polyposis coli) tumor-suppressor protein and
functions as a downstream component of the Wnt/wingless signal transduction
pathway.40,41

E-Cadherin-mediated cell–cell adhesion has been shown to be intimately
associated with the normal function and cell physiology of the colon epithelium,
including cell growth and invasion in response to tissue injury.42,43 E-Cadherin is
considered to be a tumor suppressor, and reduced E-cadherin expression is asso-
ciated with increased malignancy not only in colon carcinoma, but also in other
epithelium-derived tumors.44–49 Defective E-cadherin-mediated adhesion is found
in poorly differentiated and highly invasive colon tumors, and correction of this
defect reduces invasive behavior.50 Exactly how E-cadherin mediates its tumor-
suppressive function is not well understood. It has been reported that the
E-cadherin-mediated adhesion is essential not only for structural organization of
epithelial cells, but also for control of cell growth.46,51

 

β-Catenin may be activated through cell adhesion processes or through Wnt1
signaling.37 The Wnt gene family encodes a family of secreted glycoproteins that
modulate cell fate and behavior in embryos through activation of receptor-mediated
signaling pathways.40,41,52 Activation of Wnt1 leads to inactivation of glycogen syn-
thase kinase 3

 

β (GSK3

 

β) and accumulation of 

 

β-catenin in the cytosol. If 

 

β-catenin
is not degraded, it accumulates in the nucleus and interacts with transcription factors
of the lymphoid enhancer factor–T-cell factor family in modulating gene expression
and driving malignant cell behavior.53 The tumor-suppressive protein APC complexes
with

 

β-catenin, which leads to the 

 

β-catenin degradation. Thus, the loss of APC
function through mutations has been implicated as a crucial event in the early
transformation of the colon epithelium.54
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9.4 CALCIUM AND THE CALCIUM-SENSING 
RECEPTOR

The functions of Ca2+ in cell physiology are diverse. Intracellular Ca2+ has long
been regarded as a “second messenger” in many signal transduction processes.55,56

The characterization and cloning of the cell-surface calcium-sensing receptor
(CaSR) from the human parathyroid gland, however, has shown that extracellular
Ca2+ and the CaSR constitute a first messenger system in controlling physiologic
function.57 It is now known that the CaSR is a member of the superfamily of G
protein–coupled receptors, which can sense minute changes in extracellular Ca2+

concentration and coordinate the secretion of endocrine hormones in the control
and regulation of systemic Ca2+ homeostasis.58–62 Recent studies, however, suggest
that the CaSR possesses diverse functions that are quite different from the sys-
temic control of Ca2+ homeostasis and that it may regulate diverse cellular pro-
cesses in different cell types.63–68 For example, the CaSR is implicated in inhib-
iting proliferation and promoting the differentiation of keratinocytes in the skin
as these cells migrate up the epidermis.65,66 Kallay and colleagues67,68 reported in
1997 and 2000 that the Caco-2 human adenocarcinoma cell line expressed the
CaSR and that the CaSR and extracellular Ca2+ function to inhibit Caco-2 cell
proliferation. The expression of CaSR in rat intestinal epithelium was reported
in 1997.69 The expression of CaSR in human gastric mucosa and rat colon
epithelial cells was subsequently reported by other investigators.70,71

9.5 CELL CYCLE CONTROL AND THE INDUCTION 
OF DIFFERENTIATION

Inhibition of proliferation is tightly linked to proper cellular differentiation while
abnormal proliferation (escape from normal growth control) is implicated in
circumventing the normal differentiation pathway and in driving malignant pro-
gression.72 Cell proliferation at the molecular level is regulated by sets of positive
regulators such as the cyclins and cyclin-dependent kinases. These molecules
interact in concert to drive cell cycle progression while a set of negative regulators,
such as the inhibitors of cyclin-dependent kinases, function to inhibit or “put a
brake” on cell cycle progression.73 P21/Waf1 is a prominent member of cyclin-
dependent kinase inhibitors and increased expression of p21/Waf1 is linked to
inhibition of proliferation and induction of differentiation in keratinocytes and
colon cancer cells.74–76

Induction of differentiation of malignant cells is associated with the restora-
tion of normal growth control and the suppression of malignant properties. While
normal cells do not grow in semisolid soft agarose (anchorage-independent
growth), a hallmark of malignant transformation is the ability to grow in soft
agarose. Malignant cells treated with differentiation-inducing agents are unable
to grow in soft agarose.4–6 In addition, the ability of malignant cells to invade a
matrigel matrix is significantly reduced when treated with differentiation-induc-
ing agents.4–6
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9.6 CALCIUM AND CaSR FUNCTION IN COLON

Normal human colon crypt epithelial cells express the CaSR, whereas cells of
differentiated tumors express significantly lower amounts of CaSR, and in cells
of undifferentiated tumors, CaSR expression is lost completely.77 The expression
of CaSR is restricted to epithelial cells; stromal cells do not express CaSR. This
finding leads to the hypothesis that the CaSR functions to regulate proliferation
and differentiation of the colon epithelial cells and that loss of CaSR expression
is associated with loss of growth control and malignant transformation. This
hypothesis may be tested using human colon carcinoma cell lines that were
developed from differentiated primary human colon tumors that express the
CaSR. These cell lines respond to receptor stimulation by Ca2+ and by Gd3+, a
CaSR agonist that does not pass through the plasma membranes.77 Stimulation
of CaSR in these cells induces a more “normal” phenotype and results in many
alterations at the cellular and molecular levels.77 At the cellular level, there is an
inhibition of proliferation and suppression of anchorage-independent growth and
the propensity to invade matrigel. At the molecular level, many changes occur.
These changes include the induction of E-cadherin (a tumor suppressor),
p21/Waf1 (functions to block cell cycle progression), and 

 

γ-catenin (may function
to suppress wnt signaling) expression. Changes also include the suppression of
the constitutive T-cell factor (TCF) transcriptional activation activity and suppres-
sion of 

 

β-catenin/TCF4 complex formation (which functions to drive malignant
cell behavior). Thus, taken together, these data suggest that the Ca2+/CaSR ligand
receptor system functions to promote differentiation and suppress malignant
transformation. These data also suggest that loss of CaSR expression or function
or both may undermine the proper differentiation pathway and promote a pathway
in the direction of malignant transformation. Figure 9.1 summarizes how the
Ca2+/CaSR ligand receptor system may function to regulate differentiation in
colon cells, and how disrupted CaSR function may promote malignant transfor-
mation, a hypothetical model.

9.7 PERSPECTIVES AND CONCLUSION

It is generally accepted that Ca2+ is a chemopreventive agent for colon cancer,
albeit its mechanisms of action are not understood. This chapter presents some
potential mechanisms through which Ca2+ may act to prevent, delay, or reverse
the carcinogenic process. The functional involvement of CaSR in the action of
Ca2+ is novel and many unanswered questions remain regarding the physiologic
role of this ligand/receptor system in the colon. The stem cells of the colon crypts
continuously migrate from the bottom of the crypts upward in the direction of the
lumen. As these cells migrate upward, proliferation slows and the cells differentiate
into functionally matured epithelial cells. Intricate mechanisms, though poorly
understood, are involved in regulating the proper differentiation of these cells. The
Ca2+/CaSR may constitute an important ligand receptor system in controlling proper
differentiation through its effects on regulating cell–cell adhesion, cell cycle
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progression, and the 

 

β-catenin associated wnt pathways. Recent studies suggest that
this system may also mediate its action by regulating cell adhesion to the ECM
(unpublished results). How cell-ECM adhesion is regulated by the CaSR and how
cell–ECM adhesion modulates differentiation is currently under investigation. The
proliferating crypt stem cells do not express the CaSR but acquire CaSR expres-
sion as they migrate upward in the direction of the lumen (unpublished results).

A. Functional Ca2+/CaSR
Robust E-Cadherin expression, robust epithelial integrity and robust 

 

γ-catenin
expression

 

γ-Catenin, accumulates in nucleus and down-regulates activation of T cell factors

Up-regulation of p21/Waf1, cell cycle arrest and down-regulation of cellular
proliferation

Proper Differentiation Pathway

B. Disrupted Ca2+/CaSR Function
Loss of E-Cadherin, loss of epithelial integrity with down-regulated 

 

γ-catenin
expression

 

β-Catenin accumulates in nucleus and activates T cell factors

Down-regulated 

 

γ-Catenin expression, promotes the activation of T cell factors

Down-regulated p21/Waf1 expression, promotes cellular proliferation

Abnormal Differentiation Pathway and 
Malignant Progression

FIGURE 9.1 (A) Hypothetical model of how the Ca2+/CaSR system functions to
promote proper differentiation; (B) how disrupted Ca2+/CaSR function promotes abnor-
mal differentiation and malignant transformation.
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How the expression of the CaSR is regulated at the molecular level is not known
and poses an intriguing question.
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10.1 INTRODUCTION

The selenocompounds in plants can have a profound effect on the health of
animals and humans. Selenomethionine (Semet) is the major selenocompound in
cereal grains and enriched yeast, whereas Se-methylselenocysteine (SeMCYS) is
the major selenocompound in selenium accumulator plants and some plants of
economic importance such as garlic and broccoli exposed to excess selenium.
Epidemiological studies indicate an inverse relationship between selenium intake
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and the incidence of certain cancers. Usually blood or plasma levels of selenium
are lower in patients with cancer than those without this disorder, but inconsistent
results have been found with toenail selenium values and the incidence of cancer.

There have been eight human trials conducted on the influence of selenium
on cancer incidence or biomarkers, and, except for one, all of them showed a
positive benefit of selenium on cancer reduction or biomarkers of this disorder.
This is consistent with more than 100 small-animal studies where selenium was
shown to reduce tumors in the majority of these trials. Selenium-enriched yeast
is the major form of selenium used in the human trials, but animal data indicate
that selenium-enriched garlic and broccoli are also beneficial in reduction of
tumors. In the mammary tumor model, SeMCYS was shown to be the most
effective selenocompound identified so far in reduction of tumors. Based on
animal data, selenium-enriched plants such as garlic and broccoli may be more
effective in mammary tumor reduction than enriched yeast. Several mechanisms
have been proposed on the mechanism whereby selenium reduces tumors, but
there is no universal agreement by researchers on which one or ones are involved
in tumor reductions. Even though SeMCYS was shown to be the most effective
selenocompound in reduction of mammary tumors, it may not be the most
effective selenocompound for reduction of colon tumors. This suggests that var-
ious tissue tumors may not respond to the same extent to different selenocom-
pounds.

Selenium has come full circle in two aspects. Initially the only concern for
this element was its toxicity.1 It is now recognized as an important essential
element. It was once thought to promote cancer, but it is now realized that this
element will prevent certain types of cancer. A discussion of the anticarcinogenic
function of selenium is the purpose of this chapter.

10.2 SELENIUM

The concentration of selenium in the Earth’s crust is less than that of gold. The
chemical and physical properties of selenium are very similar to those of sulfur.1

Selenium and sulfur have similar outer-valence shell electronic configurations
and atomic sizes and their bond energies, ionization potentials, and electron
affinities are virtually the same. Despite these similarities, the biochemistry of
selenium and sulfur differ in at least two respects that distinguish them in bio-
logical systems. First, selenium compounds are metabolized to more reduced
states, whereas sulfur compounds are metabolized to more oxidized states. Sec-
ond, these compounds differ in the acid strengths of their hydrides. The hydride,
H2Se, is much more acidic than is H2S. This difference in acidic strengths is
reflected in the dissociation behaviors of the selenohydryl groups of selenocys-
teine and the sulfhydryl groups on cysteine. Hence, while thiols such as cysteine
are predominantly protonated at physiological pHs, the selenohydryl groups of
selenols such as selenocysteine are predominantly dissociated under the same
conditions. These chemical differences between selenium and sulfur are the
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reasons selenocompounds are usually 600 times more effective than their sulfur
analogs against tumors.2

10.3 SELENOCOMPOUNDS IN PLANTS AND 
ANIMALS

The metabolism of selenocompounds and distribution of selenium on a worldwide
basis have been presented.3–7 As much as 80% of the total selenium in some
accumulator plants is present as SeMCYS, which until recently was thought to
be absent in nonaccumulator plants. Selenocompounds present in plants may have
a profound effect on the health of animals and humans. The total selenium content
cannot be used as an indication of its efficacy but the knowledge of individual
selenocompounds is critical for proper interpretation of the results. Thus, speci-
ation of the selenocompounds has moved to the forefront. Because animals and
humans are dependent on plants for their nutritional requirements, this makes the
types of selenocompounds in plants even more critical.

When rats are injected with selenite, the majority of the selenium is present
in tissues in the form of selenocysteine.8,9 As expected, no Semet was found under
the conditions of these studies. In contrast to plants, there is no known pathway
in animals for synthesis of Semet from inorganic selenium, and thus they must
depend on plant or microbial sources for this selenoamino acid. However, animals
can convert Semet to selenocysteine. One day after injection of Semet there is
about three times as much Semet as selenocysteine in tissues, but 5 or more days
afterward the majority (46 to 57%) of the selenium is present as selenocysteine.9,10

Selenium exists in the form of selenoproteins. A total of 25 selenoproteins
have been identified in eukaryotes.11,12 These selenoproteins have been subdivided
into groups based on the location of the selenocysteine. The first group (including
glutathione peroxidase, GPX) is the most abundant and includes proteins in which
selenocysteine is located in the N-terminal portion of a relatively short functional
domain. This group includes the four GPXs, selenoproteins P, Pb, W, W2, T, T2,
and BthD (from Drosophila). The second group of eukaryotic selenoproteins is
characterized by the presence of selenocysteine in C-terminal sequences. These
include the three thioredoxin reductases and the G-rich protein from Drosophila.
Other eukaryotic selenoproteins are currently placed in the third group that
consists of the three deiodinase isozymes, selenoproteins R and N, the 15-kDa
selenoprotein and selenophosphate synthetase.

The four GPXs are located in different parts of tissues and all detoxify
hydrogen peroxide and fatty acid–derived hydroperoxides and thus are considered
antioxidant selenoenzymes. The three deiodinases convert thyroxine to triiodot-
hyronine, thus regulating thyroid hormone metabolism. The thioredoxin reduc-
tases reduce intramolecular disulfide bonds and, among other reactions, regener-
ate vitamin C from its oxidized state. These reductases can also affect the redox
regulation of a variety of factors, including ribonucleotide reductase, the gluco-
corticoid receptor, and the transcription factors.13 Selenophosphate synthetase
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synthesizes selenophosphate, which is a precursor for the synthesis of selenocys-
teine.14 The functions of the other selenoproteins have not been definitely iden-
tified.

Selenium is present in all eukaryotic selenoproteins as selenocysteine.11

Semet is incorporated randomly in animal proteins in place of methionine. By
contrast, the incorporation of selenocysteine into proteins known as selenopro-
teins is not random. Thus, in contrast to Semet, selenocysteine does not randomly
substitute for cysteine. In fact, selenocysteine has it own triplet code (UGA) and
is considered to be the 21st genetically coded amino acid. Interestingly, UGA
has a dual role in the genetic code, serving as a signal for termination and also
a codon for selenocysteine insertion. Whether it serves as a stop codon or encodes
selenocysteine depends on the location of what is called the selenocysteine
insertion sequence.14 The selenocysteine insertion sequences (seven so far) for
the various selenoproteins have been presented.12

10.4 EPIDEMIOLOGICAL STUDIES

There have been a number of epidemiological studies in the U.S. and throughout
the world on the relationship between selenium and cancer. Shamberger and
Frost15 reported that the selenium status of humans might be inversely related to
the risk of some kinds of cancer. Two years later,16 more extensive studies
indicated that the mortality due to lymphomas and cancers of the gastrointestinal
tract, peritoneum, lung, and breast were lower for men and women residing in
areas of the U.S. that have high concentrations of selenium in forage crops than
those residing in areas with low selenium content in the forages. Those studies
were supported by a later analysis of colorectal cancer mortality using the same
forage data.17 A 27-country comparison revealed that total cancer mortality rate
and age-corrected mortality due to leukemia and cancers of the colon, rectum,
breast, ovary, and lung varied inversely with estimated per capita selenium
intake.18 Similar results were also reported in China, a country where selenium
intakes range from deficient to toxic levels.19

Lower selenium levels were found in serum collected from American subjects
1 to 5 years prior to diagnosis of cancer as compared to those who remained
cancer free during this time.20 This association was strongest for gastrointestinal
and prostatic cancers. Evidence that low serum selenium is a prediagnostic indi-
cator of higher cancer risk was subsequently shown in studies conducted in
Finland21 and Japan.22 In further case-control studies, low serum or plasma sele-
nium were found to be associated with increased risk of thyroid cancer,23 malig-
nant oral cavity lesions,24 prostate cancer,25 esophageal and gastric cancers,26

cervical cancer mortality rates,27 and colorectal adenomas.28 A decade-long pro-
spective study of selenium status and cancer incidences indicated that initial
plasma selenium concentration was inversely related to subsequent risks of both
nonmelanoma skin cancer and colonic adenomatous polyps.29 Patients with
plasma selenium levels less than 128 ng/ml (the average normal value) were four
times more likely to have one or more adenomatous polyps.
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An 8-year retrospective case control study in Maryland revealed no significant
association of serum selenium level and cancer risk at sites other than the blad-
der,30 but those with low plasma selenium levels had a twofold greater risk of
bladder cancer than those with high plasma selenium. In a study with Dutch
patients the mean selenium levels were significantly less than that of controls in
men, but no differences were found in plasma selenium levels between healthy
control women and those with cancer.31 No significant associations in three other
studies were found between serum selenium concentration and risk of total
cancers32 or cancers of the lungs, stomach, or rectum.33,34 In other work, significant
increases of urinary selenium excretion were found in Mexican women with
cervical uterine cancer as compared to controls.35 Selenium was beneficial as a
supportive element in chemotherapy in women with ovarian cancer.36 In other
research there appeared to be a relationship between the loss of hMLH1 and
improved survival in advanced ovarian cancer.37 Additional work needs to be
conducted on the relationship of DNA mismatch repair and ovarian cancer.

Toenail selenium appears to be a useful biomarker of long-term exposure to
this element.38 Five studies indicated that low toenail selenium values were
associated with higher risks of developing cancers of the lung,39 stomach,40

breast,41 and prostate.42,43 In contrast, five other studies showed no significant
difference between cancer cases and controls.44–48 It has been suggested that the
reason for those not showing a relationship is because the selenium intakes of
most of the subjects tested were below that necessary for protection.49 Obviously,
these results indicate that many factors must be taken into consideration when
evaluating plasma and toenail selenium concentrations in relation to cancer
incidence.

10.5 HUMAN TRIALS

There have been eight trials conducted on the association of selenium supple-
mentation and the incidence of cancer or cancer biomarkers in humans and all
of them have shown cancer protective effects of selenium. Five of these were
conducted in China and one each in India, Italy, and in the United States. 

The first human intervention trial was conducted in Qidong, a region north
of Shanghai, China, where there is a high incidence of primary liver cancer (PLC).
Subjects were given table salt fortified with 15 

 

μg selenium per gram as sodium
selenite, which provided about 30 to 50 

 

μg selenium daily for 8 years.49a,50 This
resulted in a drop of the PLC incidence to almost one half (27.2 per 100,000
populations vs. 50.4 per 100,000 populations consuming ordinary salt). Upon
withdrawal of selenium from the treated group, the PLC incidence began to rise.
In a separate study, risk populations receiving selenite salt as a source of selenium
also showed a significant reduction in the incidence of viral infectious hepatitis,
a major predisposing PLC risk factor in this region.51 The selenium-fortified salt
was distributed to a general population of 20,800 persons. People in six neigh-
boring townships served as controls and were given normal table salt.
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In a second trial, members of families at risk of PLC were either given 200 

 

μg
of selenium daily in the form of high-selenium yeast or a placebo.50 During the
2-year study period, 1.26% of the controls developed PLC vs. 0.69% in those
given selenium-enriched yeast. This decrease was significantly different (P < 0.05).
Furthermore, of 226 hepatitis B surface antigen carriers, 7 of 113 subjects in the
placebo group developed PLC during 4 years as opposed to no cases in those
taking selenium-enriched yeast.

A third human trial on the effects of selenium on cancer was conducted in
China with 3698 subjects. This intervention trial was conducted from 1984 to
1991 in Linxian, China, a rural county in Henan Province, where the mortalities
from esophageal cancer are among the highest in the world.52 The results indicated
that a treatment containing selenium (50 

 

μg Se/day as Se-enriched yeast plus
vitamin E and 

 

β-carotene) produced a modest protective effect against esophageal
and stomach cancer mortality among subjects in the general population.52,53 Prob-
ably the reason for only a modest reduction of cancer by selenium is because
only 50 

 

μg were given daily in contrast to other studies where up to 200 

 

μg were
given per day.

In the fourth trial, a total of 29,584 adults in China were used to evaluate the
effects of vitamins and minerals on cancer.54 Four combinations of nutrients were
evaluated in a factorial design: (1) retinal and zinc, (2) riboflavin and niacin,
(3) vitamin C and molybdenum, and (4) 

 

β-carotene, vitamin A, and selenium
(50

 

μg selenium daily as enriched yeast). No significant effects were associated
with the first three supplement regimens but total mortality and cancer mortality
were significantly lower (relative risk [RR] 0.87; 95% confidence interval [CI]
0.75 to 1.00) among those who received the combination of 

 

β-carotene, vitamin
E, and selenium. The reduction was slightly greater for stomach cancer compared
to esophageal cancers and began to be apparent about 2 years into the supple-
mentation.55 Rates of lung cancer, the third most common cancer, were only about
half as high among those receiving vs. those not receiving 

 

β-carotene, vitamin E,
and selenium.

In the fifth human study, 3318 persons with cytologic evidence of esophageal
dysplasia were randomly assigned to receive daily supplements of 14 vitamins
and 12 minerals with 50 

 

μg selenium as selenate or placebo for 6 years.56 Doses
of vitamins and minerals were two to three times the U.S. recommended daily
allowances. Cumulative esophageal/gastric and cardiac death rates were 8% lower
(RR = 0.92; 95% CI = 0.67 to 1.28) among individuals receiving supplements
rather than the placebos, which was not statistically significant. Risk of total
mortality was 7% lower (RR = 0.93; 95% CI = 0.75 to 1.16). There are probably
at least two reasons a greater difference was not obtained between the supple-
mented and placebo groups. Animal studies indicate that selenium is much more
effective in the prevention of tumors rather than in reversing them,57 and thus the
selection of subjects with evidence of esophageal dysplasia may not have been
the best choice. Second, as noted in the above study, 50 

 

μg selenium per day
may not be sufficient to provide maximum protection.
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In the study conducted in India, 298 subjects were used. One half of the
subjects with precancerous lesions in the oral cavity were supplemented with a
mixture of four nutrients — vitamin A, riboflavin, zinc and selenium (100 

 

μg
daily for 6 months and 50 

 

μg the final 6 months as selenium-enriched yeast) —
and compared to the other one half who served as control patients and received
placebos.58 The frequency of micronuclei and DNA adducts were significantly
reduced in the supplemented groups at the end of the 1-year study. The adducts
were decreased by 95% in subjects taking selenium with all categories of lesions
and by 72% in subjects without lesions. No such effects were noted in the placebo
group.

In the Italian study subjects were given a mixture called “Bio-selenium,”
which provided 200 

 

μg selenium as L-Semet daily plus zinc and vitamins A, C,
and E for 5 years, and compared to those taking a placebo.59 A total of 304
patients participated in this study and the incidence of metachronous adenomas
of the large bowel was evaluated. Patients with prior resected adenomatous polyps
were used in a randomized trial in which new adenomatous polyps were noted.
The observed incidence of metachronous adenomas was 5.6% in the group given
the “Bio-selenium” mixture vs. 11% in the placebo group, which was statistically
significant (P < 0.05).

One of the most exciting clinical trials on selenium and cancer in humans
was conducted in the U.S. A simple experimental design in a double-blind,
placebo-controlled trial with 1312 older Americans with histories of basal and/or
squamous cell carcinomas of the skin was used.60,61 The use of daily oral supple-
ments of selenium-enriched yeast (200 

 

μg Se/day) did not affect the risk of
recurrent skin cancers. However, such supplementation for a mean of 4.5 years
significantly reduced the incidence of lung, colon, and prostate cancers by 46,
58, and 64%, respectively. There were significant reductions in total cancer (RR
= 0.63; 95% CI = 0.47 to 0.85) in the supplemented patients vs. controls.

There were also significant decreases in lung cancer incidence (hazard ratio
[HR] = 0.56; 95% CI = 0.31 to 1.01, P = 0.5); prostate cancer incidence (HR =
0.35, 95% CI = 0.18 to 0.65), and colorectal cancer incidence (HR = 0.61, 95%
CI = 0.17 to 0.90, P = 0.03). Restricting the analysis to the 843 patients with
initially normal levels of prostate-specific antigen, only four cases were diagnosed
with cancer in the selenium treated group but 16 cases were diagnosed in the
placebo group (HR = 0.26; P = 0.009) after a 2-year treatment lag.61 Even though
Clark et al.60 did not observe any effect of selenium on skin cancer in their study,
the results strongly indicated that other types of skin disorders may be reduced
by selenium.

After 10 years of the trial, the trends were similar; prostate, lung, and col-
orectal cancers were reduced by 48, 29, and 53%, respectively.62 Selenium sup-
plementation reduced total (HR = 0.75; 95% CI = 0.58 to 0.97) and prostate
(HR = 0.48, 95% CI = 0.28 to 0.80) cancer incidence but was not significantly
associated with lung (HR = 0.74, 95% CI = 0.44 to 1.24) and colorectal
(HR = 0.46; 95% CI = 0.21 to 1.02) cancer incidence. The protective effect of
selenium was confined to males (HR = 0.67, 95% CI = 0.50 to 0.89) and was
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most pronounced in former smokers. Even though prostate cancer was the only
cancer that was statistically reduced, this is probably due to the small number of
patients remaining, particularly those with colorectal cancer (only 9 in the sele-
nium treatment group vs. 19 in the placebo group).

The cancer incidence was evaluated according to the baseline plasma sele-
nium levels at the beginning of the study. The subjects with the lower tertile of
plasma selenium (less than 105 and 105 to 122 ng Se/ml) had significantly lower
incidences of cancer when supplemented with this selenium-enriched yeast. How-
ever, those in the highest tertile of plasma selenium (122 ng Se/ml and greater)
showed no effect of selenium supplementation on the cancer incidence. This is
in direct contrast to the epidemiological studies where an inverse relationship in
the incidence of cancer was observed with plasma selenium levels, and thus
further evaluation of the data is paramount. However, an explanation could be
that there is a threshold in plasma level above which further benefits would not
be seen and thresholds may be near or above the plasma level achieved in most
populations in the epidemiological studies.

The author is aware of at least two human trials — two in the U.S. (University
of Arizona, and the SELECT trial at NCI; Reference 63) and one in Europe
(PRECISE, Reference 64), which is planned. With use of HPLC and ion channel
plasma mass spectrometry, Semet was detected in the majority of prostate tis-
sues.65 These patients had total selenium levels in serum and in prostate tissue in
a range expected for normal selenium intake. This is the first time Semet has
been detected in prostate tissue.

Finally, in another trial, topical application of Semet was effective in protect-
ing against acute ultraviolet irradiation damage to skin of humans.66 Maximal
protection appeared to be attained at concentrations between 0.02 and 0.05%.
These results are consistent with some animal data. Hairless mice treated by
topical application of Semet (0.02%) or given drinking water with 1.5 

 

μg sele-
nium/ml as Semet had significantly less skin damage due to ultraviolet irradia-
tion.67 This is consistent with an earlier study that indicated that dietary selenium
(1

 

μg/g) fed to mice significantly reduced the number of skin tumors induced by
two carcinogenic chemicals plus croton oil.68 In other animal work, the influence
of dietary selenium as either selenate, Semet, SEMCYS, and selenized yeast at
two different concentrations (0.3 and 3 ppm) were studied on established ortho-
topic PC3 tumors in the prostates of 6-week-old male nude mice.69 Interestingly,
selenate was most effective in retarding the growth of primary prostatic tumors
and the development of retroperitoneal lymph node metastases. This was associ-
ated with a decrease in angiogenesis. It was concluded that inorganic selenium
inhibits the progression of hormone refractory prostate cancer, which is due at
least in part to a decrease in angiogenesis.

10.6 SELENIUM AND TUMORS IN SMALL ANIMALS

There have been more than 100 trials conducted with small animals on the
relationship of tumor incidences to selenium status.70,71 Interestingly, the first
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evidence that selenium may counteract tumors was presented in 1949 in a study
that reported that the addition of selenium to a diet for rats significantly reduced
tumors caused by ingestion of an azo dye.72 Even these researchers, because of
the negative image selenium held at that time, ignored these results. The first
evidence of the essentiality of selenium was presented in 1957,73 at which time
selenium was still considered a carcinogenic element.

A number of reviews on selenium and carcinogenesis in animals have been
presented, including those by Milner,74 Ip and Medina,75 Medina and Morrison,76

and Whanger.77 Two thirds of the animal studies showed significant reductions
by selenium in the tumor incidence with one half showing reductions of 50% or
more.71 In the majority of those studies selenium as selenite was used, but that
may not have been the most effective form (as noted later) to use. Those results
with animals and the epidemiological surveys showing a positive relationship
between selenium and cancer incidence were the main motivating factors for
conducting human trials.

10.7 SELENIUM METABOLISM IN TISSUE CULTURE 
MODELS

Present research efforts are primarily focused on the mechanism of cancer reduc-
tion by selenium, and tissue cultures have been used advantageously to study
how tumors are reduced by this element. Research with mouse mammary epi-
thelial cells indicate that the beta-lyase mediated production of a monomethylated
selenium metabolite, namely, methylselenol, from SeMCYS is a key step in
cancer chemoprevention by this agent.78 In order for SeMCYS to be effective,
cells must possess this beta-lyase. One way to get around this is to use methyl-
selenenic acid, which is even effective in cells without this lyase. Apparently,
mouse mammary epithelial cells have low levels of the beta-lyase. Interestingly,
the distinction between these two compounds disappears in vivo where their
cancer chemopreventive efficacies were found to be very similar. The reason for
this is that the beta-lyase enzyme is abundant in many tissues and thus the animal
has ample capacity to convert SeMCYS to methylselenol.

Further work with these mammary cells using methylselenenic acid produced
similar results, providing additional support that monomethylated forms of sele-
nium are the critical effector molecules in selenium-mediated growth inhibition
in vitro.79 Further research is needed to identify why a monomethylated form of
selenium is required, whereas other forms of selenium cannot fulfill this effect.
SeMCYS was shown to induce apoptosis through caspase activation in human
promyelocytic leukemia cells.80 Moreover, SeMYCS increased both the apoptotic
cleavage of poly (ADP-ribose) polymerase and caspase-3 activity, whereas selen-
ite did not, indicating specific effects of various selenocompounds.

In other research, selenium was shown to significantly downregulate the
expression of prostate-specific antigen transcript and protein within hours in the
androgen-responsive cells.81 Selenium also suppressed the binding of androgen
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receptor to the androgen responsive element site, as shown by electrophoretic
mobility shift assay of the androgen receptor–androgen responsive element com-
plex. In further work from this laboratory, exposure to sub-apoptotic concentration
of methylseleninic acid specifically inhibited prostate specific antigen expression
in the androgen-responsive LNCaP prostate cancer cell model.82 Interestingly,
selenite and Semet lacked this inhibitory effect. Work from another laboratory
indicated that the use of the recombinant enzyme methioninase, methylselenol-
generating chemiluminescence by superoxide was shown to be catalytically pro-
duced from Semet, selenoethionine but not from methionine or SeMYCS. It was
concluded that methylselenol can be produced from other sources in addition to
the action of beta lyase upon SeMYCS.83

As prostate cancer is the most common cancer diagnosed and the second
leading cause of cancer-related deaths in men in the U.S.,84 obviously any research
to reduce the incidence of this cancer has significant implications. With the use
of the H520 and H522 human lung cancer cell lines, methylseleninic acid was
shown to inhibit cell growth, arrested cell cycle progression, and induced apop-
tosis as a late event.85

10.8 MECHANISMS OF CANCER REDUCTION BY 
SELENIUM

A number of reviews have been written on the chemopreventive effects of sele-
nium including most recently those by Combs and Gray,71 Ganther,86 Ip,57 Schrau-
zer,49 El-Bayoumy,87 and Fleming et al.88 An entire volume of Nutrition and
Cancer was devoted to selenium and cancer in honor of the late Larry Clark.89

The mechanism for selenium as an anticarcinogenic element is not known but
several speculations have been advanced. It is well established that the most
effective dose of selenium for cancer protection is at elevated levels, often called
supranutritional or pharmacological levels. The suggested mechanisms for cancer
prevention by selenium include its effects on programmed cell death, effects on
DNA repair, its role in selenoenzymes, its effects on carcinogen metabolism, its
effects on the immune system, selenium as an antiangiogenic agent, and its
specific inhibition of tumor cell growth by certain selenium metabolites. Detailed
discussions have been devoted to the role of selenium in selenoenzymes, effects
on carcinogen metabolism, effects on the immune system, specific inhibition of
tumor cell growth and apoptosis,71 and thus these are discussed only briefly here.

10.8.1 ROLE OF SELENOENZYMES

Because GPXs act to convert peroxides to less harmful compounds and because
peroxidative damage is associated with cancer, it was reasonable to assume that
these peroxidases would be involved in the reduction of tumors. However, there
is little information to support this possibility. The greatest protection of selenium
against tumors is at high intakes, but the activities of GPXs reach a plateau at
nutritional levels with no further increase at higher levels in most tissues.
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Interestingly, protection by selenium as selenite against skin tumors induced in
rats either by ultraviolet-B (UV-B) light90 or phorbol esters91 correlated with the
activity of GPX in skin. The hypothesis was advanced that thioredoxin reductase
may be involved in reduction of tumors,86 but experimental data did not support
this possibility.92 Thioredoxin reductase activity was not affected by high dietary
levels of SeMCYS or methylseleninic acid, precursors of methylselenol, in rat
liver.

The findings that antitumorigenic amounts of selenium (1.5 mg/kg or above)
reduced tissue lipid peroxidation potential only slightly93 or not at all94 suggest
that those effects are independent of the function of the GPXs. Therefore, at
present it is probable that antitumorigenic effects of high levels of selenium
involve mechanisms unrelated to the activities of GPXs. The 15 kDa (sep 15)
selenoprotein has been suggested to be involved in the reduction of tumors. The
sep 15 selenoprotein is localized on chromosome 1p31, a genetic locus commonly
mutated or deleted in human cancers.95,96 The sep 15 selenoprotein genes are
manifested at highest levels in prostate, liver, kidney, testis, and brain in humans
and mice; these levels of this selenoprotein are reduced substantially in malignant
prostate cell line and in hepatocarcinoma. Because there is loss of heterozygosity
at the sep 15 locus in certain human tumor types, it was suggested that this
selenoprotein may be involved in cancer development, risk, or both.95 It is inter-
esting to note that a 15-kDa protein was found in the prostatic epithelium where
it accounted for about two thirds of the protein-bound 75Se.97 Unless the levels
of sep 15 can be shown to be elevated with high intakes of selenium, the likelihood
of its significant involvement in tumor reduction does not appear likely. However,
it could still be involved in tumor reduction with nutritional intakes of selenium
because the tumor suppressor gene and p53 were altered in mice where the
selenocysteine (Sec) tRNA [Ser Sec] gene was deleted in transgenic mice carrying
the Cre recombinase gene. This recombinase gene is under control of the mouse
tumor virus, suggesting greater susceptibility of these mice to cancer.98

10.8.2 EFFECTS ON CARCINOGEN METABOLISM

Studies of carcinogen metabolism have yielded varying results. One study yielded
comparable dietary levels of selenium to reduce the formation of covalent DNA
adducts of aflatoxin in the chick99 but to increase that process in the rat.100 In
rats, treatment with selenium increased the hydroxylation and subsequent oxida-
tion of azoxymethane101 and reduced DMBA–DNA adduct formation,102 thus
reducing the effect of these carcinogens. Selenium supplementation of rats was
shown to reduce the hepatic microsomal production of mutagenic metabolites of
several carcinogens, including N,N-dimethylaniline,103 DMBA,104 2-acetylami-
nofluorene,105 and benzo(a)pyrene.106 These publications indicate that while the
effect may not be universal with respect of either carcinogen or host species,
high-level selenium supplementation can affect carcinogen metabolism by meth-
ods that would be expected to inhibit the initiation stage of carcinogenesis.
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10.8.3 EFFECTS ON IMMUNITY

Since the immunity of patients with cancer is reduced and selenium has been
shown to boost the immune system, it is logical to conclude that selenium could
reduce tumors by this method. Several studies found that supranutritional levels
of selenium will stimulate the cytotoxic activities of natural killer cells107–109 and
lymphokine-activated killer cells.110 Two intervention human studies with the
same level of selenium intake (200 μg/day) were shown to reduce cancer risks
and improved the immunity.111,112 The enhancement by selenium of the expression
of the high-affinity interleukin-2 receptor resulted in an increased capacity to
produce cytotoxic lymphocytes and macrophages that can destroy tumor cells.109

Upregulation of the receptor is expected to enhance the clonal expansion of
cytotoxic effector cells and thereby modulating T-cell-mediated responses in
response to signals generated by interleukin-2. Other roles of selenium in the
immune system are suggested by recent findings that the mRNAs of several T-
cell-associated genes have open reading frames resembling that of selenoprotein
P and potential stem-loop RNA structures with consensus SeCys-insertion
sequences,53 suggesting the possibility that they may encode functional seleno-
proteins yet to be identified. Along this line, because plasma selenium levels,
glutathione concentrations, and GPX activity are subnormal in HIV-infected
individuals,113 selenium studies were conducted to investigate any relationships.
By using 75Se-labeled human Jurkat T cells it was shown that the levels of four
75Se containing proteins (57, 26, 21, and 15 kDa species) are lower in HIV-
infected cell populations than in uninfected cells.114 SDS/PAGE gels indicated
that these selenium containing proteins are subunits of thioredoxin reductase,
cellular GPX, phospholipid hydroperoxide GPX, and the 15-kDa selenoprotein.
There appeared to be greater levels of low-molecular-mass 75Se compounds in
HIV-infected cells than in normal ones. While these results are intriguing, further
research is needed on the relationships of selenoproteins to HIV.

10.8.4 ANTITUMORIGENIC SELENIUM METABOLITES

It is possible that selenium can lead to the formation of selenotrisulfides involving
protein sulfhydryl groups that could inhibit sulfhydryl-sensitive enzymes to
impair tumor cell metabolism. Selenium was shown to inhibit bovine pancreatic
ribonuclease by forming an intramolecular selenotrisulfide bridge in place of the
normal one,115 and the formation of selenotrisulfides involving the sulfhydryl
groups of chick hepatic fatty acid synthase resulted in inhibition of that enzyme
activity.116 The selenotrisulfide produced by the thiol-dependent reaction of selen-
ite, GSSeSG, can be active in inhibiting protein synthesis and enhancing apop-
tosis.117,118 It should be pointed out, however, that these selenotrisulfides are rather
short lived and somewhat unstable, raising some questions of their long-term
effects.

As noted elsewhere, the antitumorigenic effects of selenium are mediated by
the methylated metabolite, methylselenol. Arsenic, which inhibits the methylation
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of selenide, greatly reduced the antitumorigenic effects of selenite while it
enhanced the efficacy of several synthetic selenium compounds that are metab-
olized to methylselenol.119,120 Several synthetic alkyl and aryl selenocyanates have
been evaluated in animal models. The more effective of these are benzylseleno-
cyanate (BSC) and 1,4-phenylene-bis(methylene) selenocyanate (p-XSC).121,122

In comparisons with other selenium compounds p-XSC was shown to be more
effective against tumorigenesis, but less effective as a source of selenium in
supporting the expression of GPX and relatively less toxic.123 This further suggests
that GPXs do not play a significant role in counteraction of tumors. Another
synthetic selenium compound, triphenylselenonium chloride (TPSC), has also
been found to be antitumorigenic124 but had only minimum effects in the induction
GPX activity. In mice, TPSC has the greatest safety margin yet observed for any
chemopreventive selenocompounds. The chemopreventive effects of such syn-
thetic selenocompounds as BCS, p-XSC, and TPSC, which release their selenium
only very slowly to the general metabolism of the element, may involve more
direct effects, perhaps as effective analogs of the anticarcinogenic metabolites of
natural forms of the element.71

10.8.5 SELENIUM AND APOPTOSIS

The evidence indicates that one possible mechanism by which selenium reduces
tumors is through its effects on apoptosis.125–127 Methylselenenic acid produced
a more robust response at one tenth the concentration of SeMCYS in the inhibition
of cell proliferation and the induction of apoptosis in mouse mammary epithelial
cells.78 Work with mouse mammary epithelial tumor cells indicates that SeMCYS
mediates apoptosis by activating one or more caspases.128 Of the caspases,
caspase-3 activity appeared to be activated to the greatest extent. Apparently these
cells have ample lyases to convert SeMCYS to methylselenol.

There are some other factors that should be considered concerning selenium
and apoptosis. The feeding of high levels of dietary selenium as selenite to rats
increased hepatic concentrations of both reduced (GSH) and oxidized (GSSG)
glutathiones with a decreased GSH:GSSG ratio.129 Similar changes were seen in
cultured hepatoma cells treated with high levels of selenite, and selenium treat-
ment was found to retard cell-doubling time, increasing the duration of various
phases of the cell cycle. Selenium-induced increases in GSSG may affect protein
synthesis because this oxidized form is known to activate a protein kinase that
inactivates through phosphorylation eukaryotic initiation factor 2.130 This has also
been found to be inactivated by selenite131 or its selenotrisulfide derivative,
GSSeSG.132 This selenotrisulfide was found to be more effective in inhibiting the
growth of Ehrlich ascites tumors in mice than either the inorganic or amino acid
forms of selenium.133 Apoptotic responses have been demonstrated for cells
treated with high levels of selenite,134 GSSeSG,135 p-XSC,136 or TPSC.134

The influence of selenocompounds on transcription factor-DNA binding has
been summarized.137 The influence of p-XSC on the binding activities of the
transcription factors nuclear factor-κB (NF-κB), activator protein-1 (AP-1), SP-1,
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and SP3 were evaluated both in vitro and in vivo. p-XSC and selenite reduced
the consensus site binding activity of NF-κB in a concentration-dependent manner
when nuclear extracts from cells (HCT-116, a human colorectal adenocarcinoma)
stimulated with tumor necrosis factor-α were incubated with either selenocom-
pound. However, only p-XSC inhibited NF-κB consensus recognition site binding
when the cells were pretreated with either compound and were then stimulated
with tumor necrosis factor-α. In contrast, the consensus site binding activity of
AP-1 was inhibited only with selenite but not with p-XSC in vitro or in vivo.
p-XSC or selenite reduced the consensus site binding of transcription factors SP-1
and SP-3 in concentration- and time-dependent manners when nuclear extracts
from cells treated with either compound in vivo were assayed by electrophoretic
mobility shift assay. Interestingly, the sulfur analog of p-XSC, which is inactive
in chemoprevention, had no effect on the oligonucleotide binding of SP-1 and
SP-3. Certain genes involved in the inhibition of apoptosis also contain SP-1
binding sites in their promoter regions.138 Therefore, it is likely that SP-1 plays
an important role not only in the regulation of cell growth and proliferation but
also in programmed cell death. Another selenocompound, GSSG, will increase
the induction and translocation of NF-κB, but decreases its binding to DNA.139

Although these findings show that very high levels of selenium can impair cellular
proliferation by enhancing programmed cell death, it is not all that clear whether
they can be extrapolated to living systems in which tissue selenium levels tend
to be several orders of magnitude less.

The regulation of protein kinase C (PKC) by selenium may be involved in
cancer prevention. PKC is a receptor for certain tumor promoters.140 Oxidant
tumor promoters activate PKC by reacting with zinc-thiolates present within the
regulatory domain, but in contrast some selenocompounds such as methylsele-
neninic acid selectively inactivates PKC.141 Interestingly, thioredoxin reductase
reverses selenium-induced inactivation of PKC. However, this effect was elimi-
nated when the selenocysteine in thioredoxin reductase was either selectively
alkylated or removed by carboxypeptidase treatment.140 Similarly, Escherichia
coli thioredoxin reductase, which is not a selenoprotein, was also not effective,
indicating a specific effect of the selenoenzyme. Other studies indicate that the
PKC pathway is involved in induction of the selenoproteins, thioredoxin reduc-
tase, and GPX,142,143 further suggesting the influence of this pathway on selenoen-
zymes.

The induction of apoptosis has been attributed to changes in genes such as
cyclin-dependent kinase 2 (cdk2) and gadd45.125,144 The cdk2 and DNA damage-
inducible gadd genes are related to cell cycle arrest. In vitro, SeMCYS has been
reported to arrest mouse mammary tumor epithelial cells at a phase that coincided
with a specific block of cdk2 kinase and an elevated expression of gadd34,
gadd45, and gadd153.143 The alterations in cdk2 and gadd45 suggest that the
effect of selenium in these cells may be related to the P53-mediated apoptosis.
The P53 protein is a factor that enhances transcription of several genes, including
gadd45. In work with LNCaP human prostate cancer cells, selenite treatment led
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to a significant increase in P53 phosphorylation on Ser-15.145 In contrast to this
apoptotic sensitivity, these cells were rather resistant to similar concentrations of
the methylselenol precursor, methylseleninic acid.

In general, there is a correlation between the effectiveness of selenocom-
pounds as chemopreventive agents in vivo and their ability to inhibit cell growth
and induce apoptosis in vitro.146 The influence of GSSeSG and p-XSC on normal
human oral mucosa cells and human oral squamous carcinoma cells (SCCs) were
investigated. SCCs were significantly more sensitive to induction to apoptosis
by GSSeSG than normal human oral mucosa cells, but the differences were
marginal with p-XSC. Both selenocompounds induced the expression of Fas
ligand in oral cells to a degree that correlated with the extent of apoptosis
induction. Also, both selenocompounds induced the stress pathway kinases, Jun
NH2-terminal kinase and p38 kinases at concentrations causing apoptosis. In
work with the LNCaP human prostate cancer cell line after acute exposure to
selenite, they exhibited mitochondrial injury and cell death, mainly apoptosis.147

Upregulation by selenite of the cyclin-dependent kinase inhibitor p21 correlated
with cell growth inhibitions.

10.8.6 SELENIUM AND DNA REPAIR

It was shown that Semet can activate p53 by a redox mechanism independent of
DNA damage.148 By using a peptide containing only p53 cysteine residues 275
and 277, the importance of these residues in the Semet-induced response was
demonstrated. Mouse embryo fibroblasts wild-type or null for p53 genes were
used to obtain evidence that the DNA repair branch of the p53 pathway was
activated. In further work, Semet was shown to induce a DNA repair response
in normal human fibroblasts in vitro and protects cells from DNA damage.149 It
has been estimated that each cell sustains approximately 10,000 potentially
mutagenic lesions per day due to endogenous DNA damage and the potential of
selenium inducing DNA repair hold great value. Because SeMCYS has been
shown to be the most effective selenocompound against mammary tumorigenesis,
it will be interesting to determine if this compound is more effective than Semet
in activation of the p53 tumor suppressor protein and thus DNA repair.

Work by other researchers indicated that thioredoxin reductase was induced
but GPX was repressed in malignancies relative to controls in transgenic mice
and prostate cell lines.113 In the colon cell line, p53 expression resulted in elevated
GPX but repressed thioredoxin reductase. The data indicated that thioredoxin
reductase and GPX are regulated in a contrasting manner in the cancer systems
tested and reveal the p53-dependent regulation of selenoprotein expression. If
selenium activates p53 as indicated above,148 then this could be a mechanism
whereby selenium induces apoptosis because p53 is involved in this program cell
death. Thus, further investigations into the involvement of selenium in DNA repair
appear to be an extremely fruitful avenue to pursue.
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10.8.7 SELENIUM AS AN ANTIANGIOGENIC AGENT

Angiogenesis, which is the process of formation of new microvessels from exist-
ing vessels, is a critical and obligatory component of promotion, progression, and
metastasis of solid cancers. The chemopreventive effect of increased selenium
intake against chemically induced mammary carcinogenesis is associated with
reduced intratumoral microvessel density and an inhibition of the expression of
vascular endothelial growth factor.150 The results suggest a methylselenol specific
inhibition of the angiogenic switch mechanism through multiple processes.

The evidence indicates that selenium exerts its cancer chemopreventive activ-
ity through an anti-angiogenic mechanism.151 The mammary carcinomas in rats
fed diets with either selenium-enriched garlic or selenite were 24 to 34% lower
than in those animals fed the control diet. The reduction of small vessels by
selenium treatment indicated that mechanisms governing the genesis of new
vessels were inhibited by this element. Based on data from several laboratories
it was concluded that selenocompounds that feed into the hydrogen selenide pool
will be less desirable as chemopreventive agents for humans and, conversely,
those that enter the methylselenol pool would be more desirable selenium forms
for human application.151

10.9 FORMS OF SELENIUM IN FOODS AND 
SUPPLEMENTS

The efficacy of various selenocompounds using the mammary tumor model has
been summarized in Table 10.1. The incidence of breast cancer is greatest of all
cancers in women, but it is the third highest cause of all cancer deaths in the
U.S.,152 probably reflecting the improved methods for detecting and treatment of
breast cancer compared to other cancers. Although usually not mentioned, a small
number of men develop breast cancer with even some deaths. About 400 men
die of breast cancer each year compared to 43,300 breast cancer deaths in women
in the U.S.

SeMCYS and selenobetaine are the most effective selenocompounds identi-
fied thus far against mammary tumorigenesis in animals (Table 10.1). Although
selenobetaine is just as effective, SeMCYS is considered the most interesting
selenocompound because it is the predominant one present in selenium-enriched
plants such as garlic,153 broccoli florets,153 onions,154 sprouts,155 and wild leeks.156

In contrast, most of the selenium in enriched wheat grain,157 corn and rice,158

soybeans,159 and selenium-enriched yeast153 is Semet. Selenium-enriched yeast is
the most common source of selenium available commercially.49 The selenoamino
acid, Semet, is also available to the public. Selenobetaine has never been detected
in selenium-enriched plants. Therefore, SeMCYS has received the most recent
attention as possibly the most useful compound for cancer reduction. Except for
Semet and selenocystine, the other selenocompounds listed in Table 10.1 are not
present in plants and thus are mostly of academic interest. However, some of
them are of therapeutic interest.
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Selenobetaine and SeMCYS are good precursors for generating monometh-
ylated selenium.57,160 Selenobetaine tends to lose a methyl group before scission
of the Se-methylene carbon bond to form methylselenol. SeMCYS is converted
to methylselenol directly when cleaved by beta-lyase, and unlike Semet it cannot
be incorporated nonspecifically into proteins. That these selenocompounds can
be converted directly to methylselenol is presumably the reason they are more
efficacious than other forms of selenium. Dimethylselenoxide and selenobetaine
methyl ester are converted to dimethylselenide but are less effective for reduction
of tumors.57 Trimethylselenonium is essentially not effective in tumor reduction.
Thus, there is a negative correlation between the effectiveness of these seleno-
compounds and the degree of methylation.

Even though Semet is effective against mammary tumors, one disadvantage
as noted above is that it can be incorporated directly into general proteins instead
of converted to compounds that most effectively reduce tumors.57 When this
occurs, its efficacy for tumor reduction is reduced. For example, when a low-
methionine diet is fed, there is significant reduction in the protective effect of
Semet even though the tissue selenium was actually higher in animals as com-
pared to those given an adequate amount of methionine.163 When methionine is
limiting, a greater percentage of Semet is incorporated nonspecifically into body
proteins in place of methionine because the methionine-tRNA cannot distinguish
between methionine and Semet. Feeding diets with Semet to animals as the main
selenium source will result in greater tissue accumulation of selenium than other
forms of selenium.164,165 It is not known whether this stored selenium can serve

TABLE 10.1
Anticarcinogenic Efficacy of Different Selenium Compounds 
for Reduction of Mammary Tumors in Rats

Compound
Dietary Selenium (μ g/g)

for 50% Inhibition

Se-methylselenocysteine 2
Selenobetaine 2
Selenobetaine methyl ester 2–3
Selenite 3
Selenomethionine 4–5
Selenocystine 4–5
PXSCa 8–10
Triphenylselenonium 10–12
Dimethylselenoxide >10
Trimethylselenonium (No effect at 80 μg/g)

a 1,4-Phenylene bis (methylene) selenocyanate.

Source: Data from References 160–162.
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as a reserved pool of this element, but the evidence indicates that it is metabol-
ically active.166

With the knowledge of the effects of these selenocompounds as anti-
carcinogenic agents, it was of interest to investigate the most appropriate methods
for delivery to the general population. One obvious approach was to investigate
additional methods for expeditious ways to deliver these protective agents through
the food system. This appears to be a logical approach because it is estimated
that an intake of five servings of fruits and vegetables per day would reduce
cancer by as much as 20%,167 and the enrichment with selenium should make
them more effective. One strategy in this direction was the investigation of
enriching garlic with selenium.168 The addition of selenium-enriched garlic to
yield 3 μg selenium/g diet significantly reduced the mammary tumor incidence
in rats from 83 to 33%. Similar to garlic, selenium-enriched broccoli also reduced
mammary tumors from 90 to 37%.155

Selenium-enriched garlic was shown to be twice as effective as selenium-
enriched yeast in the reduction of mammary tumors.153 Chemical analysis of
selenium in these two products indicated that Semet was the predominant form
of selenium in enriched yeast, whereas SeMCYS (as the glutamyl derivative) was
the predominant form of selenium in enriched garlic.153 The glutamyl derivative
is considered a carrier of SeMCYS and both of these compounds were shown to
be equally effective in the reduction of mammary tumors.169 These results are
consistent with those in Table 10.1, where SeMCYS was more effective than
Semet for reduction of mammary tumors. The chemical composition of seleno-
compounds in these two sources of selenium is apparently responsible for this
difference in efficacy. However, it is not known whether doubling the amount of
selenium as selenium-enriched yeast will be as effective as enriched garlic.
Neither is it known whether the combination of enriched yeast and enriched garlic
would be more effective than either alone.

Even though Semet was shown to be the major selenocompound in enriched
yeast,153 this has not always been the observation. As low as 30% of the selenium
as Semet was found in enriched yeast that had been stored for several years.57

The relative amounts of selenocompounds in enriched yeast from several sources
varied markedly, ranging from 27 to 60% for Semet.169a In one source, Semet
(together with three unidentified selenium compounds) was predominant in the
sample hydrolysates. One batch of yeast that had been stored for 10 years con-
tained only 27% of the selenium as Semet. Thus, it is concluded that the speciation
of selenium changes with storage, even when kept at cool temperatures. Loss of
selenium has been noted in selenium-enriched broccoli powder even though it
was stored at –10°C (P.D. Whanger, unpublished data). The total selenium
decreased by 60% in this enriched broccoli powder over a period of 4 years at
–10°C, and thus the forms of selenium are likely to have changed. It is suggested
that this also happens with enriched yeast stored for extended periods of time
even at very low temperatures.

Using another model, selenium enriched broccoli florets,155,170,171 as well as
enriched broccoli sprouts,155 significantly reduced colon tumors in rats. This is
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intriguing because colon cancer is the third most common newly diagnosed cancer
in the U.S., resulting in about 55,000 deaths per year due to this type of cancer,152

which is the second leading cause of cancer-related deaths in men in the U.S.84

Selenium-enriched broccoli was more effective than selenite, selenate, or
Semet in the reduction of induced colon carcinogenesis.171–173 In contrast, selenite,
selenate, and Semet were more effective for induction of GPX activity than
selenium-enriched broccoli.171 This indicates that the plant converts the selenium
to more effective forms for reduction of these tumors and these results emphasize
the need to study the effects of selenium in food forms. Similar to chemically
induced colon tumors, there were significantly fewer intestinal tumors when mice
with a genetic defect for development of intestinal tumors were fed selenium-
enriched broccoli.174 These results along with previous data indicate that sele-
nium-enriched broccoli is effective against both chemically and genetically
induced intestinal tumors. Data from work with another strain of mice that develop
spontaneous intestinal tumors is consistent with these results where selenium
deficiency resulted in activation of genes involved in DNA damage.175

10.10 LEVELS OF SELENIUM NECESSARY FOR 
NUTRITIVE BENEFIT

The Chinese data have been used almost exclusively to establish the required
levels of selenium for nutritive benefit as well as to establish the safe levels for
protecting human health.176–178 It is fortunate to have a country like China where
areas vary from deficient to toxic levels of selenium, and this has made it con-
venient to collect critical information on the metabolism and effects of various
levels of selenium in humans. Significant correlations have been found between
daily selenium intake and selenium content of whole blood, plasma, breast milk,
and 24-hour urine.176 Highly significant correlations were also found between
levels of whole blood selenium and hair selenium, fingernail selenium and toenail
selenium, hair selenium and fingernail or toenail selenium, and whole blood
selenium and toenail or fingernail selenium. Morphological changes in fingernails
were used as the main criterion for clinical diagnosis of selenosis.178 The fingernail
changes and loss of hair are the main signs of excess selenium intakes. With
excess selenium intakes, the fingernails become brittle and are easily cracked.

A daily intake of nearly 5 mg of selenium resulted in definite occurrence of
selenosis, characterized by hair and nail losses. One suggested reason the subjects
were able to tolerate this high level of selenium is because they consumed a high-
fiber diet. The low adverse effect level of dietary selenium was calculated to range
between 1540 and 1600 μg daily. However, some effects were noted in individuals
with a daily intake of 900 μg. The maximum safe dietary selenium intake was
calculated to be about 800 μg/day, but there were some individuals where an
amount of 600 μg/day was the maximum safe intake. To provide a safety factor,
the maximum safe dietary selenium intake was suggested as 400 μg/day. A level
of about 40 μg daily was suggested as the minimum requirement while an intake
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of less than 11 μg daily will definitely result in deficiency problems. Deficiency
of selenium in humans results in a cardiac and muscular disorder called Keshan
disease, and deficiency of selenium is thought to be one of the contributing factors
to a joint disorder called Kaschin Beck disease.

10.11 CONCLUSIONS AND FUTURE RESEARCH

Daily doses of 100 to 200 μg selenium inhibit genetic damage and cancer devel-
opment in humans. About 400 μg selenium per day is considered an upper safe
limit. The recommended daily allowance (RDA) for selenium is 55 μg for both
men and women,179 and the FAO/WHO has set 26 and 34 μg selenium daily for
women and men, respectively.180 Clearly, doses above the RDA or FAO/WHO
levels are needed to inhibit genetic damage and prevent cancer. Despite concerns
about the toxicity of higher dietary levels of selenium, humans consuming up to
600 μg of selenium daily appear to have no adverse clinical symptoms.

Available information from both animal and human research indicate that
more than 100 and up to 200 μg of additional selenium daily are necessary for
greatest reduction of cancer. This is because a methylated form of selenium is
necessary for maximum reduction of mammary cancer, and this methylated form
is present at highest levels with elevated intakes of this element. In most human
trials, the subjects were supplemented with 200 μg selenium per day, and in trials
where only 50 μg were supplemented there was not as much reduction of cancer.
Therefore, it is concluded that the selenium requirement for maximum reduction
of cancer appears to be at least four times the RDA. However, because only 50
to 200 μg additional selenium has been used, it is not possible to indicate which
level will give maximum protection. For example, it is not known whether
supplemental levels of selenium above 200 μg daily in addition to the dietary
intake of selenium will provide any additional protection against cancer.
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11.1 INTRODUCTION

Phytosterols (plant sterols and stanols) are like cholesterol steroid alcohols (trit-
erpenes). They are the equivalent of cholesterol in mammalian species and resem-
ble cholesterol both in structure and biological function. They are essential

* Both authors contributed equally to this work.
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structural components of the cell membrane, where they regulate membrane
fluidity and permeability as well as membrane-associated metabolic processes.

Phytosterols present a diverse group of more than 200 different compounds
found in various plants and marine sources. They have a steroid nucleus, a 3

 

β-
hydroxyl group, a double bond in the steroid nucleus, most commonly located
between the C-atoms five and six, and an alkyl side chain. Major differences are
found in their side chain substitution and saturation. Phytostanols (plant stanols)
are the saturated forms of plant sterols, lacking the double bond in the steroid
nucleus, and in the alkyl side chain.

In this chapter the term phytosterols refers to both plant sterols and their
saturated counterparts, plant stanols. Phytosterols are known to have various
bioactive properties, which may have an impact on human health, and as such
boosted interest in phytosterols in the past decade. The most important function
is their plasma cholesterol-lowering effect via inhibition of intestinal cholesterol
absorption. Other claimed benefits of phytosterols are possible antioxidant activ-
ity, anti-inflammatory activity, and an anti-atherogenic effect. It is not clear
whether mechanisms other than their cholesterol-lowering action as such also
contribute to an anti-atherogenic action, i.e., effects independent from the reduc-
tion in plasma cholesterol concentration. Furthermore, there is accumulating
evidence that phytosterols, in particular plant sterols, have beneficial effects in
the development of different types of cancers. The potential anticancer effects
and possible underlying mechanisms are the focus of another chapter of this book
(see Chapter 12).

This chapter aims to provide an overview of the structural diversity of phy-
tosterols, their occurrence in nature, and summarizes aspects regarding their
metabolism as well as their established and potential health benefits. Because of
their beneficial health effects, phytosterols are considered a functional ingredient
and already a limited number of phytosterol-enriched food products and dietary
supplements are commercially available.

11.2 STEROL NOMENCLATURE

Phytosterols are products of the isoprenoid biosynthesis pathway and like cho-
lesterol are synthesized from acetyl coenzyme A via squalene involving more
than 30 enzyme-catalyzed reactions all taking place in plant cell membranes.1

Similar to cholesterol, phytosterols serve as precursors for plant steroid hormones,
so called brassinosteroids.2

Phytosterols are found in various plants and marine sources.3 They all have
a steroid nucleus, a hydroxyl group at carbon 3 in the 

 

β-position and a double
bond most commonly located between the C-atoms five and six in the B-ring
(Figure 11.1 and Figure 11.2). Major differences are found in the alkyl side chain,
which can vary in the absence or presence of a methyl or ethyl group on C24,
saturation and position of a double bound, and geometry of the substitution at
C24. Phytostanols are the saturated forms of plant sterols, lacking the double
bonds in the steroid nucleus and the alkyl side chain.
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Phytosterols are divided based on structural and biosynthetic aspects into so-
called classes mainly based on their different polarity related to the presence or
absence of methyl groups on C4 (two, one, or none). This has resulted in the past
in significantly different behavior in the early analytical techniques such as thin
layer chromatography (TLC). Separation of sterols in such polarity-based tech-
niques resulted in three distinct TLC bands or classes consisting of 4,4-dimeth-
ylsterols (least polar), 4-monomethylsterols, and 4-desmethylsterols (most polar).

Most of the biologically relevant phytosterols belong to the 4-desmethylsterol
class. These include cholesterol (C27), and the common 28 and 29 C-atoms
phytosterols such as sitosterol (C29), campesterol (C28), stigmasterol (C29),
brassicasterol (C28), and ergosterol (C28) (Figure 11.2). The two plant stanols,
sitostanol and campestanol, are 5,6-saturated analogs of the main 4-desmethyl-
sterols, sitosterol and campesterol (Figure 11.3). 

The 4-monomethylsterols and 4,4-dimethylsterols are metabolic intermedi-
ates in the biosynthesis pathway leading to 4-desmethylsterols, but are usually
only minor compounds found in some plant materials. Compared to 4-desmethyl-
sterols, the number of different 4-monomethylsterol compounds is rather small.
One example of a 4-monomethylsterol is gramisterol. Cycloartenol and
24-methylenecycloartanal found in rice bran oil are the major examples of

FIGURE 11.1 Basic sterol skeleton with ring and carbon identification.

FIGURE 11.2 Main sterols of the 4-desmethyl class.
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4,4-dimethylsterols (Figure 11.4). The structure of triterpene alcohols resembles
partly those of 4,4-dimethylsterols, but in contrast to the tetracyclic ring structure,
triterpene alcohols usually have a five-ring structure. Triterpene alcohols like 

 

β-
amyrin,

 

α-amyrin, or lupeol are found in higher concentrations in shea nut oil.

11.3 PHYTOSTEROL SOURCES

11.3.1 OCCURRENCE OF PHYTOSTEROLS IN PLANTS

Plant sterols occur naturally in all foods of plant origin where they are found in
the lipid-rich and fiber-rich fractions. Plant sterols exist in various forms, such
as free sterols, sterol esters esterified to fatty acids or other organic acids (e.g.,
ferulic acid for oryzanol in rice bran oil or coumaric acid), plant steryl glycosides,
and acylated plant steryl glycosides.1,3,4 Sterol fatty acid esters and sterol glyco-
sides are also referred to as phytosterol conjugates having another component
being covalently bound to the 3

 

β-hydroxyl group of the A-ring in the steroid
nucleus. In case of phytosterol ester, the 3

 

β-hydroxyl group is ester-linked with
a fatty acid or an organic acid and in the case of glycosides the link is via a
1-O-

 

β-glycosidic bond with glucose or another hexose.
The different forms of phytosterols are assumed to exist in different parts of

the plant cells. While free plant sterols are a structural part of the cell membrane,
phytosterol esters are located intracellularly and represent storage products. In
vegetable oil, plant sterols occur mainly as free sterols and esters of linoleic and
oleic acids. The proportions of free and esterified plant sterols vary greatly
between different vegetable oils.1,5,6 Steryl glycosides as well as steryl esters of
phenolic acids are commonly found in cereals and grain products.

Because of the relatively low concentrations in edible oils and due to the lack
of sensitive analytical techniques available in the past, a clear differentiation of

FIGURE 11.3 Structure of sitostanol and campestanol.

FIGURE 11.4 Examples of 4,4-dimethylsterols.
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the concentrations of free sterols and esterified sterols was not available in full
detail until recently. The level of esterification, mostly with common fatty acids,
for sterols in most edible oil sources is on average about 40 to 50% but ranges
from as low as a few percent to 60 to 70%.5–7 An indicative overview of the
presence, concentrations, and degree of esterification is presented in Table 11.1.

In general, there is good agreement between data from different authors, but
for some oils the ratios may vary. This could be related to limited sample numbers
analyzed or samples from different harvest. Most data are available on processed
oils, but during refinement the free-to-esterified sterol ratio drops due to a some-
what more selective removal of the free sterols. In general, the total level of
sterols is not dramatically lowered.3,7 Comparison of crude and refined oils from
the same batch confirms this.6

Although cholesterol is the major sterol in mammalian cells and ergosterol
in yeast and fungal cells, a complex mixture of different sterols characterizes
plant cells.

The principal sterols are 

 

β-sitosterol, which comprises 45 to 95% of the total
sterols in most plants.8 Campesterol and stigmasterol are present at significant,
but lower concentrations. Brassicasterol, another 4-desmethylsterol, is typically
found in Brassicaceae species such as rapeseed and generally accounts for up to
5 to 10% of total plant sterols. Distribution of the main sterols in some plant
sources is indicated in Figure 11.5. These data are derived from the literature and
our own analyses.

Typical concentration ranges for food-grade sterols can be found in the Food
Chemical Codex monograph for sterols.9 The most common plant sterol profile
consists of 

 

β-sitosterol 30 to 65%, stigmasterol 0 to 35%, campesterol 10 to 40%,

TABLE 11.1
Relative Distribution of Different Free and Esterified Sterols in Some 
Vegetable Oil Sources

Source
4-Desmethyl-

sterols
4-Monomethyl-

sterols
4,4-Dimethyl-

sterols

Ratio
Free/Esterified

Sterols

Palm
Rapeseed
Soybean
Sunflower seed
Corn
Shea nut
Rice bran
Tall oil
Olive oil

++
+++
++
++

+++
–

+++
++
++

–
–
+
+
–
+
+

–
–
–
–
–

++
++

~1 to >1
<1
>1
>1
<1
—

<<1
a

~1 to >1
Esters are fatty acid, ferulic or cinnamic acid type

a Due to the nature of the process, tall oil contains only free sterols and free fatty acids.
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and a few percent of brassicasterol. The most recent European Novel Foods
Specification describes a profile with upper limits for 

 

β-sitosterol at 80%, 

 

β-
sitostanol at 15%, campesterol at 40%, campestanol at 5%, stigmasterol at 30%,
brassicasterol at 3%, and a maximum of 3% other sterols/stanols.10

11.3.2 FOOD SOURCES OF PHYTOSTEROLS

A comprehensive review of important food sources of phytosterols including
aspects of ripening, post-harvest, and processing changes in phytosterol contents
was published in 2003.11 All plant foods contain appreciable amounts of phy-
tosterols. In particular, vegetable oils and products made from oils such as spreads
and margarine are good sources of plant sterols.1,8,12 The concentrations found in
a recent survey of edible commercially available oils and fats ranges from about
0.05 to 1%.6 Other foods that contribute to the daily intake of plant sterols are
cereal grains, cereal-based products, nuts, legumes, vegetables, and fruits.13,14

Table 11.2 gives an overview of typical foods sources of plant sterols. 
Plant stanols are also found in some foods, but at much lower concentrations.

They are found in some cereal grains such as rye, corn, and wheat and in
nonhydrogenated vegetable oils.15,16 They are also found in plant material from
coniferous trees such as pine and spruce.

11.3.3 COMMERCIAL SOURCES

On commercial scale, plant sterols are mainly derived from edible vegetable oils,
such as sunflower, rapeseed, or soybean, as well as from tall oil, which is a
product obtained in the wood pulping industry. The term tall oil is derived from
the Swedish “tallolja” meaning pine oil. Tall oil sterols typically contain up to

FIGURE 11.5 Distribution of the main desmethylsterols in some oils. Average values are
indicated but may vary.
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TABLE 11.2
Phytosterol Contents of Typical Foods

Food
Total Plant Sterols, 

mg/100 g

Fats and Oil
Corn oil (refined) 715–952
Rapeseed oil (refined) 250–731
Soybean oil (refined) 221–328
Olive oil (extra virgin) 144–150
Palm oil (refined) 49–61
Vegetable oil margarine, full-fat 310
Vegetable oil margarine, half-fat 140

Nuts
Almonds 143
Peanuts 220
Walnuts 108

Grain and Cereal Products
Corn 178
Rye 91–110
Barley 59–83
Wheat 60–69
Wheat germs 344
Cornflakes 26
Bran flakes 65
Oat bran 46
Wheat bran 200
Rye bread 51
Wheat bread 54

Fruits
Apples, banana, grapefruit, melons, kiwi, orange, peach, 
pear, pineapple

1.3–44

Vegetables 4–50
Broccoli 39
Carrots 16
Cauliflower 40
Mushrooms 18
Olives, green and black 35/50
Tomato 5
White cabbage 13

Source: Data from References 8, 11, 13, and 14.
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85%

 

β-sitosterol, about 8 to 15% sitostanol, 5 to 10% campesterol, and a number
of minor sterols and stanols at low concentrations (<1.5% each). Stanols are
obtained by hydrogenation of plant sterols.

11.4 DIETARY INTAKE OF PHYTOSTEROLS

The average daily intake of plant sterols varies between 150 mg/day with a typical
Western European diet to 400 mg/day for a Japanese and Mexican diet.17–21 Data
from a more recent Dutch cohort showed that the daily intake of plant sterols
was 307 ± 104 mg/day for men and 263 ± 84 mg/day for women.22 The major
plant sterols were 

 

β-sitosterol with 64% of the total sterol intake followed by
campesterol with 18%. The main food sources contributing to the daily plant
sterol intake were bread, in particular fiber-rich bread and vegetable oils and fats
with 36 and 26% of the total plant sterol intake. For vegetarians the intake of
plant sterols is in the range of 500 mg to 1 g.23,24 The daily intake of plant stanols
has been less well studied. Available data report an intake in the magnitude of
about 25 mg/day.22,25 The dietary intake of plant stanols comes mainly from the
consumption of fiber-rich breads and cereal-based products.

11.5 HEALTH BENEFITS OF PHYTOSTEROLS

11.5.1 PLASMA CHOLESTEROL-LOWERING EFFECT

The most important physiological effect of phytosterols relates to their choles-
terol-lowering action. The cholesterol-lowering properties of plant sterols were
discovered in the early 1950s, when Peterson et al.26–28 observed that soybean
sterols prevented the expected increase in plasma cholesterol normally seen in
cholesterol-fed chicken. Later it was shown that plant sterols could significantly
reduce plasma cholesterol concentrations in humans.29 Since then, numerous
studies both in animals and humans have demonstrated the total- and LDL-
cholesterol-lowering effect of plant sterols. The early studies with normo- and
hyperlipidemic subjects and with children having familial hypercholesterolemia
used pharmacological treatments of mainly pure sitosterol preparations of differ-
ent origin in doses up to 50 g/day.30,31

The interest in the pharmacological treatment with plant sterols peaked during
the 1970s and declined later due to the high doses required to achieve a significant
cholesterol-lowering effect from the poorly soluble plant sterol preparations. The
high doses were related to the less-optimal crystal form in the early pharmaceu-
tical formulations. Interest in phytosterols was regained in the 1980s when it was
shown that the physical properties and thus the handling of phytosterols could
be improved by esterification with fatty acids. The esterification resulted in both
better efficacy and food formulation properties; plant sterol and stanol esters are
very similar in behavior to vegetable oils, thus allowing easy incorporation into
different food products and uptake in the dietary mixed micelles in the gut.
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Numerous studies over the recent years have shown that food products
enriched with plant sterol and stanol esters can effectively lower plasma total and
LDL cholesterol concentrations. Several reviews have summarized the wealth of
evidence that administration of plant sterols and stanols in the form of conven-
tional food products are effective in lowering cholesterol in humans.32–36 There
is no difference in the inhibition of intestinal cholesterol absorption, and thus
there is no difference in the cholesterol-lowering efficacy between plant sterol
and stanol esters.36 Although esterification of plant sterols and stanols eases their
incorporation into a food matrix due to increased solubility in the fat phase of
the product, recent studies suggest that properly formulated free phytosterols may
be as effective as sterol and stanol esters in lowering total and LDL choles-
terol.3,36–38 However, further studies with a direct head-to-head comparison of free
vs. esterified phytosterols would be useful to fully clarify this aspect.

Recently, in a meta-analysis of 41 studies with various plant sterol or stanol
enriched foods it was concluded that the optimal daily dose of phytosterols is
2 g/day, which results in a 10% reduction in LDL cholesterol. Higher doses add
only little additional effect.35 Long-term efficacy studies lasting up to 1 year have
shown that phytosterol ester intake consistently lowered total and LDL choles-
terol, demonstrating that the effect is sustained when phytosterol-enriched foods
are regularly ingested.39,40

11.5.2 ANTI-ATHEROGENIC EFFECTS OF PHYTOSTEROLS

So far, no long-term studies on the effect of phytosterols on atherosclerosis and
thus coronary heart disease (CHD) risk reduction in humans are available. Animal
studies, however, have convincingly shown beneficial, anti-atherogenic effects.
More than 30 studies have investigated the effect of plant sterols on experimental
atherosclerosis models in different animals, such as rabbits, knockout mice, and
hamsters.41–46 These studies have shown clear protective effects, e.g., reduction
in arterial lipid accumulation, plaque development, and/or lesion size due to the
cholesterol-lowering action of plant sterols. Although one study found no regres-
sion of established atherosclerotic lesions, the lesion-size increase was smaller
in the plant sterol–fed group compared to control.47

In vitro studies utilizing vascular smooth muscle cells (VSMC) isolated from
rats have found that plant sterols stimulated prostacyclin release from VSMC
suggesting that natural plant sterols may prevent VSMC hyperproliferation, which
could play a beneficial role in atherosclerosis development.48 A more recent in
vitro study with macrophages found a reduced release of prostaglandins possibly
offering protection from atheroma development via affecting platelet aggregation
or vasodilatation of blood vessels.49

Human studies have yet not demonstrated clear possible benefits of phytoster-
ols on other risk factors related to the development of atherosclerosis besides the
substantial reduction of total and LDL cholesterol. For example, coagulation and
fibrinolytic parameters as well as endothelial markers such as vascular cell adhe-
sion molecule 1 (VCAM) and intercellular adhesion molecule 1 (ICAM) and
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inflammation markers, i.e., C-reactive protein (CRP), were not significantly
affected after plant sterol or stanol intake.50,51 In a study with children with familial
hypercholesterolemia, short-term phytosterol intake did not improve endothelial
dysfunction as measured by flow-mediated dilation despite the clear reduction in
LDL cholesterol.52 Therefore, it is still uncertain whether plant sterols contribute
to the anti-atherosclerotic effect with other possible effects next to lowering LDL
cholesterol.

11.5.3 ANTI-INFLAMMATORY EFFECTS AND EFFECTS ON THE

IMMUNE SYSTEM

Some evidence suggests that phytosterols, particularly plant sterols, may have
anti-inflammatory activity. Suggested mechanisms for such an activity are pos-
sibly via inhibition of secretion of inflammatory markers such as interleukin-6
(IL-6) or tumor necrosis factor alpha (TNF-α) by monocytes.53 Furthermore,
some beneficial effects of doses of plant sterols and sterolins (β-sitosterol gluco-
sides) as low as 60 mg/day on immune function and virological markers have
been suggested.53 These benefits of phytosterols are believed to play a preventive
role in various diseases such as pulmonary tuberculosis, HIV, stress-induced
immune suppression, allergic reactions, and rheumatoid arthritis; however, the
available evidence is weak and inconclusive. Considering that the normal dietary
plant sterol intake is around 150 to 400 mg/day, it seems doubtful whether such
an additional low intake of phytosterols could result in distinct effects on the
immune function.

11.5.4 ANTIOXIDANT ACTIVITY

There is some evidence suggesting that plant sterols have a possible antioxidant
activity.54 For example, delta-5 avenasterol found in high concentrations in oats
may have antioxidant activity.55 Under in vitro conditions, sitosterol and sitosterol
glucosides were found to decrease lipid peroxidation of platelet membranes.56 In
a human study, the intake of plant stanols not only lowered LDL cholesterol, but
also decreased oxidized LDL, an atherogenic lipoprotein, suggesting that plant
sterols may be beneficial in protecting LDL oxidation.57 Whether phytosterols
indeed have distinct antioxidant properties and whether these have any relevance
to human health await further investigation.

11.5.5 BENEFICIAL EFFECTS ON PROSTATIC HYPERPLASIA

Symptomatic benign prostatic hyperplasia is a common medical condition in
older men.58 Clinical symptoms of benign hyperplasia have been shown to be
improved by dietary supplementation of small doses (60 to 130 mg/day) of β-
sitosterol.59

An increased urinary flow rate and a decreased residual urinary volume was
demonstrated after sitosterol treatment.60 These beneficial effects of β-sitosterol
were seen after 6 months in the treated men, and were maintained for 18 months.59
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However, data on long-term safety and ability to prevent complications related
to benign prostatic hyperplasia are lacking.

The mechanisms responsible for such an effect on the prostate remain unclear,
but may be related to an altered testosterone metabolism.61,62 Androgens play a
major role in human prostatic carcinogenesis, but the precise mechanisms by
which they affect this process are yet unknown. As plant sterols might interfere
with the testosterone metabolism, they might not only favor a preventive effect
on the development of benign hyperplasia, but also of prostatic cancer. Several
studies indicate that plant sterols may have a beneficial effect against various
forms of cancer.63,64 These aspects are addressed in another part of this book
(Chapter 12).

11.5.6 POSSIBLE HEALTH CONCERNS AND SAFETY ASPECTS

Phytosterols have been used for their cholesterol-lowering properties for the last
half century, originally as pharmaceutical formulations and lately in the form of
enriched foods. They have been found to be efficacious and safe. A series of
safety studies have been conducted for both pharmaceutical formulations such as
Cytellin® as well as for plant sterol and stanol esters added to foods.65–76 These
studies have shown no evidence of genotoxicity, no effect on the reproductive
system including estrogenicity, no toxicity in animal studies, and no indication
of adverse effects in human studies. Safety of phytosterols has been reviewed by
several regulatory agencies. The U.S. Food and Drug Administration has con-
cluded that phytosterol esters are asserted to be generally recognized as safe
(GRAS). It was further confirmed that the absorption of plant sterols and stanols
is low. Regular intake of plant sterols results in an increase in plasma concentra-
tions of β-sitosterol and campesterol by 20 to 40% and 40 to 70%, respec-
tively.40,77–80 In contrast, plant stanols lower plasma plant sterol concentrations by
15 to 45%, while causing an increase in plasma stanol concentrations by 45 to
120%.81

In absolute terms, the increase in plasma plant sterols is in the magnitude of
0.02 mmol/L, that of plant stanols is about 0.0005 mmol/L, as compared to a
reduction in LDL cholesterol of on average 0.4 to 0.5 mmol/L. In view of the
other possible health benefits, e.g., anticancer and antioxidant activities of natural
plant sterols, one could argue whether a specific plasma concentration range could
be desirable, while consumption of a dietary component that lowers those con-
centrations might perhaps be unfavorable.3

Epidemiological studies, both cross-sectional and case-control studies, sug-
gested that even slightly elevated plasma concentrations of plant sterols, similar
to pathologically high plasma concentrations as seen in sitosterolemia, might be
associated with an increased risk of CHD.82–84 Sitosterolemia is a rare inherited
disease characterized by hyperabsorption of plant sterols. These findings do not,
however, reveal a consistent positive association between plasma plant sterol
concentrations and CHD risk independent of plasma cholesterol. Hence, the
validity of this association remains hypothetical. At the low concentrations of
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serum plant sterols found in healthy subjects, it is unlikely that plant sterols are
more atherogenic than cholesterol itself. Vegetarians have a higher dietary intake
of plant sterols resulting in an approximate doubling of the concentrations of
sitosterol and campesterol in their plasma. However, vegetarians have a lower
risk of CHD compared to the general population.23

Plasma plant sterol concentrations, in particular sitosterol, are influenced by
dietary intakes. In a study with postmenopausal hyperandrogenic women it was
shown that adopting a plant-based diet rich in nuts, seeds, and soy foods led to
higher plasma concentrations of plant sterols, with plasma sitosterol and campes-
terol increased by 20 to 22%.85

In a recent study the intriguing question about the potential atherogenic
properties of phytosterols was approached by studying different types of trans-
genic mice: ABC G5/8 knockout mice with 30- to 100-fold increases in plasma
plant sterol concentrations as well as hypercholesterolemic mice lacking both
ABC G5/8 and the LDL receptor.86 Despite the elevated plasma plant sterol
concentrations (~12 to 30% of the circulating plasma sterols) in these knockout
models, few or no atherosclerotic lesions were found. Even in the severely
hypercholesterolemic mice (ABC G5/8, LDLr double knockout) with significant
atherosclerosis, the increase in plasma plant sterols did not lead to more aortic
lesions. These data suggest that plant sterols are not more atherogenic than
cholesterol at least in mice.86

Interestingly, plasma plant sterol concentrations measured in subjects from
the Dallas Heart Study did not show any association with CHD; whereas plasma
cholesterol concentrations were significantly higher in subjects with a family
history of CHD. Moreover, coronary calcium scores, a marker of the degree of
atherosclerosis, were also not related to plasma plant sterol concentrations in this
large cohort of subjects at risk of CHD. These data provide strong evidence that
in humans an elevated plasma concentration of plant sterols is not associated with
atherosclerosis.86

As plant sterols interfere with intestinal cholesterol absorption, a potential
concern relates to their effects on the absorption of fat-soluble vitamins and
carotenoids. Several studies have shown that regular intake of foods enriched in
plant sterols and stanols does not affect plasma concentrations of retinol, vitamin
D and K, but significantly lowers the plasma concentrations of carotenoids and
vitamin E.35,36 As carotenoids and vitamin E are transported by lipoproteins,
usually their concentrations are standardized for plasma lipid concentrations.
After such lipid standardization, plasma concentrations of tocopherols generally
remain unaltered, whereas the concentrations for alpha- and beta-carotene and
lycopene are decreased by up to 20%. In these studies, carotenoid concentrations
remained still within the normal inter-individual range and typical seasonal vari-
ations.87 Whether this reduction in plasma carotenoids is of clinical importance
remains to be established. Moreover, the phytosterol-induced decrease in plasma
carotenoid concentrations can be counterbalanced by consuming more fruits and
vegetables.88
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Phytosterols are incorporated into cellular membranes similar to cholesterol
and may influence membrane properties.89 Specific changes in membrane prop-
erties have been observed in vitro, but these may not translate to in vivo
situations.90 Ratnayake et al.91 studied the effects of phytosterols in stroke-prone
spontaneously hypertensive (SHRSP) rats and observed that increased incorpo-
rations of plant sterols led to deformity of red blood cell membranes. In addition,
the survival time of these SHRSP rats was shortened after plant sterol and stanol
intake, perhaps because phytosterols replace cholesterol in the erythrocyte mem-
branes, which may make them less deformable and more fragile.92 SHRSP rats
may have at least two relevant defects, which lead to these abnormal reactions
to dietary plant sterols/stanols. First, they express a defect in the ABC g5 gene,
which results in an increased accumulation of plant sterols/stanols in tissues.93

Second, they may have a defect in cell membrane cholesterol metabolism.
Whether these effects are relevant for humans is questionable. In fact, after long-
term intake of plant sterols, no adverse effects on red blood cell membrane
fragility in normo- and hypercholesterolemic subjects were reported.40 Also, other
studies did not show changes in osmotic fragility in red blood cells, as measured
by hemolysis, after plant sterol or stanol intake.94

11.6 METABOLISM OF PHYTOSTEROLS

11.6.1 ABSORPTION OF PHYTOSTEROLS

Despite the structural similarity between cholesterol and the major phytosterols,
their absorption by mammalian intestine is low. Salen et al.95 have demonstrated
that the absorption rate of β-sitosterol in hypercholesterolemic subjects was 5%,
while that of cholesterol ranged from 45 to 54%. Using an intestinal perfusion
technique, the intestinal sterol absorption as measured in ten healthy males
averaged 33% for cholesterol, 10% for campesterol, 5% for stigmasterol, and 4%
for β-sitosterol.96 More recently, Ostlund et al.97 found absorption of 0.5% for
sitosterol, 1.9% for campesterol and of 0.04% for sitostanol and 0.16% for
campestanol. Like cholesterol, phytosterols are solubilized in mixed micelles.
Phytosterol esters from the diet appear to be hydrolyzed by pancreatic ester
hydroxylase (cholesterol esterase).

Sterol absorption was, for a long time, believed to be by passive diffusion.
It is now believed that sterol absorption is a protein-mediated process involving
specific transporters. Several receptors and transporters seem involved in facili-
tating sterol influx into enterocytes and efflux back into the intestinal lumen
although exact details of the mechanism or mechanisms are still not fully eluci-
dated.98,99 Given the small structural differences between cholesterol and phy-
tosterols, this process must be a very selective mechanism. The ABC transporter
proteins, ABC G5 and ABC G8, are involved in the excretion or efflux of
phytosterols and to a lesser degree of cholesterol out of the enterocytes back into
the intestinal lumen.100 Effectively, this means that the majority of noncholesterol
sterols entering the intestinal cells is pumped back into the lumen, and hence
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limits their absorption. This knowledge was triggered by an increased nonselec-
tive sterol hyper-absorption and accumulation of plant sterols in tissues in sito-
sterolemia (also known as phytosterolemia), a rare autosomal recessive disorder
characterized by defects and thus reduced efficacy of these efflux transport-
ers.101,102

These ABC G5/G8 half-transporters are genetically controlled with highest
expression levels in liver and intestine. Expression levels are upregulated by
cholesterol feeding in mice. Moreover, upregulation of these transporters is depen-
dent on activation of nuclear hormone receptors. Many regular food constituents
can act as ligands for these receptors.103 Recent work has identified both ABCG5
and ABCG8 in the intestine as target genes of the oxysterol nuclear hormone
receptors: liver X receptor LXRα and LXRβ.104 Cholesterol as well as phytosterol
oxidation products may act as such ligands with a high potency.105,106 The same
transporters also act in the liver to remove sterols from the blood compartment
into the bile. The concerted action of these transporters and the inherent selectivity
toward cholesterol result in low phytosterol absorption at the gut level and high
excretion level at the liver; the net result is a low plasma noncholesterol sterol
concentration.

While the selective removal of phytosterols from the intestinal cells or from
the plasma compartment is now clearly linked to the activity of these efflux
transporters, recently a new transporter involved in the receptor-mediated entry
or influx into enterocytes has been identified. The uptake of cholesterol and/or
phytosterols from the dietary mixed micelles requires active transport. Several
enterocyte membrane proteins, for example, the scavenger receptor class B
member I (SR-BI), have been suggested to facilitate intestinal sterol influx;107

however, animal studies investigating their role in sterol absorption were not able
to support this hypothesis.108 Whether the SR-BI receptor is located at the apical
or basolateral side of the enterocyte, as well as the direction of transport of
cholesterol, is still under discussion. The current level of understanding is that
this transporter is present at both sides of the enterocytes, but expression levels
vary over the gut length underlining the hypothesis that SR-BI is involved with
both cholesterol uptake (proximal small intestine) and excretion (more distal).109

Recently, again via understanding the molecular mechanism of a rare disease
by reproducing the phenotype in a knockout model, the responsible transporter has
been identified and named Niemann-Pick C1 like 1 (NPC1L1) protein. It has been
postulated that this influx-transporter imports cholesterol and other sterols into the
intestinal cells and thus plays a critical role in the cholesterol absorption process.110

A new class of cholesterol absorption blockers interferes with this transporter and
as such reduces cholesterol concentration in plasma.111,112 Another ABC transporter,
ABCA1, located at the basolateral side of the enterocyte has also been suggested
to play a role in sterol absorption113 by promoting efflux of sterols out of the
enterocyte. Within the enterocyte, cholesterol and a fraction of phytosterols are
esterified by Acyl CoA: cholesterol acyltransferase 2 (ACAT2). The intestinal
esterification of sterols by ACAT2 is, however, less efficient for phytosterol than
for cholesterol,114 perhaps contributing to the lower absorbability of phytosterols.
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The overall description of the sterol influx and efflux process is shown in
Figure 11.6. As the uptake and efflux for cholesterol and noncholesterol sterols
follow the same pattern on the luminal apical side of the enterocyte, the question
that now arises is about the sorting mechanism in the cell between cholesterol
and noncholesterol sterols.115

11.6.2 EFFECT OF PHYTOSTEROLS ON CHOLESTEROL ABSORPTION

Phytosterols lower plasma cholesterol concentrations by inhibiting intestinal cho-
lesterol absorption, with a consequential increase in fecal excretion of cholesterol
and its intestinal breakdown products. Several studies have directly measured the
effect of increased dietary phytosterol intake on cholesterol absorption. Both plant
sterols and stanols reduce intestinal cholesterol absorption to a similar extent.
Intakes of 0.7 to 9.0 g/day of plant sterols or stanols resulted in a reduction in
cholesterol absorption in the range of 7 to 69%.36 An intake of 2 g/day of plant
sterols or stanols reduces cholesterol absorption by 30 to 40%, leading to a 10%

FIGURE 11.6 Intracellular handling of sterols. The question mark denotes the not-yet-
understood sorting mechanism that differentiates between sterols and noncholesterol ste-
rols. ABC = adenosine triphosphate binding cassette, ACAT = acyl-coenzyme A:cholesterol
acyltransferase, CM = chylomicrons, ApoB48 = apolipoprotein B48, MTP = microsomal
triacylglycerol transfer protein, HDL = high-density lipoprotein, NPC1L1 = Niemann Pick
like protein C 1, SRBI = scavenger receptor class B member I.

MTP

SRBI
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lowering of LDL cholesterol. Whether the physical state, i.e., free vs. esterified
phytosterols, has any impact on the cholesterol absorption efficacy is debated and
depends highly on their solubilization in the gut. Regarding the mechanisms of
action of inhibiting cholesterol absorption, different mechanisms such as compe-
tition with cholesterol for solubilization in dietary mixed micelles, co-crystalliza-
tion with cholesterol to form insoluble mixed crystals, interference with the hydrol-
ysis process by lipases and cholesterol esterase, as well as transport-mediated
processes of cholesterol uptake contribute to the cholesterol-lowering action.107

11.6.3 DISTRIBUTION AND METABOLISM: POST-ABSORPTIVE

FATE OF PHYTOSTEROLS

Similar to cholesterol, absorbed phytosterols are carried in plasma by chylomi-
crons (CM), mainly as unesterified, free sterols.114 Despite the different distribu-
tion of cholesterol and phytosterols in CM particles, plant sterols appear not to
influence CM metabolism.116 Similar to cholesterol, plant sterols are taken up by
the liver in the form of CM remnants and these plant sterols are secreted into the
blood as a lipid constituent of VLDL particles.101

Because of their low absorption and effective biliary secretion, the total
phytosterol concentration in plasma is less than 1 mg/dl = 0.025 mmol/l116 and
represents less than 0.4% of total plasma sterols in healthy subjects. Data on the
distribution of phytosterols in different lipoproteins in humans are scarce. The
concentrations of plant sterols seem to parallel those of cholesterol with LDL
and HDL as the major transporters of phytosterols. In a fasting state following a
normal consumption of phytosterols, about 70% are found in LDL, 24% in HDL,
and 6% in VLDL.117 In contrast to CM, the percent of esterified phytosterol in
VLDL and LDL is identical to that of cholesterol in the corresponding lipoprotein
fractions.118 The biochemical properties of phytosterol-rich VLDL and LDL are
not different from phytosterol-poor VLDL and LDL. In humans, the relative
proportion of phytosterols in peripheral tissues, in blood, and in monocytes
matched that of plasma VLDL and LDL, indicating that phytosterols and choles-
terol are taken up equally by tissues.119,120 Phytosterols carried in HDL were also
shown to be selectively secreted into bile.118 This observation concurs with the
fact that the phytosterol/cholesterol ratio in bile is usually higher than that in
plasma. Taken together, these data indicate that HDL plays an important role in
the elimination of phytosterols from the body.

Phytosterols taken up by cells can be stored in the cytoplasm or incorporated
into the cell membranes. So far, no data have shown that plant sterols influence
physical or biological properties of cell membranes such as red blood cell deform-
ability or fragility. No evidence has shown that phytosterols might be different
from cholesterol with regard to the regulation of the activities of LDL receptor,
cholesteryl ester-transfer protein, or lecithin-cholesterol acyl transferase (LCAT).
Some reports show that phytosterols have a lesser capacity to suppress HMG-
CoA reductase activity when compared with cholesterol. In cultured human
macrophages incubated with 100 μg/ml of sitosterol, HMG-CoA reductase
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activity was not affected, whereas cholesterol under the identical experimental
conditions suppressed the activity of this enzyme by 53%.121 In rats fed or infused
with phytosterols, HMG-CoA reductase activity was not decreased.122,123 These
findings indicate that the cholesterol-lowering action of phytosterols is not via
suppressing endogenous cholesterol synthesis. Labeled sitosterol and campesterol
were found in adrenal glands, ovary, and testis of animals, providing evidence
that plant sterols follow similar metabolic pathways to that of cholesterol.74

11.6.4 EXCRETION

Phytosterol elimination by excretion into bile has been shown to be similar to
that of cholesterol and takes place primarily via the biliary route124 with a minor
fraction excreted through the skin.118,125 The endogenous phytosterol pool size is
low compared to cholesterol due to the lesser absorption in the intestine and the
faster excretion via the bile.95,126,127 Sterols have varying half-lives, reflecting the
different types of body pools. The short initial t1/2α reflects the fast distribution
into the various body tissues with a rapid excretion, while the second and longer
t1/2β reflects elimination from tissue with storage function. The t1/2α for campesterol
and sitosterol are estimated at 4.1 ± 0.3 and 2.9 ± 0.2 days, respectively, compared
to those of sitostanol and campestanol at 1.8 ± 0.2 and 1.7 ± 0.1 days, respec-
tively.97 The slow mixing pool consists of approximately 35% of the total sito-
sterol pool128 and has a t1/2β of 12.7 days.95

In contrast to cholesterol from which C24 bile acids are formed, it is not
established whether plant sterols are the precursor for C24 bile acid synthesis and
results are conflicting. Salen et al.95 reported that intravenously administered
22,23-3H-sitosterol was efficiently transformed into cholic and chenodeoxycholic
acid in humans. In contrast, no significant conversion into labeled C24 bile acids
was found after administration of 4-14C sitosterol.129 In rats a conversion of plant
sterols into bile acids could also not be shown.130 Moreover, the end products of
plant sterol hydroxylation appear not to be conventional C24 bile acids but rather
more polar C21 bile acids. Recent evidence indicates that plant sterols that lose
their side chain end up catabolized like cholesterol in the different organs.74

Data on the metabolic fate of plant stanols are lacking and it is not certain
whether they are catabolized in a similar manner as plant sterols and cholesterol.

The differentiation made by the body into cholesterol and noncholesterol
sterols seems to be dependent on the similarity (or lack of similarity) with
cholesterol. Absorption and excretion rates are inversely related to the similarity
with cholesterol. The combined effect of this is a low-plasma concentration for
noncholesterol sterols. A schematic presentation of the combined effect of absorp-
tion and excretion rate on the plasma concentration is shown in Figure 11.7.

11.7 CONCLUSION

Phytosterols refer to a class of naturally occurring compounds found in plants
that include the plant sterols sitosterol, campesterol, and stigmasterol as well as
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some other minor sterols. Plant stanols, i.e., sitostanol and campestanol, are the
fully saturated forms of plant sterols. While plant sterols are natural dietary
components that occur abundantly in many foods, plant stanols are found in much
smaller concentrations in food sources, such as cereal grains and are present in
material from coniferous trees such as pine.

Phytosterols have been used because of their cholesterol-lowering properties
for the past half-century. They have been shown be to safe and effective in
lowering plasma total and LDL cholesterol concentrations. The importance of
their cholesterol-lowering effect has been acknowledged in recent dietary recom-
mendations, e.g., the recent National Cholesterol Education Program (NCEP III)
guidelines.131 The underlying mechanisms of the cholesterol-lowering action
relate to the inhibition of intestinal cholesterol absorption and more in-depth
insight into the molecular actions on how phytosterols inhibit cholesterol absorp-
tion have been elucidated in recent years. In addition to their well-established
cholesterol-lowering effect, other potential health benefits are described. How-
ever, evidence for such promising effects, e.g., antioxidant and anti-inflammatory
actions, as well as benefits on the immune system are still in a rudimentary stage
and more research is clearly needed to draw firm conclusions.

Being present in a normal diet at levels up to a few hundred milligrams, the
absorption and excretion of phytosterols are regulated in a way very similar, but
not identical to cholesterol. Nature has evolved the human body genetically to
handle noncholesterol sterols in an efficient way.132 In fact, for phytosterols, for
which no established human physiological role exists, the absorption and excre-
tion processes are optimized to minimize circulating levels. At the same time, no
harmful side effects are described for phytosterols upon normal dietary or even
increased dietary intakes. Their safety upon increased intake levels has been
reviewed by many regulatory bodies resulting in approvals for their use in foods
for normal consumption. Recently, an expert panel concluded that their positive
health effects outweigh a potential risk, if any.35 Even at extreme testing condi-
tions, with respect to intake levels, in both animal and human studies no indication

FIGURE 11.7 Schematic presentation of the effect of absorption and biliary excretion on
the plasma concentration. Me = methyl group on C24; Eth = ethyl group at C24; sat’d =
fully saturated phytosterol = stanol; +DB = presence of an additional double bond in the
sterol structure.
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could be obtained for any toxicological or harmful effects. More importantly, no
adverse effects have been reported since their introduction as functional food
ingredients.
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12.1 DIETARY PHYTOSTEROLS: INTRODUCTION

Phytosterols are plant sterols. The most abundant dietary phytosterols are beta-
sitosterol, campesterol, and stigmasterol (Figure 12.1). These are structurally
related to cholesterol, but are not made by humans. In humans, the only source
of phytosterols is diet and there is only limited absorption of dietary phytosterols.
Whereas approximately 50% of dietary cholesterol is absorbed, less than 20% of
dietary campesterol and less than 7% of dietary beta-sitosterol are absorbed. The
limited absorption of dietary phytosterols is mediated by the cholesterol trans-
porter in the proximal jejunum localized on the surface of the absorptive entero-
cytes.1 This common transporter has been identified as Niemann-Pick C1 like 1
protein.1 The transporter is selectively inhibited by ezetimibe, a drug marketed
as Zetia for the reduction of cholesterol absorption and for the treatment of
sitosterolemia.2 Despite the fact that the bulk of phytosterols is transported by
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the same transporter as cholesterol, the normal low net absorption of phytosterols
is the result of selective rapid efflux of phytosterols into the bile and intestinal
lumen via the ATP binding cassette co-transporters ABCG5 and ABCG8,
expressed on the apical surface of enterocytes as well as hepatocytes.3–5 Experi-
mental support for this model comes in part from the observation that ABCG5-null
mice have significantly elevated levels of beta-sitosterol (37-fold) and campesterol
(7.7-fold) compared to wild-type controls.6 Furthermore, there is clear evidence
for a strong founder effect for a novel ABCG8 mutation in dyslipidemic individ-
uals on the Micronesian island of Kosrae.7 Heterozygotes and homozygotes for
the mutated ABCG8 allele exhibit increased plasma phytosterol levels.7 However,
despite the mechanisms for rapid efflux of absorbed dietary phytosterols, signif-
icant levels of phytosterols circulate in the blood of normal, healthy individuals.
The concentration of plasma beta-sitosterol in humans ranges from 0.005 to 0.024
mmol/L, depending on diet; whereas in sitosterolemic patients the mean baseline
circulating levels of beta-sitosterol and campesterol average 0.50 and 0.27
mmol/L, respectively.2,7

Phytosterols from breads and cereals are bioavailable. In a study of 35 healthy
subjects that was designed to measure the effects on serum lipids of diets con-
taining high phytosterol, plasma concentrations of beta-sitosterol and campesterol
increased significantly while subjects were on a defined diet.8 The study design
monitored sterol levels during a 2-week baseline period during which subjects
consumed diets of phytosterol-free foods and then a 12-week period during which
subjects consumed phytosterol-enriched foods, averaging 6.6 g phytosterol
intake/day. Plasma levels of beta-sitosterol and campesterol were 3.32 

 

± 1.47 and
3.14

 

± 1.53 mg/L at baseline and increased to 5.00 

 

± 1.86 and 6.62 

 

± 2.48 mg/L,
respectively, after 12 weeks of a diet high in phytosterols. In a separate study,
Muti et al.9 evaluated whether plant food-based diets might increase serum
phytosterol levels in postmenopausal women. In this study, subjects consuming
diets high in nuts, seeds, and soy for 11 to 16 weeks, without caloric changes,
exhibited increases in serum beta-sitosterol up to 20%, confirming the bioavail-
ability of phytosterols from these dietary sources.

FIGURE 12.1 Structures of common sterols.

HO HO

HO HO

Beta-sitosterol Campesterol

Stigmasterol Cholesterol



Phytosterols: Bioactivity on Cancer 253

12.2 DIETARY PHYTOSTEROLS AND CANCER: 
EPIDEMIOLOGICAL STUDIES

Epidemiological studies suggest that dietary phytosterols confer protection
against specific cancers (Table 12.1).

A protective role of dietary phytosterols in colon carcinogenesis had been
suggested from early association studies. Seventh-day Adventists, whose princi-
ples promote an ovolactovegetarian diet, have relatively high dietary intakes of
phytosterols. The estimated average intake of beta-sitosterol and stigmasterol in
the Seventh-day Adventists is 344 mg/day, compared to an average intake of 78
mg/day for the general American population.10 Of significance, is that Seventh-
day Adventists experience a lower rate of colorectal cancer, as well as other
cancers compared to the general population.10 This select population also has
been determined to have relatively low rates of bile acid excretion. Because bile
acids have been reported to function as tumor promoters in colon carcinogenesis,
the decreased bile acid secretion in phytosterol-consuming individuals has been
proposed to be a physiological mechanism underlying the observed lower col-
orectal cancer rates in Seventh-day Adventists.11,12

A potential therapeutic role for dietary beta-sitosterol has also been reported
in patients with benign prostatic hypertrophy (BPH).13,14 BPH is not prostatic
cancer, but rather an enlargement of the central area of the prostate, associated
with excessive cellular proliferation in both the glandular and stromal elements.
The studies of Berges et al.13 and of Klippel et al.14 were multicentered, random-
ized, double-blind, placebo-controlled clinical trials lasting at least 6 months.
Patients with BPH in the active arm of the studies were given either 20 mg beta-
sitosterol three times a day13 or 65 mg of beta-sitosterol twice a day.14 The Berges
et al. study used beta-sitosterol (Harzol, Hoyer, Germany), a phytopharmacological

TABLE 12.1
Dietary Phytosterols: Effects on the Incidence of Cancers and 
Hyperproliferative Disorders — Epidemiological Studies

Clinical Study Design Cancer or Disease Phytosterol Effect Ref.

Case control Colorectal Inhibitory 10
Randomized, placebo-control Prostate BPH Inhibitory 13
Randomized, placebo-control Prostate BPH Inhibitory 14
Case control Lung Inhibitory 17
Case control Breast Inhibitory 18
Case control Stomach Inhibitory 19
Case control Esophageal Inhibitory 20
Cohort study Colorectal No association 21
Case control Ovarian Inhibitory 24

Note: Study designs can be found in the text and in the individual references.
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preparation containing mainly beta-sitosterol with smaller amounts of campes-
terol, stigmasterol, and other sterols along with their glucosides. The Klippel et
al. study used beta-sitosterol containing only defined compositions of free phy-
tosterolic compounds (aglycons) produced by current manufacturing processes.

Both the Berges and the Klippel studies showed that supplemental phytoster-
ols were associated with significant symptomatic improvements in prostate func-
tion compared to placebo. In the Berges et al.13 study, all clinical end points
including modified Boyarsky scores, International Prostate Symptoms scores, and
urinary flow parameters were significantly improved in the beta-sitosterol group
without any relevant adverse side effects. Improvements compared favorably to
those seen in clinical studies with alpha-receptor-blocking agents or finas-
teride.15,16 However, no reduction in prostate volume was detected. Despite this,
the Berges study clearly established the efficacy, safety, and benefits of beta-
sitosterol therapy in the treatment of BPH. In the Klippel et al.14 study, patients
taking 65 mg free beta-sitosterol twice a day for 6 months showed statistically
significant improvements in International Prostate Symptoms scores, peak urinary
flow rates, and post-void residual urinary volumes. Prostate volume was not
assessed by transabdominal ultrasonography or by any other means. Overall, these
two controlled studies suggested that beta-sitosterol affects the enlarged prostate
producing symptomatic relief and offers an effective option in the treatment of
BPH.

Other case control studies have investigated the role of dietary phytosterols
in the risk of specific cancers.17–20 These studies addressed the question of whether
or not phytosterols in the diet offers a potentially protective role in lung cancer,
breast cancer, stomach cancer, or esophageal cancer. These case control studies
included from 100 to 500 newly diagnosed and histologically verified cases of
specific cancers at major hospitals and one to three times as many controls who
were frequency-matched on age, gender, residence, and urban/rural status. All
patients were interviewed using food frequency questionnaires based on 64 food
items considered representative of local diet. Published food composition data
were used to assess specific intakes of beta-sitosterol, campesterol, stigmasterol,
and total phytosterol. Food groups and relative phytosterol intake were catego-
rized into terciles or quartiles, and the relative risks, approximated by odds ratios
(OR), for specific cancers were determined. After controlling for major confound-
ing factors, a potential protective role of dietary phytosterol was observed for the
major cancers that were studied: lung cancer, breast cancer, stomach cancer, and
esophageal cancer. Total phytosterol intake was associated with specific protective
effects in adenocarcinoma of the lung (OR = 0.29, 95% CI = 0.14 to 0.63), breast
cancer (OR = 0.41, 95% CI = 0.26 to 0.65), stomach cancer (OR = 0.33, 95%
CI = 0.17 to 0.65), and esophageal cancer (OR = 0.21, 95% CI = 0.10 to 0.50).17–20

In 2001, the results of a prospective cohort study on plant sterol intake and
colorectal cancer were published as an extension of the Netherlands Cohort Study
on Diet and Cancer.21 After 6.3 years of follow-up, 620 colon cancer and 344
rectal cancer cases were detected in the cohort of more than 120,000 subjects.
Semiquantitative food frequency questionnaires that included 150 food items were
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obtained and intakes of plant dietary sterols were determined from responses to
questions on fruit, vegetables, potatoes, bread, grains, grain products, cakes,
cookies, chocolate, nuts, seeds, peanut butter, and vegetable fats. The question-
naire was validated and tested for reproducibility, concluding that it ranked
subjects adequately according to phytosterol intake.22,23 Total intake of phytoster-
ols in the cohort was calculated as 307.3 

 

± 103.9 mg/day for men and 262.9 

 

±
83.7 mg/day for women. The study concluded that in men and women there was
no clear association between either plant sterol or stanol intake and colon cancer
risk. The exception was for men with high intake of stigmasterol for which there
was a negative statistical association with the risk of colon cancer (relative risk
= 0.68, 95% CI = 0.46 to 0.99).

McCann et al.24 examined the relationship between dietary phytochemical
intake, including phytosterols, and the risk of ovarian cancer. This case control
study included 124 women with incident, primary, histologically confirmed cases
of ovarian carcinoma and 696 women serving as case controls frequency-matched
for age (40 to 85 years). The investigators used food frequency questionnaires
and published food composition data to assess beta-sitosterol, campesterol, stig-
masterol, and total phytosterol dietary intake. In the rank analysis, the study found
reduced ovarian cancer risk observed for the highest vs. lowest quintile intakes
of stigmasterol (OR = 0.42, p < 0.05, 95% CI = 0.20 to 0.87). Despite no reduction
in ovarian cancer risk related to intake of other phytosterols or total phytosterols,
the odds ratios for the highest two quintiles of total phytosterol intake were 0.70
and 0.92, demonstrating a trend toward cancer protection. However, these odds
ratios did not achieve levels of significance in this study.

Perhaps because of the limited number of controlled studies, a clear conclu-
sion cannot be made regarding dietary phytosterols and cancer prevention. Epi-
demiologic analyses and specific controlled studies have demonstrated a cancer
protective effect of phytosterols, but other studies of diet and cancer have not
supported these conclusions. One must look at the types of studies that were
performed: case-control studies, cohort studies, and randomized placebo-con-
trolled trials. Case-control studies are less reliable than either cohort studies or
randomized placebo-controlled trials. The determination of a statistical relation-
ship between dietary phytosterol and a lower incidence of specific cancer as seen
in most published case-control studies does not necessarily mean that the former
caused that latter. However, support for such a conclusion is strengthened by
animal experimentation studies discussed below.

12.3 DIETARY PHYTOSTEROLS AND CANCER: 
ANIMAL EXPERIMENTATION STUDIES

12.3.1 COLON CANCER

Animal studies have been designed to determine whether or not dietary phytoster-
ols provide protection against colon cancer. These studies assessed the effects of
defined dietary intakes of phytosterols on the incidence of colon cancer induced
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by chemical carcinogens or indirectly on any changes in risk factors associated
with the development of colon cancer (Table 12.2).

Early studies by Raicht et al.25 demonstrated that dietary beta-sitosterol pro-
tects from colon cancer that was chemically induced by intracolonic administra-
tion of N-methyl-N-nitrosourea (MNU). Rats fed a 2% beta-sitosterol mixture
(made up of 95% beta-sitosterol, 4% campesterol, and 1% stigmasterol) in the
diet had only one third the number of tumors compared to the control:
0.4 tumors/animal in the beta-sitosterol dietary group vs. 1.3 tumors/animal in
the control group. Furthermore, the phytosterol-supplemented diet resulted in a
significant reduction in the proportion of animals carrying tumors, 33 vs. 54%,
respectively.

Three subsequent studies assessed the effect of dietary phytosterols on cell
proliferation of colonic mucosa. The basis of these studies is the proposition that
increased colonic mucosal cell proliferation underlies the development of colon
cancer and thus is considered a risk factor.26,27 Using intracolonic administration
of MNU to rats on chronic diets containing 0.2% beta-sitosterol, Deschner et al.27

observed both a reduction in the size of the proliferative compartment as well as
in the labeling index of colonocytes in the crypt columns. Janezic and Rao28

studied the effect of dietary phytosterols on colonic epithelium proliferation in
mice. Feeding mice a diet supplemented with 0.3 to 2% phytosterols, along with
0.1% cholic acid, which increases both sterol absorption and baseline cell pro-
liferation, resulted in a dose-dependent reduction in cell proliferation. Phytosterol
feeding reduced the number of mucosal cells in the S phase as measured by
labeling index assessment. Using rats, Awad et al.29 confirmed Janezic and Rao’s
findings on mice. A total of 18 Sprague-Dawley rats were fed one of three diets

TABLE 12.2
Dietary Phytosterols: Effects on Animal Experimental Cancer Models

Experimental Model Phytosterol Effect Ref.

Colon Cancer
Rat intracolonic MNU administration Inhibitory 25
Rat intracolonic MNU administration Inhibitory 26
Rat intracolonic MNU administration Inhibitory 27
Rat dietary cholic acid administration Inhibitory 29
Rat azoxymethane injection No effect 30
Mouse dietary cholic acid administration Inhibitory 28

Breast Cancer
SCID mouse MDA-MB-231 cell injection Inhibitory 32
Athymic mouse MCF7 cell injection Inhibitory 34

Prostate Cancer
SCID Mouse PC-3 cell injection Inhibitory 33

Note: Individual experimental details can be found in the text and in the individual references.
MNU = N-methyl-N-nitrosourea.
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for 22 days: a control diet, a diet containing 0.2% cholic acid, or a diet containing
0.2% cholic acid plus a 2% phytosterol mixture. The phytosterol mixture con-
tained, by weight, 56% beta-sitosterol, 28% campesterol, 10% stigmasterol, and
6% dihydrobrassicasterol. Cell proliferation in the proximal colon was measured
by the bromodeoxyuridine DNA incorporation method. Animals fed the diet
containing 0.2% cholic acid had a 65% higher labeling index than the control
animals, whereas those fed phytosterols plus cholic acid had labeling index similar
to that of the control. With the cholic acid alone diet, there was a 37% expansion
of the proliferative zone of the colonic mucosa compared to that in animals on
the control or phytosterol diet. This study demonstrates that phytosterols in the
diet are associated with reduced colonic cell division after challenge with a
proliferative stimulus.

Contrary to these studies, Wargovich et al.30 reported a lack of effect of dietary
beta-sitosterol on the development of aberrant crypt foci in Fisher 344 male rats
following injection of the carcinogen azoxymethane. Aberrant crypt foci are
preneoplastic lesions in the colon that are induced by administering chemical
carcinogens and are an accepted animal model to assess colon cancer.31 The
difference between the results of Wargovich et al. and those from other studies
that demonstrated antiproliferative, cancer-protective properties of beta-sitosterol
could be due to several factors including the length of the feeding period, the
level of beta-sitosterol in the diet, the strain of rodents, or the type of the chemical
carcinogen used.

12.3.2 BREAST AND PROSTATE CANCER

There have been three reports of animal experiments testing the efficacy of dietary
phytosterols in inhibiting the proliferation and development of explanted human
breast and prostate cancer cells. The studies involved immune deficient mice
lacking either both B and T cells (SCID mice) or just T cells (nude or athymic
mice). Awad et al.32 fed SCID mice semisynthetic diets supplemented with a 2%
phytosterol mixture plus 0.2% cholic acid, 2% cholesterol plus 0.2% cholic acid,
or 0.2% cholic acid alone. After 2 weeks, animals were injected with MDA-MB-
231 estrogen-independent human breast cancer cells into their inguinal mammary
fat pads. Mice were maintained on the respective diets for 8 weeks. The phy-
tosterol diet resulted in a 40% decrease in serum cholesterol but a 20-fold increase
in serum beta-sitosterol and a 30-fold increase in campesterol concentrations.
After 8 weeks, the tumor sizes in the animals fed the phytosterol diet were 33%
smaller than those in animals fed the cholesterol diet. Pathological analysis
indicated that the tumor cells had metastasized to lymph nodes and lungs in 71%
of the cholesterol-fed animals compared to only 57% of the phytosterol-fed
animals.

In similar studies using the same protocol, Awad et al.33 examined the poten-
tial protective effect of phytosterols against proliferation and metastasis of PC-3
human prostate cancer cells in male SCID mice. At the end of the 8-week feeding
period, there was a 40 to 43% reduction in tumor size in animals fed the
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phytosterol diet vs. the cholesterol diet. Animals fed the phytosterol diet had only
approximately half the rate of cell metastasis to lung, liver, and lymph nodes
compared to those fed the cholesterol diet. In similar human tumor cell explant
experiments, Ju et al.34 reported a 32 to 42% decrease in human breast cancer
(MCF7) tumor size in ovariectomized nude or athymic mice fed a diet rich in
beta-sitosterol vs. a control, low phytosterol diet.

Results from these experiments using animal models of colon, breast, and
prostate cancer support the hypothesis that dietary phytosterols are protective
against cancer cell growth and metastasis.

12.4 DIETARY PHYTOSTEROLS AND CANCER: 
MECHANISMS OF ACTION

Phytosterols exert an impact on several cellular systems that could affect cancer
initiation or progression (Figure 12.2).

12.4.1 EFFECTS ON APOPTOSIS

Programmed cell death or apoptosis is a physiological cell suicide response
essential for mammalian homeostasis. Apoptosis is initiated by the activation of
a cascade of apoptosis-related cysteine proteases also called cytosolic aspartate-
specific proteases or caspases.35 Depending on the triggers of apoptosis and which
initiator caspases are involved, apoptotic pathways are termed either extrinsic or
intrinsic.

The extrinsic pathway is triggered by external signals and is mediated by cell
surface death receptors. Death receptors belong to the tumor necrosis factor
receptor superfamily of receptors, which consist of more than 20 distinct

FIGURE 12.2 Mechanisms of action of dietary phytosterols.
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proteins.36 Upon binding their cognate ligands, death receptors such as Fas, tumor
necrosis factor receptor-1, and tumor necrosis-related apoptosis-inducing ligand
receptor (TRAILR) aggregate and recruit adaptor molecules such as Fas-associ-
ated death domain (FADD) and TRAIL-associated death domain inside the cell.
The aggregated death domains in turn recruit, oligomerize, and activate the
initiator caspase procaspase-8 through their homologous death effector domains.
Activated caspase-8 cleaves the precursor forms of the effector or executioner
caspases-3, -6, and -7. Thus activated, the effector caspases cleave specific sub-
strates leading to proteolysis of structural proteins, cleavage and degradation of
chromosomal DNA, and ultimately cell death.

The intrinsic pathway is triggered by stresses detected within the cell includ-
ing growth factor withdrawal, hypoxia, ionizing radiation, and other initiators of
cellular damage.37 The intrinsic pathway involves the mitochondria and the release
from the mitochondria of proapoptotic regulators. This mitochondrial checkpoint
involves the antiapoptotic protein BCL-2 and the proapoptotic BAX and BAK
proteins. Cellular stresses or damage lead to inhibition of BCL-2 and activation
of BAX. The resultant mitochondrial damage allows leakage of cytochrome c
and the scaffold protein apoptotic protease activating factor-1 (Apaf-1). The
conformational change in Apaf-1 induced by its binding cytochrome c allows it
to recruit procaspase-9 and oligomerize into a large, 

 

∼1-megadalton “apopto-
some.” Activated caspase-9 subsequently cleaves and activates downstream
caspase-3 and caspase-7, leading to apoptosis by mechanisms common to the
extrinsic pathway.

Ceramide is a biologically active sphingolipid and functions as an endogenous
cancer suppressor.38 Ceramide is also a strong inducer of apoptosis, particularly
through the activation of the intrinsic pathway.39 Increases in ceramide levels
precede the activation of apoptosis mediated by the mitochondrial pathway.40

Ceramide itself has been shown to increase the permeability of the mitochondrial
outer membrane to small proteins.41 In addition, ceramide-induced apoptosis can
be inhibited by the overexpression of the antiapoptotic proteins of the BCL-2
family.42 Furthermore, BAX regulates the mitochondrial release of cytochrome c
and is an activator for ceramide-mediated apoptosis.43 Other studies have dem-
onstrated the lack of effect of ceramide on the extrinsic apoptotic pathway and
on Fas activation in the prostatic carcinoma cell lines PC3 and DU145.44 However,
a role for the extrinsic pathway cannot be discounted, as several cytokines and
environmental stresses that initiate apoptosis, including tumor necrosis factor
(TNF), Fas, ionizing radiation, ultraviolet-C, heat shock, and oxidative stress,
also induce rapid ceramide generation.45

Studies have shown that phytosterols, in particular beta-sitosterol, inhibit cell
proliferation, induce apoptosis, and activate the ceramide cascade in human trans-
formed cell lines cultured in vitro (reviewed in Reference 46) (Table 12.3). Sig-
nificant induction of cellular apoptosis following beta-sitosterol supplementation
has been observed in MDA-MB-231 hormone-insensitive human breast adeno-
carcinoma cells, in metastatic LNCaP hormone-sensitive human prostate adeno-
carcinoma cells, and in PC-3 hormone-insensitive human prostate adenocarcinoma
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cells.33,47,48 At least in some systems, this apoptosis-promoting activity of phy-
tosterols appears to be selective for transformed or carcinogenic cells, as beta-
sitosterol does not induce apoptosis in normal human mammary epithelial cells,
but does promote apoptosis in transformed human mammary carcinoma cells
(Awad et al., unpublished).

While the mechanism by which phytosterols induce these effects is not fully
understood, some progress has been in this area using in vitro and whole animal
experiments. The effects of beta-sitosterol on signal transduction enzymes asso-
ciated with the regulation of cell growth and apoptosis, including protein kinase
C, phospholipase C, and sphingomyelinase have been examined. Feeding rats a
semisynthetic diet containing a 2% phytosterol mixture in addition to 0.2% cholic
acid for 22 days did not affect protein kinase C activity in their colonic mucosa.29

Similarly, the activity of phospholipase C, a key enzyme that regulates the syn-
thesis of inositol trisphosphate (IP3) and is coupled to the elevation of intracellular
Ca2+, was unaffected in phytosterol-treated human colonic HT-29 cells. Together
these studies suggest a lack of effect of phytosterols on the phospholipase C-pro-
tein kinase C pathways, at least in these systems.49

However, significant reductions (~50%) in cellular sphingomyelin (SM) con-
tent were observed in HT-29 cells supplemented in culture with beta-sitosterol.
These observations suggest that activation of sphingomyelinase and the sphingo-
myelin cycle may be responsible for the reduction in SM and furthermore may
play a causative role in beta-sitosterol-mediated apoptosis in transformed cells.50

Ceramide is a major second messenger generated by the SM cycle.51 Several direct
targets of ceramide are apoptotic mediators including cathepsin D, a lysosomal
protease, and the ceramide-activated protein phosphatases comprising serine/thre-
onine protein phosphatases PP1 and PP2A. Ceramide regulation of cathepsin D
leads to activation of the pro-apoptotic protein BID, resulting in apoptosis.38

Activated PP2A mediates the dephosphorylation of BCL-2, culminating in growth

TABLE 12.3
Phytosterols: Effects on Sphingolipid Metabolism in Human Tissue 
Culture Cancer Models

Experimental Human Cell Line Phytosterol Effect Ref.

HT-29 Colon Cancer
Cellular sphingomyelin content Decreased 50% 50
3H-Serine incorporation into ceramide Increased 45% 50

LNCaP Prostate Cancer
3H-Serine incorporation into ceramide Increased 50% 48
Ceramide-activated protein phosphatase Increased 50% 48

Note: All experiments utilized 16 

 

μM beta-sitosterol. Experiments are consistent with enhanced
de novo sphingomyelin production, increased sphingomyelinase activity, and accumulation of
ceramide in phytosterol-treated cells. Details can be found in the text and references.
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arrest, senescence, and apoptosis.38 In LNCaP cells, beta-sitosterol supplementa-
tion resulted both in increased intracellular ceramide as measured by enhanced
3H-serine-labeling of the ceramide pool48 as well as increased activity of ceram-
ide-activated protein phosphatases.52 These studies suggest that beta-sitosterol, at
physiological serum concentration (16 

 

μM), accelerates sphingomyelin turnover
and ceramide accumulation in transformed cells and that these effects may pro-
mote enhanced apoptosis in precancerous or transformed cells.

Studies designed to determine the effects of phytosterol supplementation on
apoptosis using MDA-MB-231 and MCF7 breast cancer cells in culture demon-
strated growth inhibitory effects of beta-sitosterol and effects consistent with
activation of both the intrinsic and the extrinsic apoptotic pathways53 (Awad et al.,
unpublished). The 3-day supplementation of breast cancer cells with 16 µM beta-
sitosterol stimulated activities of caspases-3, -8, and -9. Similar observations were
made by Choi et al.54 using HCT 116 human colon cancer cells. In the latter
studies, beta-sitosterol supplementation increased the activation and expression
of caspases-3 and -9, the proteolytic cleavage of poly(ADP-ribose)-polymerase,
the increased expression of the pro-apoptotic BAX and PPAR proteins, the
decreased expression of the anti-apoptotic protein BCL-2, and the release of
cytochrome c from mitochondria into the cytosol.

12.4.2 EFFECTS ON CHOLESTEROL BIOSYNTHESIS

The effect of phytosterols on de novo cholesterol synthesis has been examined
in MDA-MB-231 breast cancer cells.55 The de novo cholesterol synthesis pathway
serves at least two functions: it produces cholesterol, which is in high demand
in proliferating tumor cells, and it provides isoprenyl-derived moieties such as
geranyl and farnesyl intermediates for the functioning of specific proteins
involved in signal transduction. Supplementation of cells with cholesterol,
campesterol, or beta-sitosterol for 3 days inhibited cholesterol synthesis from
acetate.55 Beta-sitosterol was the most potent inhibitor of cholesterol synthesis
from mevalonate when compared to cholesterol or campesterol. There was no
difference between cholesterol and campesterol in their potency to inhibit cho-
lesterol synthesis from mevalonate. Because this part of the mevalonate pathway
is important for downstream isoprenylation of several proteins in the Ras pathway,
which, among its varied activities, regulates cell cycle, it was suggested that this
could be one of the mechanisms by which beta-sitosterol inhibits cell growth and
the progression of cell cycle.55 Similar results were observed in HT-29 and HCT
116 human colon cancer cells treated with sphinganine, a precursor of ceramide
in the de novo synthesis pathway. Colonic cancer cell treatment with sphinganine
inhibited cell proliferation and induced apoptosis.56

12.4.3 EFFECTS ON CELL CYCLE

The balance between proliferation and apoptosis determines the rate of cell
growth and the development and maintenance of normal tissues. These processes
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may be abnormal in tumors: tumor cells often proliferate at higher rates and have
low rates of apoptosis. Accordingly, many anticancer drugs have been developed
either to inhibit tumor growth or to stimulate apoptosis. Likewise, nutraceuticals
and functional foods have been investigated for their effects on tumor cell growth
and apoptosis.57 Our laboratory studies indicate that beta-sitosterol supplementa-
tion of MDA-MB-231 human breast carcinoma cells induces cell cycle arrest at
the G2/M phase.55 Because a crucial event for progression through the G2/M
checkpoint is the activation of the protein phosphatase Cdc25C, which removes
cdc2 inhibitory phosphates,58 it is possible that phytosterol-mediated events in
cells may impinge on this phosphatase and account for its effect on cell cycle
progression. This is currently under investigation.

12.4.4 EFFECTS ON MEMBRANE-BOUND ENZYMES

Phytosterols may affect membrane-dependent enzymatic activities involved in
tumor development. Leikin and Brenner59 fed rats a 5% phytosterol diet for
21 days and examined changes in liver activities. Beta-sitosterol incorporation
into hepatic membranes was increased along with the activities of several fatty
acid desaturases (Δ9, Δ6, and Δ5 fatty acid desaturases) in the liver. It was
postulated that the increase in desaturase activities was triggered by the altered
hepatic membrane rigidity in phytosterol-fed animals. Adjusting the fluidity by
producing unsaturated fatty acids of the membranes may in turn influence the
activities of membrane-bound enzymes.60 Work from our laboratory indicated
that there was an increase in polyunsaturated fatty acids and a decrease in
monounsaturated 16:1 fatty acid concentration in membranes from liver, testis,
and prostate of rats fed phytosterol supplemented diets for 21 days.61 Furthermore,
in rats fed a diet containing 2% phytosterol for 21 days, there was an observed
inhibition of the activities of 5α-reductase and aromatase in the liver and pros-
tate.62 Hepatic and prostatic 5α-reductase activities were reduced 33 to 44%, and
prostatic aromatase activity was reduced 55% in rats fed phytosterol diets. It was
postulated that these effects of dietary phytosterols on enzymes involved in the
metabolism of testosterone might influence pathways leading to the development
of hormone-dependent prostatic cancer. There is also evidence that phytosterols
may inhibit Na,K-ATPase activity in the prostate. Hirano et al.63 demonstrated
that in vitro incubation with beta-sitosterol at 1 to 1000 μM inhibited Na,K-
ATPase activity by 23 to 67% in membranes derived from biopsied benign
prostatic hyperplastic tissue.

12.4.5 EFFECTS ON MODELS OF TUMOR METASTASIS

Often the prognosis of cancer, as well as the effectiveness of therapy, depends
largely on whether or not the primary lesion has metastasized to vital organs.
Thus, the effect of dietary phytosterol on tumor metastasis has been investigated
in vivo and in vitro. In vivo studies have been reviewed in Section 12.3. In vitro
models of metastasis have used measurements of cell invasion, migration, and
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adhesion. By using PC-3 human prostatic adenocarcinoma cells and Transwell
chambers coated with 8-μm pore size polycarbonate filters coated with Matrigel,
invasion of cells supplemented with or without phytosterols was assessed after
20 h using 20% folate binding protein in the underside of the filter as a chemo-
attractant.33 Cholesterol supplementation positively increased cell invasion by
43%, whereas either campesterol or beta-sitosterol supplementation inhibited
invasion by 78%. Migration of cells through uncoated membranes was increased
by 67% in cells supplemented with cholesterol but reduced by 60 to 93% in cells
supplemented with beta-sitosterol or campesterol.

Phytosterols, particularly campesterol more so than beta-sitosterol, also
impaired adhesion of PC-3 to extracellular matrix proteins.33 Beta-sitosterol sup-
plementation of PC-3 reduced the adhesion of cells to laminin by 15 to 38% and
to fibronectin by 23%; whereas no effect was observed on the binding of PC-3
cells to either collagen I or collagen IV. The effects of phytosterols in inhibiting
cellular invasion, migration, and adhesion using these in vitro models are consis-
tent with their effects in inhibiting metastasis observed in vivo (see Section 12.3).

12.4.6 EFFECTS ON IMMUNE FUNCTION

Observations have suggested that dietary phytosterols function as immune mod-
ulators and may play a role in cancer protection by augmenting immune responses
involving natural killer (NK) cells.64 Bouic et al.65 first reported studies indicating
that a mixture of beta-sitosterol and its glucoside derivative stimulated blood
lymphocyte proliferation in vitro. The proliferation was accompanied by a profile
of cytokine secretion indicative of a selective effect on TH1 helper cells. Secretion
of the TH1 helper cell-selective interleukin 2 (IL-2) and interferon γ (IFNγ) was
increased, whereas that of the TH2 helper cell-selective IL-4 remained unchanged.
Additional studies demonstrated greatly enhanced lytic and cytotoxic activities
of NK cells against transformed cell lines after NK cell preincubation with the
beta-sitosterol–glucoside mixture. The enhanced cytotoxic activity was specu-
lated to be due to the beta-sitosterol-promoted secretion of IL-2 and IFNγ, which
are known to promote NK cell activity. Clinical studies showed immunomodula-
tory effects of phytosterols in pulmonary tuberculosis, feline immunodeficiency
virus, human immunodeficiency virus-infected patients, stress-induced immune
suppression, rheumatoid arthritis, and allergic rhinitis/sinusitis.64

Phytosterols also affect macrophage function. Beta-sitosterol reduced nitric
oxide release induced by phorbol ester from RAW 264.7 macrophages, and this
was correlated with the impairment of inducible nitric oxide synthase levels and
with NF-κB activation.66 The growth of P388D1/MAB macrophages in culture
and release of the proinflammatory PGE2 were also inhibited by beta-sitosterol.67

12.4.7 ESTROGENIC ACTIONS

There is conflicting evidence regarding whether phytosterols have estrogenic
activity or influence the activity of estrogens at target sites. Besides the structural
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similarity as sterols, phytosterols could affect endogenous estrogen levels through
alterations in enterohepatic recirculation, by effects on bile acid metabolism, by
altering estrogen reabsorption, or through competition with cholesterol as a sub-
strate for steroid hormone synthesis.

Limited early studies identified beta-sitosterol as a non-ethanol congener
present in bourbon. In these studies, it was determined that beta-sitosterol pos-
sessed weak estrogenic activity when tested using ovariectomized rats and estro-
gen receptor in vivo bioassays.68,69 Subsequent studies that monitored proliferation
of human breast adenocarcinoma (MCF7) cells in culture and that included
determinations of reporter gene assays and measurements of specific binding to
recombinant human estrogen receptors alpha and beta suggested that phytosterols
may be functioning as weak estrogen receptor modulators and might function
in vivo as endocrine disruptors.70 These studies showed a good correlation among
the three estrogenic assays for the potencies of 11 separate putative estrogenic
compounds, including 17-beta-estradiol, estrone, estriol, ethinyl estradiol,
diethylstilbestrol, beta-sitosterol, octylphenol, and bisphenol A. Other studies
confirmed the growth stimulation of estrogen-dependent MCF7 cells in culture
by beta-sitosterol; however, dietary phytosterols reduced estradiol-induced MCF7
tumor growth in ovariectomized athymic nude mice.34

Other studies failed to show any estrogen potential of phytosterols. Short-
term in vitro tests of estrogenic potential, as well as standard safety evaluations
of phytosterol esters, failed to demonstrate estrogenic activity of phytosterols or
phytostanols.71,72 For estrogenic activities, these studies measured proliferation
of MCF7 cells in culture, uterotrophic activity in immature female rats, compet-
itive binding with the immature rat uterine estrogen receptor, and induction of
estrogen-inducible genes in yeast. None of these activities was detectable under
phytosterol exposure.71,72 Furthermore, in vivo studies monitoring estrogen-
dependent embryo implantation in rats failed to demonstrate estrogenic activity
of beta-sitosterol at doses of 30 mg/kg.73 The discrepancies among these studies
require further investigation.

12.4.8 EFFECTS ON MEMBRANE STRUCTURE

Several studies have indicated that phytosterols such as beta-sitosterol and
campesterol can be incorporated into membranes. Incorporation is not accompa-
nied by an increase in total membrane sterols and has no effect on total membrane
phospholipids, suggesting that phytosterols may replace some of the membrane
cholesterol. The effect of phytosterol on membrane cholesterol may depend on
the type of cell and the length of the supplementation. For example, supplemen-
tation of HT-29 cells with 16 μM beta-sitosterol for 9 days resulted in 32%
cholesterol replacement without affecting the total sterols.50 In P388D1/MAB
macrophages supplemented with beta-sitosterol for 5 days, 26% of the membrane
cholesterol was replaced by beta-sitosterol without any effect on total sterol or
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phospholipids.67 However, similar beta-sitosterol supplementation of HT-29 cells
led to a 50% decrease in membrane sphingomyelin and an 8% increase in
phosphatidylcholine without an effect on total sterol. The latter effect was asso-
ciated with an overall increase in polyunsaturated fatty acids and a decrease in
16:1 fatty acid in these membranes. Such structural alterations suggest that phy-
tosterols may affect membrane fluidity, receptor structure and function, and cou-
pling to signal transduction pathways.

12.5 CONCLUSIONS

Lifestyle factors play a significant role both in the promotion of most cancers
and in the protection from these cancers. Diet and nutrition are perhaps among
the most significant of these lifestyle factors. We have reviewed the effects on
cancer prevention of one specific dietary component, the phytosterols. Dietary
phytosterols, or plant sterols, have been shown by the majority of the experimental
data to be protective against specific cancers, including colorectal, breast, prostate,
lung, and stomach carcinomas. This protective role of dietary phytosterols appears
to be independent on their effects on cholesterol absorption and is supported by
the results from large epidemiological studies, as well as from animal studies and
laboratory experimentation with in vitro tissue culture models. Epidemiological
studies have included case-control studies, cohort studies, and randomized pla-
cebo-controlled trials. Although one cohort study showed no association between
phytosterol intake and cancer incidence, a majority of all epidemiological studies
suggest a significant cancer protective effect of phytosterols. Animal experimen-
tation studies have examined the effects of controlled phytosterol-containing diets
in models of colon, breast, and prostate cancer. With some exception, these model
systems also support a cancer protective effect of dietary phytosterols. The cellular
mechanism of action by which dietary phytosterols might protect against specific
cancers may be manifold. One of the principal actions of phytosterols is to
promote apoptosis, and experimental results suggest that this effect may be
selective for precancerous or cancerous cells. Stimulation of sphingomyelin turn-
over, generation of ceramide, and induction of the intrinsic and extrinsic pathways
of apoptosis are biochemical pathways by which phytosterols might check excess
abnormal cell proliferation and cancerous transformation. Experimental effects
of phytosterols have also been demonstrated on cholesterol biosynthesis, cell
cycle regulation, tumor metastasis, immune function, estrogen system signaling,
and membrane structure and function. It will be only through continued experi-
mentation in areas of human epidemiology, animal systems, and cellular bio-
chemistry that the cancer preventative actions of dietary phytosterols can be
affirmed and understood.
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13.1 INTRODUCTION

Flavonoids have been the center of huge research interest over the past decade.1–6

They have been attributed to a wide range of beneficial properties regarding
human health, including effects on cancer,7–16 cardiovascular diseases,14,17–19

atherosclerosis,20,21 inflammation,14,22 and other diseases in which oxidative stress
has been implicated, such as the neurodegenerative disorders.3,23–26 A large num-
ber of in vitro studies have characterized flavonoids as powerful antioxidants
against both reactive oxygen and reactive nitrogen species.4,27–32 Until recently,
the ability of flavonoids to act as classical H-donating antioxidants was believed
to underlie many of their reported health effects.10,11,18,21,33,34 However, the extent
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of their antioxidant potential in vivo will be dependent on the absorption, metab-
olism, distribution, and excretion of these compounds within the body after
ingestion and the reducing properties of the resulting metabolites. An understand-
ing of the processes involved in the absorption and distribution of polyphenols
is essential for determining their bioactivities in vivo and their significance.
Recently, much data have accumulated on the biotransformation of flavonoids in
the small intestine and gastrointestinal tract,14,35,35–42 as well as the hepatic metab-
olism.38,43,44 This chapter attempts to highlight the major sources of flavonoids in
the human diet, draw attention to the main sites of biotransformation of flavonoids
within the body, and emphasize the major metabolites that may exert biological
activity in vivo.

13.2 CLASSIFICATION AND ABUNDANCE

Flavonoids comprise the most common group of polyphenolic plant secondary
metabolites and play an important role in biological processes. Beside their
function as pigments in flowers and fruits, to attract pollinators and seed dispers-
ers, flavonoids are involved in protecting the plant against ultraviolet (UV) dam-
age, in fertility and in disease resistance. Flavonoids are synthesized in plants
from phenylpropanoid- and acetate-derived precursors and are ubiquitous to green
plant cells.45,46 All flavonoids are derived from chalcone precursors, which in turn
are derived from the action of chalcone synthase on phenylpropanoid and three
malonyl-CoA units (Figure 13.1). Chalcone synthase is a plant-specific polyketide
synthase (named as type III polyketide synthase) and there are many structurally
and functionally related enzymes, such as stilbene synthase and coumaroyltriace-
tic acid synthase. They regulate plant growth by inhibition of the exocytosis of
auxin indolyl acetic acid, as well as by induction of gene expression, and they
influence other biological cells in numerous ways. They are widely distributed
in plant-derived foods including fruits and vegetables and are among the most
abundant polyphenols in the human diet. The primary structure of flavonoids
consists of two aromatic carbon groups: benzopyran (A and C rings) and benzene
(B ring) (Figure 13.2). They can be divided into six main classes based on the
degree of oxidation of the C-ring, the hydroxylation pattern of the ring-structure,
and the substitution in the 3-position: flavanols (e.g., epicatechin), flavonols (e.g.,
quercetin), flavones (e.g., luteolin), flavanones (e.g., naringenin), isoflavones (e.g.,
genistein), and anthocyanidins (e.g., cyanidin)4 (Figure 13.2).

As discussed, flavonoids have been found in high concentrations in a wide
variety of fruits, vegetables, and beverages such as red wine and tea. However,
the various classes of flavonoids and specific flavonoids are concentrated in
specific foods or beverages. For example, green tea and cocoa are sources of
flavanols such as catechin and epicatechin, citrus fruits are excellent sources of
flavanones such as naringenin and hesperetin, and berry fruits have high concen-
trations of anthocyanins such as cyanidin and malvidin. Table 13.1 highlights
some of the main dietary sources of the different groups of flavonoids and the
polyphenol content of each flavonoid. 
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13.3 FLAVONOIDS AS CLASSICAL ANTIOXIDANTS

The ability of flavonoids to act as classical electrons (or hydrogen) donating
antioxidants in vitro has been extensively reported10,11,18,21,33,34 and used to explain

FIGURE 13.1 The biosynthesis of flavonoids in plants. All flavonoids are derived from
chalcone precursors that are derived from phenylpropanoid and three malonyl-CoA and
biosynthesized by chalcone synthase (CHS). Various enzymes act to bring about the
formation of the various flavonoid classes.

Flavanone
3-ß-hydroxylase

Flavonol
Synthase

Dihydroflavonol

Anthocyanidin
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FIGURE 13.2 The structures of the six main classes of flavonoids. The major differences
between the individual groups reside in the hydroxylation pattern of the ring-structure,
the degree of saturation of the C-ring and the substitution in the 3-position.
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their protective effects against oxidative stress. Structurally important features
that define this antioxidant activity are the hydroxylation pattern, in particular a
3

 

′,4

 

′-dihydroxy catechol structure in the B-ring and the presence of 2,3 unsatur-
ation in conjugation with a 4-oxo-function in the C-ring (Figure 13.3). The
antioxidant efficacy of flavonoids has been described for the protection against
oxidative damage to a variety of cellular biomolecules. For example, flavonoids
inhibit the oxidation of low density lipoprotein36,47–50 and DNA51,52 in vitro. In
addition, flavonoids are effective scavengers of reactive nitrogen species in the
form of peroxynitrite1,53–55 and limit dopamine oxidation mediated by peroxy-
nitrite in a structure-dependent way involving oxidation or nitration of the fla-
vonoid ring system.56 Furthermore, their antioxidant properties have also been
attributed to their abilities to chelate transition metal ions57–59 and to their potential
to quench singlet oxygen.60,61

13.4 FLAVONOID ABSORPTION AND METABOLISM

Although flavonoids and other polyphenols have been identified as powerful
antioxidants in vitro, their ability to act as effective antioxidants in vivo will be

TABLE 13.1
Flavonoid-Containing Foods

Flavonoid Family Source

Polyphenol Content
(mg/kg or mg/L 

fresh weight)

Flavonols Onion, kale
Leek, cherry tomato, broccoli, blueberry, 
black currant, apricot

Apple, green bean, black grape, tomato, 
black tea, green tea

300–1200
50–300

0–50

Flavones Parsley
Celery
Capsicum pepper

200–2000
20–200
1–20

Flavanones Orange, orange juice
Grapefruit, grapefruit juice
Lemon juice

200–1000
100–700
50–300

Flavanols Chocolate, green tea, beans, black tea
Apricot, cherry, grape, peach, blackberry, 
apple, red wine, cider

500–1000
300–500
10–300

Anthocyanins Eggplant, blackberry, black currant, 
blueberry, black grape, cherry

Rhubarb
Strawberry, red wine, plum, red cabbage

1000–5000

1000–2000
10–1000

Isoflavones Soyflour
Soybeans, miso, tofu, tempeh, soy milk

1000–2000
10–1000
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dependent on the extent of their biotransformation and conjugation during absorp-
tion from the gastrointestinal (GI) tract, in the liver and finally in cells.

13.4.1 UPPER GI TRACT

Modifications of flavonoid structure may occur at many points in the GI tract. In
the upper GI tract, saliva has been found to cause degalloylation of flavanol gallate
esters, such as epigallocatechin gallate62 but to have little effect on the stability
of green tea catechins.63 The quercetin rutinoside rutin is hydrolyzed by cell-free
extracts of human salivary cultures64,65 and by streptococci isolated from the
mouths of normal individuals,66 but quercetin-3-rhamnoside (quercitrin) is not
susceptible to hydrolysis, suggesting that only rutin-glycosidase-elaborating
organisms occur in saliva.65 An interaction of flavanols and procyanidins with
salivary proteins has been shown and indicates that (+)-catechin has a higher
affinity for proline-rich proteins than (–)-epicatechin and C4–C8-linked pro-
cyanidin dimers bind more strongly than their C4–C6 counterparts.67 This poly-
phenol–protein binding in the form of adsorption with high-molecular-weight
salivary proteins, bacterial cells, and mucous materials may be one explanation
for the observed decrease in quercetin mutagenicity after incubation with saliva.68

Procyanidin oligomers ranging from a dimer to decamer (isolated from Theo-
broma cacao) have been observed to be unstable under conditions of low pH
similar to that present in the gastric juice of the stomach.69 During incubation of
the procyanidins with simulated gastric juice, oligomers rapidly decompose to
epicatechin monomeric and dimeric units and also to other oligomeric units
primarily, although other oligomeric units, such as trimer and tetramer, were also
formed.69 Thus, absorption of flavanols and procyanidins, for example, after
consumption of chocolate or cocoa, are likely to be influenced by preabsorption
events in the gastric lumen within the residence time. However, consideration
needs to be given to the food matrix, which may influence the pH environment

FIGURE 13.3 Structure of the flavonol quercetin showing features important in defining
the classical antioxidant potential of flavonoids. The most important of these is the catechol
or dihydroxylated B-ring. Other important features include the presence of unsaturation
in the C-ring and the presence of a 4-oxo-function in the C-ring. The catechol group and
other functions may also ascribe an ability to chelate transition metal ions such as copper
and iron.
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of the procyanidins and their subsequent decomposition. Monomeric flavonoid
glycosides have been observed to be stable in the acidic environment of the
stomach and are not observed to be undergoing nonenzymatic deglycosylation.70

13.4.2 MIDDLE GI TRACT AND LIVER

Generally, flavonoids are present in plants conjugated to sugars, and therefore it
is these glycosides that are ingested in the diet and enter the GI tract. The
exception to this rule is the flavan-3-ols, such as the catechins and procyanidins,
which are almost always present in the diet in the nonglycosylated form.4 There
are many factors that influence the extent and rate of absorption of ingested
compounds by the small intestine,53 including physiochemical factors, such as
molecular size, lipophilicity, solubility, pKa, and biological factors including
gastric and intestinal transit time, lumen pH, membrane permeability, and first-
pass metabolism.71,72

13.4.2.1 Flavonoid Glycoside Processing

Because flavonoid glycosides are relatively polar molecules, their passive diffu-
sion across the membranes of small intestinal brush-border is unlikely. However,
many studies have suggested that flavonoid glycosides are subject to the action
of

 

β-glucosidases prior to their absorption in the jejunum and ileum,73–81 and it
is generally believed that the removal of the glycosidic moiety is necessary before
absorption of the flavonoid can take place. The exceptions to this rule are the
anthocyanins that appear to be absorbed intact from the GI tract82–85 and possibly
rutin.86–88 The cleaved aglycone is thought then to undergo passive diffusion across
the intestinal brush-border, although, the exact mechanism of uptake is still
unclear. It has been suggested that removal of the sugar and subsequent transport
by proteins such as lactate phloridzin hydrolase77 may occur in the small intestine;
however, this process may not occur with all flavonoid glycosides.

Much controversy initially surrounded the absorption of quercetin glucosides
in the small intestine14,74,77 with many initial investigations indicating the absorp-
tion of quercetin glucosides in the small intestine.35,40,41,85,89–92 However, these
observations are now questioned. Quercetin glucosides were reported to be
absorbed from onions fed to ileotomized volunteers,90 and recent investigations
have postulated that flavonoid glucosides may be absorbed by the small intestine
via the sodium-dependent glucose transporter (SGLT-1).70,93–95 However, a similar
study in ileostomy patients, fed a meal containing high concentrations of both
quercetin mono- and di-glucosides, resulted in no detection of these compounds
in ileostomy fluid.76 One reason arguing against the uptake of intact quercetin
glucosides is that the metabolic capacity of 

 

β-glucosidase in the small intestine,
and of the liver, is too great for quercetin glucosides to escape deglycosylation.74

In support of this, the analysis of human plasma using a high-performance liquid
chromatography with coularray detection after oral administration of quercetin-
3-glucoside or quercetin-4

 

′-glucoside determined that no intact quercetin gluco-
sides were present.96
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Further investigations into the absorption of quercetin glycosides have been
carried out using the caco-2 cell model of the small intestine.95,97–99 Here obser-
vations also suggested the absorption of quercetin glycosides through the human
intestinal epithelium via apical MRP298 and/or the SGLT-1,93–95 meaning that the
transfer of quercetin glycosides in the small intestine might be possible. However,
addition of plasma on the basolateral side significantly reduced the efflux of
quercetin by 94%, and therefore the effect of plasma binding can result in an
overestimation of basolateral to apical efflux and in misleading net flux calcula-
tions in these types of experiments.99 These studies suggest that quercetin gluco-
sides may be capable of interacting with SGLT-1 in the mucosal epithelium and
may therefore be absorbed by the small intestine in vivo. Whether they may also
escape deglycosylation in the enterocytes and the liver is still to be addressed.

13.4.2.2 Flavonoid Metabolism

Many studies have indicated that significant transfer of ingested flavonoids occurs
from the lumen of the small intestine to the mesenteric circulation and that
extensive metabolism and conjugation of the flavonoid occurs during this trans-
fer.1,73,100–106 Isolated preparations of rat small intestine107 have been utilized to
study absorption and metabolism in the small intestine and can provide informa-
tion on events occurring in both the jejunum and ileum.73,101,106,108–110 Absorption
studies, utilizing this model, with a wide range of flavonoids and their glycosides,
and hydroxycinnamates show that there was in almost all cases extensive metab-
olism of the polyphenol in the enterocyte during transfer from the luminal to the
serosal side.73,102,109,111,112 The major products transferred across the small intes-
tinal epithelium were glucuronides of the parent aglycone or of the hydrolyzed
glycoside, although O-methylated metabolites were also observed73,101,102,109,111,112

(Figure 13.4). The extent of glucuronidation in these experiments seemed depen-
dent on the flavonoid structure, in that the flavonoids with a substituted hydroxyl
group on the B-ring (i.e., hesperetin) were less predisposed to glucuronidation,
whereas the flavonoids containing a 3

 

′,4

 

′-ortho-dihydroxy (or catechol) B-ring
were transferred predominantly as glucuronides.73 For example, the jejunal trans-
fer of quercetin resulted in it being almost totally glucuronidated (97.6% of total
transferred), whereas the absorption of hesperetin resulted in a much lower level
of glucuronidation (17.8%).73 Monophenolic B-ring flavonoids were also exten-
sively glucuronidated, in particular naringenin, which was only detected in serosal
fluid glucuronidated. Similar patterns of metabolism are observed in the ileum;73

although, in general, glucuronidation occurred to a lesser extent, in line with
studies that have recorded lower levels of phase I and II enzymes present in the
ileum compared to the jejunum. Glucuronidation of these flavonoids was observed
to occur predominantly at the 5- and 7-positions on the A-ring, which would be
expected to have little influence on the resulting antioxidant potential of the
metabolite. Indeed, recent studies have identified the 5-O-

 

β-glucuronide of cat-
echin and epicatechin excreted in the urine of rats post-ingestion and that this
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does not interfere with their antioxidant properties (as assessed by their ability
to scavenge superoxide).113,114

While the major metabolites observed on the serosal side after perfusion of
the jejunum with catechin or epicatechin were always glucuronidated, there were
also high levels of both O-methylated and O-methylated-glucuronide forms.36,109

3

 

′-O- and 4

 

′-O-Methylated derivatives of the flavanols were detected at high levels
in the serosal fluid (~30% of total transferred) and O-methyl and O-methyl-
glucuronidated catechins were the predominant metabolites detected in the serosal
fluid (~50%) suggesting these as the most bioavailable forms (Figure 13.4). As
with the other flavonoids tested in this model, there was a lower level of metab-
olism occurring in the ileum, although the total amounts of both catechin and
epicatechin absorbed was much higher than in the jejunum. The greater suscep-
tibility to O-methylation of flavanols over other flavonoids in the jejunum pre-
sumably resides in the specificity of catechol-O-methyl-transferase (COMT) for
these compounds.115

Procyanidins have a high affinity for proteins and their absorption through
the gut barrier is most likely limited to lower oligomeric forms and to the
metabolites formed by the colonic microflora (see Section 13.5). Recently, per-
fusion of isolated small intestine with the procyanidin dimers B2 and B5 extracted
from cocoa indicated that both forms of dimer are transferred to the serosal side
of enterocytes, but only to a very small extent (<1% of the total transferred
flavanol-like compounds).116 Perfusion of dimer mainly resulted in large amounts
of unmetabolized/unconjugated epicatechin monomer being detected on the sero-
sal side (~95.8%). Low levels of O-methylated dimer were also detected (~3.2%),
but no conjugates and metabolites of epicatechin, indicating that metabolism of
monomer and dimer is limited during dimer cleavage/translocation. Experiments
with normal caco-2 cells and radiolabeled procyanidins suggested that small
amounts of dimer and trimer were transferred to the same extent as the epicatechin
monomer, whereas oligomers with an average degree of polymerization of 7 were
not.37

13.4.3 LOWER GI TRACT

Studies have suggested that the extent of absorption of dietary polyphenols in
the small intestine is relatively small (10 to 20%).73,108,109 The implications of this
low absorption in the small intestine means that the majority of ingested poly-
phenols, including those absorbed and conjugated in the enterocytes and/or the
liver before transport back out into the lumen either directly or via the bile,101

will reach the large intestine where they encounter colonic microflora. The colon
contains approximately 1012 microorganisms/cm3, which have enormous catalytic
and hydrolytic potential, and the enzymatic degradation of flavonoids by the
colonic microflora results in a huge array of new metabolites. For example,
bacterial enzymes may catalyze many reactions including hydrolysis, dehydrox-
ylation, demethylation, ring cleavage, and decarboxylation, as well as rapid
deconjugation.44 Unlike human enzymes, the microflora catalyze the breakdown
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FIGURE 13.4 Structures of flavonoids and their circulating metabolites: (A) epicatechin,
(B) quercetin, (C) naringenin, (D) hesperetin, (E) 3

 

′-O-methyl epicatechin, (F) epicatechin-
5-O-β-D-glucuronide, (G) epicatechin-7-sulfate, (H) (–)-5-(3′,4′-dihydroxyphenyl)-γ-vale-
rolactone, (I) 8-glutathionyl quercetin. Glucuronide and sulfate conjugates are formed with
the majority of flavonoids in the small intestine and liver, whereas O-methylated forms
are only formed where the flavonoid has a catechol B-ring.
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of the flavonoid backbone itself to simpler molecules such as phenolic acids.
Specific metabolites have been observed in urine after consumption of a variety
of phenolics. For example, the glycine conjugate of benzoic acid, hippuric acid,
is primarily derived from plant phenolics and aromatic amino acids through the
action of intestinal bacteria, and consequently, the level of hippuric acid would
be expected to increase in the urine of individuals consuming diets rich in
flavanols or polyphenols in general. It must be noted, however, that hippuric acid
could possibly derive from other sources such as quinic acid or, in quantitative
terms, more importantly from the aromatic amino acids tryptophan, tyrosine, and
phenylalanine, as well as from the use of benzoic acid as a food preservative. To
date, most studies looking at the metabolism of flavonoids in the large intestine
have been carried out using either flavanols or flavonols, and there is little data
on the metabolism of other commonly consumed flavonoids and other polyphe-
nols.

The 5,7,3,3′,4′-hydroxylation pattern of flavan-3-ols is believed to enhance
ring opening after hydrolysis,36,44 and metabolism of flavanols by enzymes of the
microflora of the large intestine results in many metabolites: 3,4-dihydrophenyl-
acetic acid, 3-hydroxyphenylacetic acid, homovanillic acid, and their conjugates
derived from the B-ring44 and phenolic acids from the C-ring (Figure 13.5).
Flavanols because of their structures (no C-4 carbonyl group) can also degrade
to the specific metabolites phenylvalerolactones. Phenylpropionic acids (which
may undergo further metabolism to benzoic acids) may also be the products of
flavanol metabolism in animal studies, which demonstrates fission of the A-ring.44

The metabolism of flavan-3-ol oligomers may also take place in the colon.
Nonlabeled and 14C-labeled purified proanthocyanidin polymers were almost
totally degraded after 48 h of incubation, and meta- or para-monohydroxylated-
phenylacetic, phenylpropionic, and phenylvaleric acids were identified as metab-
olites, providing the first evidence of that dietary procyanidins can be degraded
to low-molecular-weight aromatic compounds in the body.117

Colonic-derived metabolites of flavanols have been detected in human plasma
and urine after a single ingestion of green tea,118 which suggests that there may
be significant metabolism by gut microflora in the colon. The two metabolites,
(–)-5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone and (–)-5-(3′,4′-dihydroxyphe-
nyl)-γ-valerolactone were identified in urine by both LC-MS/MS and NMR,
appearing 7.5 to 13.5 h after ingestion (after a 3-h lag time), whereas epicatechin
(EC) and epigallocatechin (EGC) peaked at 2 h. As well as their late excretion
profiles, the amounts of metabolite excreted were 8- to 25-fold greater than that
of EC and EGC excretion and accounted for 6 to 39% of the EC and EGC
ingested. The late excretion and high levels of these metabolites would suggest
that they are generated from the precursors EC and EGC by the intestinal micro-
organisms. A similar observation was made in rats fed labeled catechin where
m- and p-hydroxyphenylproprionic acid, δ-(3-hydroxyphenyl)-γ-valerolactone,
and δ-(3,4-dihydroxyphenyl)-γ-valerolactone were identified as metabolites aris-
ing due to the action of the colonic microflora.119
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Flavonols such as quercetin-3-rhamnoglucoside and quercetin-3-rhamnoside
may also undergo metabolism by the colonic flora with Bacteroides distasonis,
B. uniformis, and B. ovatus capable of cleaving the sugar using α-rhamnosidase
and β-glucosidase to liberate quercetin aglycone120 and other phenolic metabo-
lites.121 Other bacteria, such as Enterococcus casseliflavus, have been observed to
degrade quercetin-3-glucoside,122 luteolin-7-glucoside, rutin, quercetin,
kaempferol, luteolin, eriodictyol, naringenin, taxifolin, and phloretin123 to phenolic
acids, and E. ramulus is capable of degrading the aromatic ring system of quercetin
producing the transient intermediate, phloroglucinol.122 Other flavonoid glycosides,
hesperidin, naringin, and poncirin are also metabolized to phenolic acids, via
aglycones, by human intestinal microflora that produce α-rhamnosidase, exo-β-
glucosidase, endo-β-glucosidase, and/or β-glucuronidase enzymes.124 In addition,
baicalin, puerarin, and daidzin were transformed to their aglycones by the bacteria
producing β-glucuronidase, C-glycosidase, and β-glycosidase, respectively.

13.5 SUMMARY

It is clear that flavonoids undergo a very significant amount of metabolism and
conjugation during absorption from the GI tract and again in the liver

FIGURE 13.5 Possible pathway of the formation of hippuric acid from flavanols in humans.

,

,
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(Figure 13.6). In the jejunum and ileum of the small intestine there is efficient
glucuronidation of nearly all flavonoids to differing extents by the action of UDP-
glucuronosyltransferase enzymes. In the case of catechol containing B-ring fla-
vonoids there is also extensive O-methylation by the action of COMT. Unab-
sorbed flavonoids, and those taken up, metabolized in the small intestine and liver
and transported back into the intestinal lumen, will reach the large intestine where
they are further metabolized by the gut microflora to smaller phenolic acids. The
extent to which these phenolic acids are absorbed in the colon is unknown;
however, they are detected in the plasma and are often further conjugated and
metabolized in the liver. Remaining compounds derived from flavonoid intake
pass out in the feces.

The action of these flavonoid metabolites, in particular the O-methylated and
O-methylated glucuronide forms, is now of great current interest. For example,
the ability of 3′-O-methyl epicatechin and epicatechin glucuronides to protect
against apoptotic cell death induced by hydrogen peroxide or oxidized LDL has
been investigated.125–127 The emerging view is that flavonoids are likely to exert
beneficial and/or toxic actions on cells not through their potential to act as
antioxidants but rather through their modulation of protein and lipid kinase

FIGURE 13.6 Summary of the formation of metabolites and conjugates of flavonoids in
humans. Cleavage of procyanidins may occur in the stomach in environments of low pH.
All classes of flavonoids undergo extensive metabolism in the jejunum and ileum of the
small intestine and resulting metabolites enter the portal vein and undergo further metab-
olism in the liver. Colonic microflora degrade flavonoids into smaller phenolic acids, which
may also be absorbed. The fate of most of these metabolites is renal excretion; however,
the extent to which these compounds enter cells and tissues is unknown.

.,
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signaling cascades. The basis for this conclusion is that flavonoids and their
metabolites are unlikely to act as major antioxidants in vivo in the presence of
small-molecule antioxidants such as ascorbic acid and α-tocopherol are so much
higher. However, the concentrations of flavonoids and their metabolites encoun-
tered in vivo are sufficiently high to have pharmacological activity at receptors,
enzymes, and transcription factors. For example, inhibition of Akt/PKB128 is
almost certainly due principally to actions at PI 3-kinase, whereas actions at
ERK1/2 may result from flavonoids modulating upstream regulatory kinases,
other intermediary molecules within MAP kinase cascades such as GTPases, or
by binding directly to receptors. Actions at these cascades may be beneficial in
the treatment of proliferative diseases, but could be detrimental to the nervous
system where these same pathways control survival and plasticity. Thus, flavonoid
interactions with intracellular signaling pathways could have unpredictable out-
comes and will be dependent on the cell type, the disease studied, and the stimulus
applied.

Recently, the uptake of flavonoids and their O-methylated, glucuronidated,
and sulfated forms into cells has been addressed as an event that will ultimately
determine their biological actions.127,129 It is clear that uptake of flavonoids into
cells is dependent on both the flavonoid and perhaps more importantly the cell
type. It seems likely that these differences may reflect the variation in the way
different cell populations handle flavonoids. For example, astrocytes metabolize
flavonoids intracellularly whereas neurons do not. The generation of such intra-
cellular metabolites, such as 2′-glutathionyl quercetin (Figure 13.4), is of great
importance as they may also be capable of mediating potential beneficial or
negative actions of flavonoids in vivo. Furthermore, intracellularly formed metab-
olites may represent novel in vivo metabolites of flavonoids, and their presence
in the circulation and urine may provide important information on the pharmaco-
kinetics of flavonoids following ingestion.

Over the recent years we have gained a greater knowledge of the bioavailable
metabolites of dietary flavonoids, and it is now essential to fully evaluate the role
of these conjugates and metabolites in disease prevention. It will be important to
assess whether the observed metabolism aids entry into cells and/or renders them
better or worse at providing protection against different stresses, such as oxidative
or nitrative stress. New data in the field are already beginning to suggest that
flavonoids may act to protect cells by more complex mechanisms than was once
thought.126,128,130,131 It is evident that flavonoids are potent bioactive molecules
and a clear understanding of their mechanisms of action either as antioxidants or
modulators of cell signaling is crucial to the evaluation of their potential as
anticancer agents and inhibitors of neurodegeneration. Eventually it is hoped that
these studies will enable specific dietary recommendations to be made, which
will increase general health in the population.
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14.1 INTRODUCTION

Cancer has become one of the major health problems around the world. In the
U.S., about 1,372,910 new cases of cancer will be diagnosed and 570,280 people
will die from cancer in 2005.1 Although cancer occurs in every country around
the world, there are wide geographic variations in the incidence of cancer. The
incidences of hormone-related cancers including breast, prostate, endometrium,
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and ovary cancers are much higher in the U.S. and European countries compared
to Asian countries such as Japan and China. It has been believed that the difference
in the incidences is due to the environmental and lifestyle factors including dietary
habits. The Japanese and the Chinese consume a traditional diet high in soy
products. Dietary intakes of 39.4 and 47.4 mg soy isoflavone/day in Chinese and
Japanese populations, respectively, have been reported, whereas the dietary con-
sumption of soy isoflavones is less than 1 mg/day in the general population in
the U.S.2–4 Epidemiological studies have revealed that high consumption of soy-
bean is inversely associated with the risk of hormone-related cancers.5–7 There-
fore, isoflavones that mainly exist in soybean have received much attention as
dietary factors having inhibitory effects on carcinogenesis. In recent years, grow-
ing evidence from animal and in vitro studies has demonstrated that isoflavones
are able to exert their inhibitory effects on the development of cancers, cancer
cell growth, and cancer progression, suggesting that isoflavones may be promising
agents for cancer prevention and/or treatment.

14.2 SOURCE, ABSORPTION, METABOLISM, AND 
BIOAVAILABILITY OF ISOFLAVONES

Isoflavone is one of the main classes of phytoestrogen. Phytoestrogens possess
estrogen-like structure and effect. They are weak estrogens and have been found
in a wide variety of plants. However, isoflavones are found primarily in members
of the Leguminosae family. Soybean is the food that contains abundant amounts
of isoflavones. It has been reported that the levels of isoflavones in soybean vary
between 560 and 3810 mg/kg, depending on growing conditions.8 Some soy
products contain more concentrated isoflavones. Soymilk, bean curds, miso, and
tofu contain up to 2030 mg isoflavone/kg, depending on the material and the
processing.8 The main isoflavones in soybean are genistein, daidzein, and gly-
citein. Genistein and daidzein have been found in relatively high concentration
in soybeans and most soy-protein products, while much lower amounts of gly-
citein are present in soybeans. Experimental studies have revealed that isofla-
vones, particularly genistein, exert significant favorable bioactivity on human
health.

The metabolism of isoflavones is an important process creating bioactive
molecules for human health. It has been reported that a large amount of isofla-
vones is present in the inactive form as glycosides in soybeans and soy products.
In human intestines, isoflavone glycosides (such as genistin and daidzin) undergo
hydrolysis by bacterial beta-glucosidases, releasing corresponding bioactive agly-
cones (such as genistein and daidzein).9–11 The aglycones are then absorbed from
the intestinal tract to blood and conjugated mainly in liver to glucuronides, which
undergo enterohepatic recycling and are excreted in the urine.12 Genistein and
daidzein are the major isoflavones that have been detected in the blood and urine
of humans.13 It has been found that the isoflavone aglycones are absorbed faster
and in greater amounts than their glycosides in humans;14 therefore, isoflavone



Isoflavones, Soybean Phytoestrogens, and Cancer 297

aglycone-rich products may be more effective than glycoside-rich products in
cancer chemoprevention. Among isoflavone aglycones, genistein is the most
important isoflavone for human health.

To investigate the effects of isoflavones on reduction of cancer risk, the
isoflavone concentration in plasma has been detected in different populations.
The physiologic concentration of isoflavones in plasma varies in different popu-
lations with different amounts of soy food intake. Plasma concentration of
genistein in the nanomolar range has been detected in Americans and Europeans,
while 1.4 ± 0.7 to 4.09 ± 0.94 

 

μmol/L of plasma genistein has been found in
various population groups consuming foods rich in isoflavones.15–19 When inves-
tigating the effects of isoflavones on cancers, one major concern is the physio-
logically achievable concentration of isoflavones in human plasma in vivo. An in
vivo study has shown that up to 27.46 ± 15.38 

 

μmol/L of genistein in human
plasma can be achieved after receiving genistein supplement at a dose of 16.0
mg/kg,20 suggesting the bioavailability of genistein from supplement for cancer
prevention. The maintenance of high steady-state plasma concentration of isofla-
vones can be achieved by regular intakes of isoflavone supplement.

14.3 ISOFLAVONES AND CANCERS

14.3.1 ISOFLAVONES AND BREAST CANCER

The studies on geographical differences in the incidence of breast cancer have
shown the preventive effects of soy product on breast cancers. It has been known
that the incidence of breast cancer is much higher in Western countries and the
U.S. than in China or Japan.1 A much higher level of isoflavones in plasma has
been reported in Asian women with low breast cancer incidence,5 suggesting a
protective role of soy-derived substances against breast cancer. It has been
reported that Asian women who emigrated from their native countries to the U.S.
and adopted Western lifestyles typically experience increasing breast cancer inci-
dence,21,22 suggesting that consumption of soy-rich food in their native countries
may have a role in reducing the risk of breast cancer. Because of their structural
similarity with estrogens, isoflavones bind to estrogen receptors. They initiate
only modest response, block the binding of more potent estrogens at same time,
and affect estrogen metabolism, thereby exerting a potential role in the prevention
of breast cancer.

The data from in vivo animal experiments have shown that isoflavones have
chemopreventive activity in the rat models of carcinogen-induced breast can-
cer.23–26 It has been believed that the timing of the exposure of rats to isoflavones
is critical for the prevention of carcinogenesis. Rats treated neonatally or prepu-
bertally with genistein have a longer latency before the occurrence of carcinogen-
induced mammary tumors and a marked reduction in tumor number.23 Isoflavones
have also shown the anticarcinogenic effects in mouse breast cancer induced by
mouse mammary tumor virus.27 Moreover, treatment of breast cancer cells with
genistein before implantation into nude mice reduces the cells’ tumorigenic
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potential.28 In addition, isoflavones also inhibit mammary adenocarcinoma growth
in syngeneic mouse model,29 suggesting their inhibitory effects on cancer cell
growth in vivo.

Isoflavones, in particular genistein, have been shown to inhibit the growth of
breast cancer cells in vitro.30 We have found that genistein inhibits the growth of
breast cancer cell lines including MDA-MB-231, MDA-MB-435, MCF-7, and
MCF10CA1a, regardless of the status of p53 and estrogen receptor (ER).31–34

Other investigators have also reported similar results in MDA-MB-468, BT20,
and T47D breast cancer cells.35,36 These results suggest that the inhibitory effects
of isoflavones on cell growth may be mediated by both ER-dependent and
ER-independent pathways. By flow cytometric analysis, we and other investiga-
tors have shown that genistein induces a G2/M cell cycle arrest in MCF-7, MDA-
MB-231, MCF10CA1a, and other breast cancer cells,33,36–38 demonstrating that
genistein inhibits the growth of breast cancer cells through induction of G2/M
cell cycle arrest. By using DNA ladder, poly(ADP-ribose) polymerase (PARP),
CPP32, and 7AAD assays, we have also found that genistein induces apoptosis
in various breast cancer cells,31–33 suggesting that genistein may inhibit breast
cancer cell growth through induction of apoptosis. Other investigations have also
observed similar results in genistein-treated breast cancer cells.39,40

14.3.2 ISOFLAVONES AND PROSTATE CANCER

Epidemiological studies have revealed that soy-rich foods also have a protective
role against prostate cancer. Prostate cancer is the most common male cancer in
the U.S. and Europe. In contrast, the incidence of prostate cancer in China or
Japan is much lower than in the U.S. and Europe. This difference has been
believed to be partly due to the dietary factors. A reduced risk of prostate cancer
has been associated with consumption of soy foods and isoflavones in China.41

High consumption of soymilk has also been associated with reduced risk of
prostate cancer in the U.S.42 These finding suggest that isoflavones may be potent
agents for prostate cancer chemoprevention.

Soy diets have been shown to inhibit the development of spontaneous and
carcinogen-induced prostate cancers in animal models. It has been found that the
soy diet significantly prevents spontaneous development of prostate and seminal
vesicle cancers in Lobund-Wistar (L-W) rats.43 In a rat carcinogenesis model
induced by 3,2

 

′-dimethyl-4-aminobiphenyl (DMAB), isoflavone supplemented
diets prevent the development of adenocarcinomas in the prostate and seminal
vesicles.44 Isoflavones also have been found to suppress other chemical-induced
prostate cancer in L-W rats.45 In addition to the inhibition of carcinogenesis, soy
diets also reduce the growth of transplanted prostate adenocarcinomas and inhibit
tumor cell proliferation and angiogenesis of transplanted prostate cancer in immu-
nodeficient mice.46,47 Moreover, animal experiments also showed that isoflavones
inhibit orthotopic growth and metastasis of androgen-sensitive human prostate
cancers in mice.48 We also found that dietary genistein significantly inhibited the
growth of PC3 bone tumor in SCID-human prostate cancer bone metastasis
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model.49 These in vivo animal experiments demonstrate that isoflavones can
inhibit carcinogenesis and growth of prostate cancer in animal models.

The in vitro experiments have also demonstrated that isoflavones inhibit the
growth of prostate cancer cells. By MTT cell growth assay, we have found that
genistein inhibits the growth of PC3 and LNCaP prostate cancer cells, regardless
of the status of p53 and androgen receptor (AR). Flow cytometric analysis showed
that genistein induces a G2/M cell cycle arrest in PC3 and LNCaP cells.50 Other
investigators have also reported similar results in other prostate cancer cell
lines,51–54 showing that genistein inhibits the growth of prostate cancer cells and
induces cell cycle arrest. By using DNA ladder, PARP, and 7AAD assays, we
have found that genistein induces apoptosis in prostate cancer cells,50,55 suggesting
that genistein may inhibit prostate cancer cell growth through induction of apo-
ptosis. Similar results showing induction of apoptosis in prostate cancer cells by
genistein have been also observed by other investigators.53,56

14.3.3 ISOFLAVONES AND OTHER HORMONE-RELATED CANCERS

In addition to breast and prostate cancer cells, isoflavones also showed inhibitory
effects on other hormone-related cancers including endometrial, ovarian, and
cervical cancers. It has been found that isoflavone consumptions in the typical
American-style diet are inversely related to the risk of endometrial cancer.57

Animal study has shown that soybean isoflavones have an inhibitory effect on
estrogen-related endometrial carcinogenesis, possibly by suppressing estrogen-
stimulated gene expression including c-fos, c-jun, interleukin-1

 

α (IL-1

 

α), and
tumor necrosis factor-

 

α (TNF-

 

α) in ovariectomized mice uteri.58 It has been
reported that isoflavones exhibit inhibitory effects on the growth of HeLa and
ME-180 cervical cancer cells.59 Treatment of these cell lines with isoflavone
genistein also resulted in suppression of invasion through a surrogate membrane
in a dose-dependent manner. Several experimental studies also demonstrated that
genistein exerts inhibitory effects on ovarian cancer cells. Tanaka et al.60 have
reported that genistein inhibits DMBA-induced ovarian carcinogenesis in rats.
Genistein also inhibits the growth of Caov-3, NIH:OVCAR-3, and other ovarian
cancer cells.61,62 These results suggest that soy isoflavones may serve as potent
agents for prevention and treatment of estrogen-related cancers.

14.3.4 ISOFLAVONES AND HORMONE-INDEPENDENT CANCERS

It has been found that isoflavones not only decrease the risk of hormone-related
cancers, but also inhibit hormone-independent cancers including leukemia, lym-
phoma, melanoma, lung, pancreatic, gastric, intestinal, hepatic, urinary, and head
and neck cancer cells.63–74 Animal experiments have shown that genistein inhibits
the growth of human leukemia cells transplanted into mice.63,75 Dietary soy
isoflavones have been known to protect ovariectomized ER

 

αKO and wild-type
mice from carcinogen-induced colon cancer.74 A diet rich in soy has been found
to inhibit pulmonary metastasis of melanoma cells in C57Bl/6 mice.76 In an
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orthotopic model of pancreatic cancer, genistein increases apoptosis, almost com-
pletely inhibits metastasis, and significantly improves survival.68

The in vitro experimental studies from our laboratory and other investigators
have demonstrated that isoflavones inhibit the growth of various hormone-inde-
pendent cancers.65–67,70,72,73 Flow cytometric analysis showed that genistein
induces a G2/M cell cycle arrest in nonsmall cell lung cancer,66 gastric adenocar-
cinoma,69 hepatoma,77 and melanoma cells.65 By apoptosis assays, we have found
that genistein induces apoptosis in lung cancer and head and neck cancer
cells,66,67,73 suggesting that genistein may inhibit cancer cell growth through
induction of apoptosis. Other investigators have also reported similar results in
isoflavone-treated hepatoma and leukemia cells.77,78 These results demonstrated
that isoflavones have inhibitory effects on both hormone-related and hormone-
independent cancers, and may be promising agents against various cancers.

14.4 MOLECULAR MECHANISMS OF ACTION OF 
ISOFLAVONES

14.4.1 REGULATION OF THE EXPRESSION OF GENES RELATED TO

CELL CYCLE AND APOPTOSIS

To explore the molecular mechanisms by which genistein induces cell cycle
arrest, we have examined the expression of cell cycle-related genes including
cyclins, CDC2, and cyclin dependent kinase inhibitors (CDKIs). Our results
showed that the treatment of cells with different concentrations of genistein
caused a dose-dependent decrease in the expression of cyclin B1,50,66 correspond-
ing with the G2/M phase cell cycle arrest as observed by flow cytometry.
Isoflavone-induced G2/M arrest has been associated with the inhibition of CDC2
kinase activity.77,79 We and other investigators have also found significant up-
regulation of p21WAF1 expression in genistein-treated cancer cells compared to
control cells.31,32,38,50,51,66,73,79 Moreover, our microarray data showed that genistein
inhibited cell growth through downregulation of cell proliferation and cell cycle-
related genes (cyclin B, CDC25A, TGF-

 

β, ki67).80 These results suggest that
downregulation of cyclin B1, CDC2, CDC25A, TGF-

 

β, and ki67, and upregulation
of p21WAF1 could be one of the mechanisms by which genistein arrests cancer
cells in G2/M phase and inhibits cancer cell growth.

To explore the molecular mechanisms by which genistein induces apoptosis,
our laboratory has examined the expression of genes that are critically involved
in the apoptotic pathways after genistein treatment. The results showed that
genistein treatment reduced Bcl-2 protein expression and significantly increased
expression of Bax in all cancer cells tested.31,32,50,66,73,81 Other investigators also
reported that soy isoflavones could induce apoptosis in human hepatoma cells
and breast cancer cells through caspase-3 activation and downregulation of Bcl-2,
Bcl-XL, and HER-2/neu.39,77,82 Kazi et al.83 showed that genistein induced apoptosis
by inhibition of proteasome and induction of p27KIP1, IκB-α, and Bax.83 These
results suggest that caspase activation, inhibition of proteasome, upregulation of



Isoflavones, Soybean Phytoestrogens, and Cancer 301

Bax, and downregulation of Bcl-2, Bcl-XL, and HER-2/neu may be additional
molecular mechanisms by which isoflavones induce apoptosis.

14.4.2 REGULATION OF CELL SIGNALING PATHWAYS

14.4.2.1 NF-κB Pathway

Nuclear factor-κB (NF-κB) pathway plays important roles in the control of cell
growth, differentiation, apoptosis, inflammation, stress response, and many other
physiological processes in cellular signaling. Because of its importance in cancer
development and progression, NF-κB has been described as a major culprit and
a therapeutic target in cancer.84–88 To investigate whether genistein regulates cell
growth and apoptosis through NF-κB pathway, our laboratory examined NF-κB
DNA-binding activity in genistein treated PC3 and LNCaP prostate cancer cells
by electrophoretic mobility shift assay (EMSA).89 The results showed that
genistein significantly inhibited NF-κB DNA-binding activity in both cell lines
and abrogated the induction of NF-κB DNA-binding activity stimulated by either
H2O2 or TNF-α. These results demonstrated that genistein inhibits NF-κB DNA-
binding activity in both nonstimulated and stimulated conditions.89 Similar results
have been reported by other investigators, showing that NF-κB DNA binding and
COX-2 promoter activity were enhanced by TNF-α, and these effects were
inhibited by genistein in human lung epithelial cells.90

It has been known that NF-κB DNA-binding activity could be activated by
IκB phosphorylation, IκB could be phosphorylated by activated IκB kinase
(IKK), and IKK could be phosphorylated and activated by an upstream kinase,
mitogen-activated kinase kinase 1 (MEKK1).91–94 The results from our laboratory
showed that genistein treatment inhibited MEKK1 kinase activity and reduced
the amount of phosphorylated IκB in prostate cancer cells. Cells treated with
TNF-α or H2O2 showed increased MEKK1 kinase activity and genistein pretreat-
ment blocked MEKK1 kinase activation stimulated by TNF-α or H2O2. These
results suggest that genistein may inhibit MEKK1 kinase activity and subsequent
phosphorylation of IκB, thereby resulting in the inactivation of NF-κB.

It has been reported that some chemotherapeutic agents such as cisplatin and
docetaxel induce the activation of NF-κB in cancer cells, and this may be respon-
sible for drug resistance in cancer cells. Therefore, inactivation of NF-κB in
combination with chemotherapeutic agents may lead to better killing of cancer
cells by existing chemotherapeutic agents. Indeed, we have found that the com-
bination treatment of genistein with lower doses of docetaxel or cisplatin elicited
significantly greater inhibition of cell growth compared to either agent alone.95 The
combination treatment induced more apoptosis compared to single agents. By
EMSA, we found that NF-κB activity was significantly increased by docetaxel or
cisplatin treatment, and the NF-κB-inducing activity of these agents was completely
abrogated in cells pretreated with genistein. These results clearly suggest that
genistein pretreatment, which inactivates NF-κB activity, together with other cel-
lular effects of genistein, may contribute to increased cell growth inhibition and
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apoptosis with nontoxic doses of docetaxel or cisplatin, which could be a novel
strategy for the treatment of cancer.

14.4.2.2 Akt Pathway

Akt pathway is an important cell signal transduction pathway. It has been known
that Akt is activated by phospholipid binding and phosphorylation at Thr308 by
PDK1 or at Ser473 by PDK2.96 Activated Akt functions to promote cell survival
by inhibiting apoptosis through inactivation of pro-apoptotic factors.97–99 Akt also
regulates NF-κB pathway via phosphorylation and activation of molecules in NF-
κB pathway. Because of its importance in promoting cell survival, Akt has
received much attention and has been believed to be a therapeutic target in
cancer.100,101 We have previously investigated the effects of genistein on Akt
pathway in PC3 prostate cancer cells.55 We found that genistein reduced the level
of phosphorylated Akt protein and the Akt kinase activity under nonstimulated
condition. Genistein also abrogated Akt activation stimulated by EGF, suggesting
the inactivation of Akt kinase under both nonstimulated and stimulated conditions
after genistein treatment.

We have further investigated the inhibitory mechanisms of genistein on Akt
and NF-κB pathways by transfection experiments.55 Akt expression construct
(pLNCX-Akt) was transiently co-transfected with NF-κB-Luc reporter construct
into PC3 prostate cancer cells. Luciferase assay showed an induced luciferase
activity in PC3 cells co-transfected with pLNCX-Akt and NF-κB-Luc. However,
genistein inhibited the luciferase activity in PC3 cells co-transfected with
pLNCX-Akt and NF-κB-Luc. Furthermore, genistein abrogated the activation of
Akt in transfected cells stimulated by EGF. EMSA testing for NF-κB DNA-
binding activity in transfected cells also showed similar results. These results
demonstrate that genistein exerts its inhibitory effects on NF-κB pathway through
Akt pathway. Downregulation of NF-κB and Akt signaling pathways by genistein
may be one of the molecular mechanisms by which genistein inhibits cancer cell
growth and induces apoptosis. Another study by other investigators also demon-
strated that genistein could inhibit Akt activation induced by estradiol in MCF-
7 cells.102 These studies provide strong molecular evidence showing the anticancer
effects of isoflavone genistein through Akt and NF-κB regulation.

14.4.2.3 AR and ER Pathways

It has been known that androgen receptor (AR) signaling pathway is involved in
the development and progression of prostate cancer through regulation of tran-
scription of prostate specific antigen (PSA).103,104 We have investigated the effects
of genistein on the expression of PSA through androgen regulation105 and found
that genistein at low concentration (<10 μmol/L) transcriptionally downregulated
AR, decreased nuclear protein binding to ARE, and, thereby, inhibited the tran-
scription and protein expression of PSA in androgen-sensitive LNCaP cells.
However, higher concentrations (10 to 50 μmol/L) of genistein was needed to
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significantly inhibit PSA secretion in VeCaP cells, which are androgen-insensi-
tive, and no alternation in the AR expression or ARE binding activity was
observed. By transfection experiments, we found that genistein inhibited PSA
synthesis in prostate cancer cells through both androgen-dependent and androgen-
independent pathways. These results demonstrate the inhibitory effects of
genistein on AR and PSA.

Because of its structural similarity to estrogen, isoflavones have been expected
to exert their effects through ER signaling pathway. However, an experimental
study has found that isoflavones at different concentrations may exhibit different
effects. Genistein might either induce breast cancer cell proliferation by estro-
genic agonistic properties (at concentrations ≤1 μmol/L) or prevent hormone-
dependent growth of breast cancer cells by potential estrogen-antagonistic activity
(at concentrations ≥5 μmol/L) dependent on its concentrations.106 Moreover,
experimental studies show that isoflavones also have inhibitory effects on hor-
mone-independent cancers. These results suggest that isoflavones may be potent
chemopreventive and/or therapeutic agents for cancers, regardless of hormone
responsiveness.

14.4.3 REGULATION OF THE EXPRESSION OF GENES RELATED TO

ANGIOGENESIS AND METASTASIS

Genistein has been shown to reduce the angiogenic and metastatic potential of
cancers.76,107 We have examined the effect of genistein on the expression of MMPs
in MDA-MB-435 breast cancer cells transfected with c-erbB-2,32 which has been
shown to promote secretion of MMPs and subsequent metastasis in experimental
models.108 We found that the expression of c-erbB-2, MMP-2, and MMP-9 in
MDA-MB-435 cells stably transfected with c-erbB-2 was much higher than that
in parental MDA-MB-435 cells. However, the high expression of c-erbB-2, MMP-
2, and MMP-9 in 435 transfectants was significantly downregulated by genistein
treatment.32 These results suggest that genistein may inhibit the expression of c-
erbB-2 and subsequently decrease the secretion of MMPs in breast cancer cells.

To further explore the molecular mechanisms by which genistein exerts its
anti-angiogenic and anti-metastatic effects on cancer cells, we have utilized
microarray to determine the gene expression profile altered by genistein treat-
ment.109 We found that genistein downregulated the expression of MMP-9, pro-
tease M, uPAR, VEGF, neuropilin, TSP, BPGF, LPA, TGF-β, TSP-1, and PAR-
2, and upregulated the expression of connective tissue growth factor and connec-
tive tissue activation peptide.109 All of these genes are related to angiogenesis and
metastasis. The microarray data were confirmed by RT-PCR, Western blot, and
zymographic analysis at the mRNA and protein levels. We have also conducted
animal experiment using SCID-human prostate cancer bone metastasis model.
We found that dietary genistein significantly inhibited the growth of PC3 bone
tumor and the expression of MMPs.49 Our results demonstrate that genistein
regulates the transcription and translation of genes critically involved in the
control of angiogenesis, tumor cell invasion and metastasis, and inhibits prostate
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cancer cell growth in bone metastasis model, suggesting that genistein may be a
potent agent against metastatic cancers.

14.4.4 REGULATION OF OXIDATIVE STRESS

Isoflavones have been known to function as antioxidants. Since increased oxida-
tive stress is related to carcinogenesis, it has been believed that isoflavones may
inhibit carcinogenesis through antioxidative effect of isoflavones. It has been
shown that isoflavone reduces hydrogen peroxide-induced DNA damage in
sperm110 and that genistein inhibits tumor promoter, 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced hydrogen peroxide production in human polymorpho-
nuclear leukocytes and HL-60 cells,111 suggesting the inhibitory effect of isofla-
vones on carcinogenesis. Genistein has also shown to stimulate antioxidant gene
expression in colon cancer cells,112 and to inhibit ultraviolet (UV) irradiation-
induced oxidative stress in epidermal carcinoma,113 suggesting its inhibitory
effects on cancer cells.

Because oxidative stress activates NF-κB DNA binding activity,114 we have
investigated whether the effect of isoflavone supplementation could inactivate
NF-κB and reduce oxidative damage in lymphocytes in human subjects.115 The
lymphocytes from healthy male subjects were harvested from peripheral blood
and cultured for 24 h in the absence and presence of genistein. We found that
genistein treatment inhibited basal levels of NF-κB DNA binding activity and
abrogated TNF-α induced NF-κB activity.115 When human subjects received
50 mg of isoflavone supplements Novasoy™ twice daily for 3 weeks, TNF-α
failed to activate NF-κB activity in lymphocytes harvested from these subjects,
while lymphocytes from these subjects collected prior to isoflavone intervention
showed activation of NF-κB DNA binding activity upon TNF-α treatment.115

These results suggest that isoflavone supplementation has a protective effect
against TNF-α-induced NF-κB activation in humans both in vitro and in vivo.
We have also investigated the effect of isoflavone supplementation on oxidative
DNA damage by measuring the levels of 5-OHmdU, which represents the endog-
enous status of cellular oxidative stress, in the peripheral blood lymphocytes of
normal human subjects before and after isoflavone supplementation. The results
showed that 5-OHmdU was significantly decreased after 3 weeks of isoflavone
supplementation.115 These results demonstrate that isoflavones may exert their
chemopreventive effects through regulation of oxidative stress.

14.5 CONCLUSION

Epidemiological studies and numerous in vitro and in vivo experiments have
clearly indicated that isoflavones exert inhibitory effects on carcinogenesis, cancer
cell growth, and cancer progression. These effects of isoflavones have been known
to be mediated through the regulation of cell cycle, apoptosis, cell signal trans-
duction pathways, cellular oxidative stress, and cell physiological behaviors.
Therefore, isoflavones may be promising agents for prevention and/or treatment
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of various cancers. Further in-depth experiments and clinical trials will fully
evaluate the value of isoflavones as potential chemopreventive or therapeutic
agents against cancers. 
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15.1 INTRODUCTION

In recent years there has been much interest in the potential health effects of
phytoestrogens. Much of the interest has centered on the structural similarity
between estrogens and plant phenolics such as the isoflavones (Figure 15.1). The
topic of phytoestrogens and health has recently been reviewed in detail by Set-
chell.1 Although there are many different classes of plant phenolics, most of the
clinical and nutritional interest has focused on the lignans that are found in high
concentration in flaxseed2 and the isoflavones that are abundant in soy protein-
containing foods.3 Similarly, the effects of flaxseed phytoestrogens have been
reviewed recently by Thompson.4 Flaxseed has 75 to 800 times the phytoestrogens
content that of other common plant foods.5–7 Both isoflavones and lignans have
been suggested to have anticancer effects.4,8,9 The levels in serum of these bio-
logically active phytoestrogens may exceed by many orders of magnitude the
levels of endogenous estrogens. Typical concentrations of soy isoflavones can
exceed endogenous estradiol concentrations by 10,000- to 20,000-fold in
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adults5,10–12 and infants13 and, as such, might be expected to exert biological effects
at the molecular, cellular, or physiological level. However, their biological activity
is low and this, combined with their affinity for estrogen receptors, makes them
inhibitors by blocking the binding of mammalian (endogenous) estrogens. In this
discussion the focus is the lignans of flaxseed and the isoflavones of soy that are
the most concentrated sources of phytoestrogens, and their implications for dif-
ferent dietary patterns and incidence of cancers.

15.2 ISOFLAVONES, NATURAL SELECTIVE 
ESTROGEN RECEPTOR MODULATORS (SERMs)

The classification of flaxseed lignans and soy isoflavones as “estrogens” is tech-
nically incorrect. Isoflavones are nonsteroidal in chemical structure. However,
due to the presence of the phenolic rings, particularly the 4´-hydroxyl group, they
have the ability to bind to estrogen receptors (ERs), as do many substances,
including antiestrogens such as tamoxifen, used successfully to treat breast cancer.
Isoflavones also show a higher relative affinity for binding to the receptor than
estrogens although with less biological activity than endogenous mammalian
estrogens.14 X-ray crystallographic studies have compared the conformational
binding of estrogens,15 the SERM raloxifene, and the isoflavone genistein.16 These
studies demonstrated differences in the position of the isoflavone within the
dimerized ER-complex. It has been demonstrated that genistein is similar to
raloxifene in the way it binds to the ER-complex.16 Thus, soy isoflavones should
be classified as natural SERMs, as originally proposed.17 Because of this it has
been suggested that soy isoflavones are likely to have the beneficial effects of
estrogen without the disadvantages, especially in tissues such as the endometrium
and breast.18

FIGURE 15.1 Structure of estrogen and equol.
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15.3 CANCER AND PHYTOESTROGENS

Phytoestrogens have been considered to have a preventive effect against various
cancers. The consumption of phytoestrogen-rich foods such as soy, a source of
isoflavones, and whole grain products, which contain lignans, is thought to play
a role in the prevention of breast, prostate, and colon cancer. Other cancers also
may be influenced by the presence of dietary phytoestrogens, but the studies in
humans are comparatively few.

15.3.1 BREAST CANCER

Early studies by Axelson and Setchell19 suggested that vegetarian women had a
higher urinary secretion of lignans than omnivores. Later studies demonstrated
lower urinary outputs of lignans in women diagnosed with breast cancer.19 The
question arose whether these compounds exerted a tamoxifen-like action on breast
cancer tissue related to low dose stimulation of the ER and higher dose blocking
or whether other direct or indirect actions were responsible, such as increasing
the concentration of serum hormone binding proteins.

Soy isoflavones may also reduce breast cancer risk by affecting endogenous
sex hormone concentrations and prolonging the menstrual cycle. There is evi-
dence from early studies in vitro and in vivo that suggests that phytoestrogens
stimulate the production of sex hormone-binding globulin (SHBG) in liver cells.20

An increase in SHBG would lead to lower free-sex hormone concentrations.
Longer menstrual cycles, which would lower breast cancer risk, have been seen
in young women placed on soy experimentally. 21

The increased production of equol in the gut has been associated with a lower
risk of breast cancer.20 Equol, known to be estrogenic, is a metabolite produced
in vivo from the soy phytoestrogen, daidzein, by the action of gut microflora.22

Equol concentrations are high in people consuming diets rich in plant proteins,
carbohydrates, and fiber, but low in those on a high-fat diet. High equol producers
also have a slightly higher concentration of SHBG than low equol producers.

In a study to examine whether soy in the diet is related to mammographic
parenchymal patterns, which have been shown to predict breast cancer, 406
women ages 45 to 74 were randomly selected from among 3421 women.23 These
women were classified as displaying either high-risk (cases) or low-risk (controls)
parenchymal patterns. Women with lower soy intake had higher percentage mam-
mographic densities. The mammographically dense patterns, which are known
to be associated with increased risk of breast cancer, are Tabar patterns IV and
V.23,24 The Tabar IV pattern represents fibrous proliferation and the Tabar V pattern
represents dense fibrosis. There was a reduction of these patterns with high intake
of soy, which would be considered to be protective against breast cancer devel-
opment.23 Ironically, a reduction in the risk of the Tabar IV and V patterns was
also associated with high fat intakes. However, mammographic density can be
reduced by an increase of fatty tissue in the breast as a result of a high-fat diet.
In postmenopausal women, breast cancer risk increased linearly with increasing
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weight. Therefore the association of high body mass index (BMI) with increased
risk may not be through increasingly dense mammographic patterns in postmeno-
pausal women due to the increase of fatty tissue in the breast.23 High-risk patterns
and high BMI, although both risk factors, are negatively confounding.24 Thus, the
reduced occurrence of dense patterns with increasing age is consistent with the
mammographically dense tissue being replaced by fatty tissue after menopause.23

In the Shanghai breast cancer study soyfood intake was associated with a
decreased risk of breast cancer.25 The study included 1459 cases and 1556 age-
matched controls. Women in Shanghai had levels of soy intake considered high;
i.e., soy consumption was at least once a week. The women with the highest
consumption had a 30% reduced risk of breast cancer with stronger reduction for
ER-positive subjects compared to subjects who were ER negative. In this situation
there was even greater reduction among women with a higher BMI. But perhaps
the most protective effect of soy was found in the offspring of women who had
significant soy intake during pregnancy.25 No association was found for women
who increased their usual soy intake. It has been reasoned that women were
required to eat soy at least once a week to maintain a constant level of isofla-
vonoids in their body, as most isoflavonoids are excreted in the urine within 96
hours. There was no additional benefit seen with increasing soy intake among
women who already took soy weekly.25

A further human study in Hiroshima and Nagasaki showed no significant
association between reported consumption of soy and breast cancer risk.26 The
34,759 women in the Life Span Study cohort in Hiroshima and Nagasaki, who
were alive at the time the atomic bombs were dropped and therefore exposed to
radiation, completed dietary questionnaires in 1969–1970 or 1979–1981 and were
followed until 1993. Among the 19 foods examined, the only statistically signif-
icant associations between breast cancer risk and diet were an increase in risk
with increasing consumption of pickled vegetables and a decrease in risk with
an increasing consumption of dried fish. These associations may be due to chance
because of the large number of comparisons and because no plausible explanation
can be given for pickled vegetables. There was no significant association between
tofu or miso soup and reduction of breast cancer risk. The radiation exposure
from the 1945 atomic bombs was a potential confounder of any association of
soy consumption with breast cancer risk. However, it could be argued that this
cohort would be more susceptible to breast cancer and thus act as a sensitive
dietary indicator. All the analyses were adjusted for radiation exposure, and
similar results were found in the subgroup of women exposed to very little
radiation. It seems that even in potentially sensitive subjects soy consumption
does not increase the risk of cancer.26

Finally, studies in the early 1990s noted a reduction in risk of breast cancer
among premenopausal women with high soy intake in Singapore, with no rela-
tionship among postmenopausal women.27,28 Similar investigations in Japan and
China found a significant association of a reduced risk with high tofu consumption
in premenopausal women.29,30 These human studies therefore suggest that soy
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consumption at least once a week prior to menopause had no adverse effect and
possibly a protective effect on breast cancer.

15.3.2 PROSTATE CANCER

Two studies have been carried out to examine the effect of soy consumption with
and without high levels of isoflavones to determine whether over a period of
months prostate specific antigen (PSA) levels could be reduced. 31,32 No effect
was observed in serum PSA levels either in the men with high starting levels of
PSA or in those with low levels.33 More hopeful data were obtained by Kumar
et al.33 They assessed the effect of a soy beverage containing 60 mg genistein vs.
the control in 12-week studies in 76 men with prostate cancer and Gleeson score
of 6 or below. PSA was reduced or unchanged in 69% of the test subjects
compared to 55% in the placebo group. In this group mean starting PSA levels
were in the 7.4 

 

μg/L range (total) with a free PSA of 0.99 to 1.03 

 

μg/L.33 These
data therefore support a possibly protective effect for soy in prostate cancer.

Reanalyses of the Seventh-day Adventist men provide some suggestion for
this conclusion. The relationship between soy milk consumption and the risk of
prostate cancer within this population was evaluated. This study involved 12,395
men and 225 incident cases of prostate cancer over a total of 15 years of obser-
vation. There was a 70% reduction in risk of prostate cancer in the men who
drank soy milk several times a day. Total intake needed for a protective effect
cannot be calculated due to the lack of information about exact portion sizes.
Assuming a daily intake of 400 g of soy milk, then men who drank soy milk
several times a day would have had a total isoflavone intake of approximately 7
mg daidzein and 10 mg genistein for a protective effect.34 An earlier cohort study
including 7999 men with Japanese ancestry in Hawaii found that men who
consumed tofu five or more times per week had a 65% reduction in cancer risk.35

However, no association was found with the other popular soy item, miso soup,
and prostate cancer risk.35 It has also reported that a weekly intake of 160 mg of
isoflavonoids in men prior to prostatectomy resulted in apoptosis of an adeno-
carcinoma of the prostate, which is a similar effect to estrogen therapy.36 This
further suggests a protective effect of isoflavones on prostate cancer and justifies
additional study.

15.3.3 OTHER CANCERS

The isoflavonoids have been found to have antiproliferative activity in two human
intestinal tumor cell lines, Caco-2 and HT-29. Baicalein, genistein, bavachinin,
and myricetin all increase apoptotic activity in the intestinal cell lines reaching
significance for all four flavonoids in HT-29 but only for baicalein and myricetin
in Caco-2 cells.37 This has led to the suggestion that flavonoids may reduce colon
cancer risk by blocking hyperproliferation of the epithelium and by promoting
apoptosis.38
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At least one study has also indicated a protective effect of soy intake on
gastric cancer.39 The study was a prospective study of a cohort of 30,304 men
and women over 35 years old in Takayama, Japan. They were followed for 7 years
during which time 121 deaths from stomach cancer occurred. A significant inverse
relation was found between soy intake and stomach cancer in men with a relative
risk for the highest vs. the lowest intake of soy of 0.50 (CI: 0.26 to 0.93) (P for
trend = 0.030). Assessed separately, the women showed a similar effect but this
did not reach significance.39 This study is of particular interest since it shows a
protective effect of a traditional food, soy, despite a historically high level of
gastric cancer in the region.

The consumption of soy foods has also been associated with a lower risk of
endometrial cancer. An observational study including 832 women diagnosed with
endometrial cancer aged 30 to 69 and 846 age-matched controls suggested a
significantly lower risk of cancer with higher intakes of soy protein and fiber, but
not significantly with higher intakes of soy isoflavones. The association of soy
protein intake and endometrial cancer was also found to be similar for both pre-
and postmenopausal women.40 More support for a protective effect came from a
study of non-Asian women from California. It was found that higher intakes of
phytoestrogens reduced the incidence of endometrial cancer.41 Two subject groups
were assessed, the first consisted of 500 women aged 35 to 79 of African Amer-
ican, Latino, and Caucasian descent and the second consisted of 470 women age-
and ethnicity-matched with 75% of all subjects postmenopausal. The endometrial
cancer risk was significantly lower in the women with highest soy intake.41

It has been suggested that infant leukemia may be induced by exposure to
DNA topoisomerase II inhibitors, which include flavonoids.42 Approximately 80%
of infant leukemias have chromosome translocations involving the MLL gene.
Patients with cancer treated with chemotherapeutic agents such as etoposide
(VP16) or doxorubicin (Dox) can develop therapy-related leukemia. A proposed
cause of infant leukemia includes maternal exposure to flavonoids. Maternal
ingestion of flavonoids may induce damage at the MLL break point cluster region
(BCR) of the DNA strand by inhibiting topoisomerase II and possibly leading to
chromosomal translocations, which result in leukemia.42,43 Schroder-van der Elst
et al.44 demonstrated that flavonoids do cross the placental barrier in a study where
pregnant rats were injected with a radioactive flavonoid, which was found present
in all fetal tissues.44 However, the exact significance of these findings remains
uncertain and whether this also applies to other phenolics and lignans from fruit
and vegetable consumption cannot be determined.

15.4 RAT MODELS

Much of the work in animal models has involved breast cancer, and because of
the number of studies, the present discussion of animal models is limited to this
condition as an example of the animal work. In a review of the literature, Barnes45

concluded that in two thirds of studies on the effect of genistein-containing soy
materials in animal models of cancer, the risk of cancer (incidence, latency, or
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tumor number) was significantly reduced.45 Thus, in a study in which the growth
and metastasis of the ER-negative human breast cancer cells MDA MB 435 were
investigated using the athymic immunodeficient mouse model,46 flaxseed feeding
resulted in significant reductions in established tumor growth rate of these ER-
negative cells and a 45% reduction in total incidence of metastasis. Reductions
in cell proliferation and expression of insulin-like growth factor-1 and epidermal
growth factor receptor were observed on flaxseed feeding, suggesting that the
effect of flaxseed was to some extent the result of downregulation of these growth
factors. The concentration of vascular endothelial growth factor (VEGF) in the
extracellular fluid was lower in the tumors. VEGF is a known stimulator of
angiogenesis.47 Hence, the study suggested that the slower tumor growth rate and
lower metastasis caused by flaxseed may be attributed to its effect on tumor
growth and the inhibition of growth of the tumor blood supply.4,45

On the other hand when ER-positive human breast cells were implanted in
ovariectomized athymic mice, the tumors were larger in the genistein-treated
group than in the negatively treated group. The results showed that genistein can
act as an estrogen agonist in the total absence of estrogen. The relevance of this
in the human situation when detectable estrogen levels are present is uncertain.
However, with detectable levels of circulating estrogen, it remains likely that
there would be inhibition of cell growth due to blocking by flavonoids of the
action of endogenous (mammalian) estrogen.48

In rats, studies by Thompson have indicated that feeding 5% flaxseed during
the preinitiation stage, using the chemical carcinogen DMBA (i.e., 4 weeks before
DMBA injection) or in the early promotion stage of carcinogenesis (20 weeks
after DMBA injection), resulted in a 21 to 32% reduction in tumor incidence.
When the lignans were tested separately from flaxseed, the lignans, secoisolar-
iciresinol diglycoside (SDG), resulted in a 46% reduction in the number of tumors
per rat.4

The effects on tumor inhibition may be related to the action of phytoestrogens
in breast development. A reduction in the number of highly proliferative terminal
end bud (TEB) structures in the developing mammary gland through differenti-
ation to the less proliferative alveolar buds and lobules has been suggested to be
protective against mammary cancer. Exposure to 5 to 10% flaxseed during ges-
tation and suckling or throughout life significantly reduced TEB density in the
mammary gland, whereas exposure after weaning had no effect. When the exper-
iment was repeated with rats exposed to flaxseed only during gestation or gesta-
tion to postnatal day 50, the data indicated that the critical period for enhancing
the mammary gland differentiation was during suckling. The flaxseed and SDG
diets reduced the tumor incidence by 31.3 and 42%, respectively, total tumor load
by 50.8 and 62.5%, respectively, and mean tumor size by 43.9 and 67.7%,
respectively. These findings supported the hypothesis that exposure to flaxseed
during an early stage of mammary gland development (i.e., suckling) can enhance
mammary gland differentiation. In turn, this development of the glandular tissue
may reduce the risk of breast cancer in adulthood, an effect that may be mediated
by lignans.4
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15.5 TRENDS IN CANCER INCIDENCE

The IARC data for cancer incidence in 1990 and 2002 are of interest in relation
to the links among diet, isoflavones and lignans, and cancer.49,50 Data are presented
from U.S. and U.K. to contrast to traditionally high-soy-eating parts of the world,
Japan and China. Recognizing that traditional habits are changing in Asia, espe-
cially Japan, a further contrast is the comparison of findings from Japan and
China. These data are presented on the understanding that the China data are
likely to be less robust than those of the other three nations. The most significant
finding was the rise in colon cancer in Japan, which now leads the world in both
gastric and colon cancer incidence (Figure 15.2). This is of particular concern
since epidemiologically the incidence of colon cancer has usually been related
inversely with that of stomach cancer. Furthermore, the relative lack of increase
in all cancers in China contrasts to the sharp rise of cancers in Japan, which in
most instances shows a similar percentage increase to that seen in the U.S. and
U.K. For Japan, it might be argued that these changes are due to the increased
caloric consumption associated with rising height and increasing bodyweight, but
it may also be related to the increased consumption of a more Westernized diet
with reduced soy consumption and therefore lower isoflavone intake.

15.6 CONCLUSION

Adlercreutz20 in a review of the literature concluded that there was no convincing
evidence to suggest that soy or isoflavone consumption during adult life was
protective against breast cancer for women living in Western countries. However,
moderate lifelong intake of soy products or isoflavone supplements may have
beneficial effects on the cardiovascular system and bone metabolism, but negative
effects on the breast could not be completely excluded, although equally positive
findings are also present in the literature.20 The epidemiological data indicate that
in the context of a healthy lifestyle soy consumption does not preclude low levels
of breast cancer incidence. Furthermore, affluence and Westernization, in the
absence of increased soy consumption seem to be the major drivers for increases
in breast cancer. For other cancers such as prostate, and possibly colon and
stomach, soy may well turn out to have beneficial effects. The alarming rise in
colon cancer in Japan at a time of increasing Westernization perhaps hints that
traditional Japanese habits, which include soy consumption, may be protective.
However, there are no long-term, randomized, controlled trials of isoflavone or
lignan consumption on cancer incidence or surrogate markers, such as aberrant
crypt foci or polyps in the case of colon cancer. Future recommendations must
be based on trial experience. In the absence of these there seems no reason to
cease recommending to the public to eat more whole grains, seeds, and legumes,
foods high in lignans and isoflavones.
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FIGURE 15.2 Age-adjusted incidence of cancer (per 100,000) according to the 1990
(striped bars) and 2002 (solid bars) IARC reports.47,48
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16.1 INTRODUCTION

Flavonoids, a family of phytochemical compounds, are widely distributed in foods
of plant origin such as vegetables, fruits, soy, nuts, tea, onions, and red wine, and
are consumed regularly as a part of the human diet. More than 4000 different
flavonoids have been characterized, and the major flavonoid classes include fla-
vones, flavanones, catechins, anthocyanidins, isoflavones, and chalcones.1 Fla-
vonoid structure is typically composed of two benzene rings (a and b rings in
Figure 16.1A) linked through a heterocyclic pyran or pyrone ring (c).

Flavonoids display a variety of biological activities with antioxidative and
antiproliferative activities the most extensively studied.2 Recently, more research
has been focused on the role of flavonoids in cancer prevention because epide-
miological investigations suggest that increased intake of fruits and vegetables is
associated with the reduced risks of certain cancers. In vitro and animal studies
in general suggest that some dietary flavonoids have potent cancer chemopreven-
tion activities.2

Cancer metastasis, which involves multiple processes and various cytophys-
iological changes, is a primary cause of cancer death. Currently available thera-
peutic drugs have limited effects on metastatic tumors. Therefore, there is an
urgent need for novel therapeutic approaches to treat tumor metastasis. Search
for effective agents from plant resources, such as flavonoids and other phytochem-
icals, for treatment of cancer metastasis has become one of the top priorities in
cancer research. Accumulating evidence from in vitro and animal studies suggests
that some plant flavonoids possess anti-invasion activities in vitro and antime-
tastasis activities in animal models. Tea catechins and soy isoflavones are among
the most extensively studied flavonoids that show anti-invasive and antimetastatic
activities. Other flavonoids such as apigenin and quercetin have also demonstrated
anti-invasion and antimetastasis activities. Figure 16.1 shows the structures of
commonly studied flavonoids. The objectives of this chapter are to provide an
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up-to-date review of available in vitro and in vivo evidence on anti-invasion and
antimetastasis activities of these flavonoids, to elucidate the underlying mecha-
nisms by which these flavonoids inhibit cancer cell invasion/metastasis, and to
identify several critical issues in this research field so that future research direc-
tions can be highlighted.

FIGURE 16.1 Structures of flavonoids. (A) Flavonoid classes; (B) commonly studied
flavonoids; (C) tea polyphenols; (D) soy isoflavones.
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16.2 CRITICAL REVIEW OF THE ROLES OF 
FLAVONOIDS IN TUMOR METASTASIS: 
EVIDENCE FROM IN VITRO AND IN VIVO
STUDIES

A series of in vitro and animal studies has been conducted to evaluate the anti-
invasion and antimetastasis activities of flavonoids in recent years. Most of the
experimental evidence is derived from the in vitro studies that evaluate the effects
of flavonoids on invasive potentials of cancer cells by determining the ability of
cancer cells to invade through a reconstituted basement membrane (Matrigel).
The antimetastasis activities of some flavonoids are further confirmed in appro-
priate animal models. Tea polyphenols and soy isoflavones are two groups of
most extensively investigated flavonoids for their anti-invasion and antimetastasis
activities in various types of cancer cells. In addition, the flavonoids apigenin and
quercetin have shown potent anti-invasion and antimetastasis activities. In this
section, the evidence from both in vitro and animal studies is reviewed with
particular emphasis on the in vivo evidence. The animal studies on flavonoids
and tumor metastasis are summarized in Table 16.1.

16.2.1 TEA POLYPHENOLS AND ANTIMETASTASIS

Tea consumption as a beverage in the world is very high and ranks second only
to water consumption.3 Tea contains a variety of components with flavonoids the
major constituents. Green tea is the rich source of flavonoids, namely, catechins
and flavonols. Black tea is subjected to a more extensive fermentation process
than green tea. During the fermentation process, tea catechins are converted to
complex condensation products, namely, theaflavins, theaflavic acids, and thearu-
bigen polymers. The major green tea catechins are epigallocatechin gallate
(EGCG), epicatechin gallate (ECG), epigallocatechin (EGC), and epicatechin
(EC), which, altogether, may constitute up to 30% of the dry leaf weight.4

Typically, green tea flavonoids is composed of 90% of catechins and 10% fla-
vonols; and black tea flavonoids is composed of 30% catechins, 47% of thearu-
bigins, 13% theaflavins, and 10% of flavonols.5

Previous studies have primarily focused on the cancer-prevention effect of
green tea in part due to its high content of EGCG, a putative chemopreventive
agent and a major component of green tea. Most epidemiological studies have
looked at the associations of tea, especially green tea, with certain types of cancers
such as skin cancer and colorectal cancer.6,7 Experimental studies suggest that
tea contains bioactive components that inhibit the development, growth, and
progression/metastasis of prostate cancer. Among tea components, EGCG has
been the most frequently used pure tea compound for the in vitro and in vivo
studies. Although thearubigins represent the highest proportion of black tea poly-
phenols, they are very difficult to purify; therefore their role in cancer prevention
has not been well studied. Another black tea component, theaflavins, has been
isolated and used for some in vitro studies. Most anti-invasion and antimetastasis
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TABLE 16.1
Effects of Flavonoids on Antimetastasis of Several Types of Tumors in Animal Studies

Study Animal Models Flavonoids Diet Results

Tea Polyphenols and Tumor Metastasis
Caltagirone
et al.10

B16-BL6 melanoma, iv inoculation EGCG (50 mg/kg), ip administration 0 EGCG and lung metastasis

Gupta et al.13 TRAMP GTP (0.1% in drinking water) — GTP and lung metastases
Liu et al.8 B16-F3m melanoma, ip implantation EGCG (ip, 2 mg/d, three times/wk for 11 wk) — EGCG and lung metastases
Menon et al.9 B16-F10 melanoma, iv implantation Catechin or curcumin (ip, 200 

 

μmol/kg BW) —
—

Catechin and lung metastasis
Curcumin and lung metastasis

Sartor et al.14 TRAMP Decaffeinated green tea extract (59% EGCG, 
86% total catechins, 0.5% caffeine)

0 Green tea extract and growth or 
metastasis

Sazuka et al.16 Lewis lung carcinoma Green tea infusion (2%) — Green tea and lung metastasis
Sazuka et al.15 Lewis lung carcinoma LL2-Lu3 cells Theaflavins — Theaflavins and lung metastasis
Taniguchi et al.11 B16-F10 in experimental metastasis (iv 

injection); B16-BL6 cells in spontaneous 
metastasis (after removal of primary tumor)

EGCG (0.05% or 0.1% in drinking water) —

—

EGCG and experimental lung 
metastasis

EGCG and spontaneous lung 
metastasis

Zhou et al.12 Orthotopic LNCaP tumor Green tea (1.5%) and soy phytochemical 
concentrate (SPC, 0.5%), black tea (1.5%) and 
SPC (0.5%)

0

—

Black tea or green tea and lymph 
node metastasis

Tea and soy combinations and 
lymph node metastasis

(continued)



330
N

u
tritio

n
 an

d
 C

an
cer Preven

tio
n

TABLE 16.1 (CONTINUED)
Effects of Flavonoids on Antimetastasis of Several Types of Tumors in Animal Studies

Study Animal Models Flavonoids Diet Results

Soy Isoflavones and Tumor Metastasis
Buchler et al.44 Orthotopic pancreatic tumors Genistein (1.3 mg/mouse/d, ip) — Genistein and growth and liver 

metastasis
Charland et al.29 MAC-33 mammary tumor, sc implantation Soybean extract and heat-stable soybean extract + Soy extracts and lung metastasis
Iishi et al.45 AOM-induced intestinal adenocarcinoma Genistein (5, and 10 mg/kg BW) —

0

Genistein and incidence of 
metastasis

Genistein and growth of 
intestinal tumors

Li et al.34 B16-BL6 melanoma, iv Genistein (450 and 900 

 

μg/kg diet) — Genistein and lung metastasis
Menon et al.36 B16-F10 melanoma, iv Genistein (200 

 

μmol/kg BW) — Genistein and lung metastasis
Myoung et al.42 Oral squamous cell carcinoma Genistein (0.5 mg/kg BW) 0 Genistein and growth or 

metastasis
Schleicher
et al.31

Sex gland carcinoma Genistein (ip, 50 mg/kg BW) — Genistein and tumor growth, and 
metastasis to LN, lung

Wietrzyk et al.35 B16-BL6 melanoma, iv; LL2 lung carcinoma, 
iv or sc

Genistein —

—

Genistein and lung metastasis of 
melanoma cells

Genistein and lung metastasis of 
lung carcinoma cells

Yan et al.32 B16-BL6 melanoma, iv Genistein (ip, 20 and 30 

 

μM/d) — Genistein and lung metastasis
Zhou et al.30 Orthotopic LNCaP tumors Genistin (0.14%), soy phytochemical 

concentrate (SPC, 0.5%)
—

0

SPC and lymph node and lung 
metastasis

Genistin and lymph node or lung 
metastasis
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Apigenin and Quercetin and Tumor Metastasis
Caltagirone
et al.10

B16-BL6, iv implantation Apigenin (25, 50 mg/kg), quercetin 
(25, 50 mg/kg)

—
—

Quercetin and lung metastasis
Apigenin and lung metastasis

Tatsuta et al.53 AOM-induced and bombesin-enhanced 
intestinal adenocarcinoma

Apigenin (0.75, 1.5 mg/kg BW) —

0

Apigenin and incidence of 
metastasis

Apigenin and growth of 
intestinal tumors

Menon et al.58 B16-F10 melanoma, iv implantation Rutin, quercetin, catechin, curcumin 
(all at 200 nmol/kg BW)

—

0

Catechin, rutin, and curcumin 
and lung metastasis

Quercetin and lung metastasis

Abbreviations: AOM, azoxymethane; BW, body weight; EGCG, epigallocatechin gallate; GTP, green tea polyphenols; ip, intraperitoneal; iv, intravenous; sc,
subcutaneous; SPC, soy phytochemical concentrate.
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studies have also used EGCG as a major tea bioactive compound. In addition,
EGCG-rich green tea polyphenol extract and whole tea have been used in some
animal studies.

16.2.1.1 Effects of Tea Polyphenols on Invasion and 
Metastasis of Melanoma

A series of studies has been conducted to determine the anti-invasion activities
in vitro and antimetastasis activities in vivo of tea polyphenols, especially EGCG,
in several cancer types. Because of the highly metastatic potential of melanoma
cells, the effects of tea polyphenols on melanoma cell invasion and metastasis
are among the most extensively studied cancer types. Murine B16 melanoma cell
line and its highly metastatic sublines, such as B16-F3m, B16-F10, and B16-BL6
cells, have been used for evaluation. EGCG significantly inhibited B16-F3m cell
migration and invasion in vitro;8 tea catechin significantly inhibited the invasion
of B16-F10 melanoma cells in vitro.9 On the other hand, EGCG did not inhibit
invasion of highly metastatic B16-BL6 cells in vitro.10

Besides the in vitro anti-invasion studies, tea polyphenols have been evaluated
for their antimetastasis activities in several animal models. In one animal study,8

the B16-F3m cells were implanted intraperitoneally into the mice to develop
metastases, and the mice were treated with EGCG at 2 mg/day, three times/week
for 11 weeks. EGCG significantly reduced lung metastases in mice bearing B16-
F3m melanomas.8 In another animal study,9 B16-F10 melanoma cells were intra-
venously inoculated into the mice to develop lung metastases, and tea catechin
was administered orally at 200 

 

μmol/kg body weight for 10 alternate days. The
lung metastases were significantly inhibited by catechin treatment.9 Taniguchi
and co-workers applied two animal models of metastasis to evaluate the antime-
tastasis effects of EGCG.11 In the experimental metastasis model, B16-F10 mel-
anoma cells were inoculated intravenously to develop lung metastases, and in the
spontaneous metastasis model, the more metastatic B16-BL6 melanoma cells
were inoculated subcutaneously into the mouse footpad to develop primary
tumors, followed by removal of the primary tumors to develop lung metastases.11

Per oral administration of EGCG (0.05 and 0.1%) significantly inhibited lung
metastasis of both B16-F10 and B16-BL6 melanoma tumors in both lung metasta-
sis animal models.11 However, EGCG did not show inhibitory effect on lung
metastasis of B16-BL6 cells in one animal study in which lung metastases were
developed by intravenous inoculation of cancer cells.10

16.2.1.2 Effects of Tea Polyphenols on Invasion and 
Metastasis of Prostate Cancer

Several animal studies have been conducted to determine the effects of tea on
prostate tumor metastasis. We studied the effects of green tea and black tea, alone
or in combination with soy isoflavone-enriched phytochemical extract, soy phy-
tochemical concentrate (SPC), which contains 50% total isoflavones by weight,
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on the growth and metastasis of androgen-sensitive LNCaP human prostate
tumors in an orthotopic tumor model. We found that the combination of tea (1.5%
tea infusion) with SPC (0.5% of the diet) significantly inhibited lymph node
metastases of LNCaP tumors.12 The transgenic mouse model for prostate tumors,
the transgenic adenocarcinoma of the mouse prostate (TRAMP) model, was also
used to determine the effect of green tea polyphenols (GTPs) on the growth and
metastasis of prostate tumors. Oral infusion of a polyphenolic fraction isolated
from green tea at a human achievable dose (0.1% in drinking water, equivalent
to 6 cups of green tea per day) significantly inhibited prostate tumor development
and increased survival in these mice. GTP infusion resulted in almost complete
inhibition of distant site metastases.13 On the other hand, the decaffeinated green
tea extract (59% EGCG, 86% total catechins, and 0.5% caffeine) did not inhibit
the growth or metastasis of xenografts of TRAMP-C1 cells in mice,14 although
EGCG inhibited invasion of TRAMP-C1 cells in vitro.14

16.2.1.3 Effects of Tea Polyphenols on Invasion and 
Metastasis of Other Types of Cancer

Lewis lung carcinoma is another type of highly metastatic tumor that is used for
invasion/metastasis studies. Green tea infusion, EGCG, and black tea poly-
phenols, theaflavin and theaflavin digallate, significantly inhibited invasion of
highly metastatic mouse Lewis lung carcinoma LL2-Lu3 cells in vitro.15,16 The
per oral administration of green tea infusion (2%) significantly reduced the
number of lung colonies of mouse Lewis lung carcinoma cells in vivo.16

Tea polyphenols (EGCG, theaflavins, or green tea polyphenol extracts) also
inhibited invasion of other types of cancer cells in vitro, such as biliary carcinoma
cells,17 fibrosarcoma cells,18 gastric cancer cells,19 hepatoma cells,20 medulloblas-
toma cells,21 oral carcinoma cells,22 and pancreatic carcinoma cells.23

It is surprising that few studies have investigated the effects of tea polyphenols
on invasion and metastasis of breast cancer. On the other hand, in an epidemio-
logical study, increased consumption of green tea was closely associated with
decreased numbers of axillary lymph node metastases among premenopausal
patients with stage I and II breast cancer.24 Further follow-up study showed that
increased consumption of green tea was significantly correlated with decreased
recurrence of stage I and II breast cancer.24

In summary, available in vitro and animal studies provide promising evidence
that tea polyphenols may have potent anticancer metastasis activities. On the
other hand, because many in vitro studies used high levels of tea polyphenols,
their antimetastasis activities need to be further verified in animal models at
appropriate levels of supplementation. In particular, because of the prevalence of
breast cancer, more effort should be made to determine the effects of tea poly-
phenols on breast cancer invasion and metastasis.
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16.2.2 SOY ISOFLAVONES AND ANTIMETASTASIS

Soy isoflavones comprise of genistein, daidzein, and in less content, glycitein.
They exist mainly in the glycoside forms in the soybean called genistin, daidzin,
and glycitin, respectively. Upon intestinal bacterial action, the glycosides are
converted to their biologically active aglycone forms. Genistein is one of the
predominant soy isoflavones, and is shown to have variety types of biological
functions that are related to its anticarcinogenesis activity.25 Moreover, genistein
is also found to be a potent inhibitor of cancer cell metastasis. In this part of the
review, the anti-invasion and antimetastasis activities of genistein and other soy
isoflavones will be summarized.

16.2.2.1 Effects of Soy Isoflavones on Invasion and 
Metastasis of Breast Cancer

A series of in vitro studies has been conducted to determine the effects of soy
isoflavones, especially genistein, on invasion of breast cancer cells. Genistein
inhibited invasion of a highly metastatic subline of BALB/c mammary carcinoma
410.4 cells with an EC50 of approximately 1 

 

μM, at which genistein showed little
effect on cell growth.26 On the other hand, daidzein was much less potent than
genistein on inhibiting 410.4 cell invasion, and most of the effect on invasion
was apparently due to its effect on growth inhibition.26 Magee and co-workers27

determined the effects of soy isoflavones (genistein, daidzein, glycitein, equol,
O-desmethylangolensin) on invasion of a breast cancer cell-line MDA-MB-231
in vitro, and found that soy isoflavones exerted a potent inhibitory effect on cell
invasion without affecting cell growth. Genistein inhibited both constitutive as
well as epidermal growth factor (EGF)-stimulated invasion of estrogen receptor
(ER)-negative human breast carcinoma lines MDA-MB-231 and MDA-MB-468
in vitro.28

Despite the in vitro effects of soy isoflavones on breast cancer cell invasion,
their antimetastasis activities on breast cancer cells in vivo have not been reported.
On the other hand, one animal study reported possible metastasis-promoting
effects of soy isoflavones.29 In the study, a soybean extract enriched in isoflavones
was further heated to denature protease inhibitors, and both heated and unheated
extracts were determined for their effects on the growth and metastasis of a
mammary tumor MAC-33 in mice. Soy isoflavones did not inhibit the tumor
growth, and heated soybean extract significantly increased the number of lung
metastases.29 Clearly, more in vitro and in vivo studies are urgently required to
determine the role of soy isoflavones in metastasis of breast cancer.

16.2.2.2 Effects of Soy Isoflavones on Invasion and 
Metastasis of Prostate Cancer

Although the effects of soy isoflavones on prostate cancer cell invasion have
not been adequately studied, the effects of soy isoflavones on prostate cancer
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metastasis were determined in two animal studies. We have studied the effects
of genistin and an isoflavone-enriched SPC on orthotopic growth and metastasis
of LNCaP human prostate tumors.30 SPC at 0.5% of the diet significantly inhibited
both lymph node and lung metastases, whereas genistin at the same level as that
in the SPC diet did not significantly inhibit lymph node or lung metastases.30

These data suggest that soybean contains bioactive components other than
genistein that have significant antimetastasis activity. In another study, a cell line,
K1 that was derived from a carcinogen-induced accessory sex gland carcinoma,
was used to examine the effects of genistein on tumor growth and metastasis.
Genistein (50 mg/kg body weight) significantly inhibited tumor growth, lymph
node metastases, and lung metastases, suggesting that genistein may be a useful
chemotherapeutic agent to inhibit the growth and metastasis of accessory sex
gland cancers, such as those derived from the prostate.31

16.2.2.3 Effects of Soy Isoflavones on Invasion and 
Metastasis of Melanoma

Several in vitro and in vivo studies have evaluated the effects of genistein on
invasion and metastasis of melanoma cells. Genistein significantly inhibited inva-
sion of B16-BL6 mouse melanoma cells in vitro.32,33 In the animal model in which
the lung metastasis was developed by intravenous inoculation of B16-BL6 mel-
anoma cells, genistein significantly inhibited the lung metastases.32,34 Similarly,
B16-F10 melanoma cells were inoculated intravenously to develop lung
metastases, and genistein significantly inhibited lung metastases of B16-F10 cells
in mice.35,36 On the other hand, the isoflavone daidzein had no significant effect
on the reduction of lung metastasis induced by melanoma cells.36

16.2.2.4 Effects of Soy Isoflavones on Invasion and 
Metastasis of Other Types of Cancer

The effects of genistein on invasion and metastasis of other types of cancer cells
were also evaluated. Genistein significantly inhibited invasion of fibrosarcoma
cell line HT1080 in vitro,37 highly invasive lung carcinoma LL2 cells in vitro,35

cervical cancer cells in vitro,38 glioblastoma cells in vitro,39 head and neck cancer
cells in vitro,40 transformed keratinocytes in vitro,41 and oral squamous cell car-
cinoma in vitro.42 Both genistein and glycitein also inhibited Jurkat cell invasion
at a similar extent in vitro.43

Two animal studies showed that genistein inhibited metastasis of pancreatic
cancer and intestinal tumors in vivo. Pancreatic tumors were orthotopically
implanted in mice, and intraperitoneal administration of genistein (1.3
mg/mouse/day) significantly inhibited tumor metastasis to liver.44 In an animal
study of azoxymethane (AOM)-induced intestinal adenocarcinoma, genistein (5
or 10 mg/kg body weight) significantly inhibited the incidence of metastasis of
tumors to peritoneum and significantly reduced lymphatic vessel invasion of
adenocarcinomas, without significant inhibition on the growth of intestinal
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cancer.45 On the other hand, genistein did not inhibit metastasis of oral squamous
cell carcinoma in vivo.42

In summary, available evidence from in vitro and animal studies in general
supports the antimetastasis role of soy isoflavones. Although genistein is the major
bioactive component in soy, soy may contain other antimetastasis components,
and the combination of soy bioactive components may have more potent antime-
tastasis activities than any single component. More in vivo studies should be
conducted to evaluate the effects of soy bioactives combinations on the metastasis
of various types of cancer.

16.2.3 APIGENIN AND QUERCETIN AND ANTIMETASTASIS

16.2.3.1 Effects of Apigenin on Invasion and Metastasis of 
Cancer

Apigenin is a natural plant flavonoid present in the leaves and stems of vascular
plants, including fruits and vegetables. Previous studies have suggested that
apigenin has cancer chemopreventive activities, which include antimutagenesis,46

inhibition of ornithine decarboxylase,47 COX-2,48 and aromatase,49 increase of
gap junction communication,50 and inhibition of cell cycle progression by arrest-
ing cancer cells at G2/M phases.51 Its anti-invasion and antimetastasis activities
have been investigated in recent years.

Apigenin was shown to significantly inhibit the protease-mediated invasive-
ness of estrogen-insensitive MDA-MB-231 human breast cancer cells in vitro52

and invasion of B16-BL6 melanoma cells in vitro.10 Two animal studies evaluated
the effects of apigenin on tumor metastasis. In one animal study using intravenous
inoculation of B16-BL6 melanoma cells to develop lung metastases, apigenin
administration at 25 and 50 mg/kg body weight significantly inhibited lung
metastasis of B16-BL6 melanoma tumors.10 Another animal study using an AOM-
induced and bombesin-enhanced intestinal adenocarcinoma and metastasis rat
model, subcutaneous injection of apigenin at 0.75 or 1.5 mg/kg body weight
significantly inhibited the incidence of peritoneal metastasis and the incidence of
lymphatic vessel invasion of adenocarcinomas in rats.53

16.2.3.2 Effects of Quercetin on Invasion and Metastasis of 
Cancer

Quercetin is a plant flavonoid found in most edible fruits and vegetables. Daily
human consumption has been estimated to be ~25 mg including its glycoside,
rutin.54 Quercetin has demonstrated chemopreventive activity in a variety of
laboratory animal models, including tumorigenesis induced by AOM in the colon
of mice55 and human breast tumor xenografts.56 The possible anti-invasion and
antimetastasis of quercetin have been studied recently. Quercetin inhibited the
invasion of murine melanoma B16-BL6 cells in vitro.57 Quercetin also signifi-
cantly inhibited lung metastasis of B16-BL6 melanoma tumors in mice.10 When
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administered at 200 nmol/kg body weight, quercetin did not inhibit lung metasta-
sis of B16-F10 melanoma cells, but its glycoside rutin at the same dose signifi-
cantly inhibited lung metastasis by 72%.58

In summary, despite promising in vitro and especially in vivo evidence to
suggest that apigenin and quercetin may be potent antimetastasis agents, the
evidence is still insufficient and more in vitro and animal studies are required to
further evaluate the antimetastasis activities of apigenin and quercetin.

16.3 MECHANISMS BY WHICH FLAVONOIDS 
INHIBIT TUMOR METASTASIS

Cancer mortality is primarily due to metastasis. In order for cancer cells to
metastasize they must be able to degrade the basement membrane (BM), traverse
the extracellular matrix (ECM), enter the lymphatic or vascular system, adhere
to a distant site, and then invade the local tissue. BM and ECM are composed of
several proteins with type IV collagen the major structural component. Penetra-
tion of BM and ECM by cancer cells through proteolytic degradation has been
suggested to be the first step in invasion and metastasis. One of the important
groups of proteolytic enzymes involving tumor invasion/metastasis is matrix
metalloproteinases (MMPs). Another proteolytic enzyme is urokinase-type plas-
minogen activator (uPA). Besides proteolytic enzymes, tumor angiogenesis and
cancer cell adhesion to ECM also play critical roles in cancer metastasis. Under-
standing the basic principles by which flavonoids inhibit tumor invasion and
metastasis may lead to the development of new therapeutic strategies, in addition
to supporting the role of flavonoids as cancer chemopreventive agents. Available
evidence suggests that flavonoids may exert their anti-invasion and antimetastasis
activities by modulating some of these critical events. In this section, the evidence
of flavonoids on modulating the activities of proteolytic enzymes, angiogenesis,
and adhesion is discussed.

16.3.1 FLAVONOIDS AND ANGIOGENESIS

Angiogenesis, the formation of new blood vessels by sprouting from preexisting
endothelium, is a critical event for tumor growth and metastasis. Angiogenesis
is a complex process involving a series of cellular events other than proliferation.
Formation of new capillaries begins with a localized breakdown of the basement
membrane of the parent vessel via the finely tuned elaboration of proteolytic
enzymes and their inhibitors, followed by migration of endothelial cells and
invasion to the surrounding ECM. The proteolytic degradation of ECM compo-
nents by capillary endothelial cells is one of the key prerequisites of the angio-
genic process. In tumors angiogenesis is persistently upregulated. Although the
mechanisms leading to persistent pathological angiogenesis are still unclear,
resulting evidence indicates that it is due to an imbalance between angiogenic
factors and inhibitors.59
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Available evidence has demonstrated that one of the mechanisms by which
flavonoids inhibit cancer cell invasion and metastasis is via inhibition of angio-
genesis. Among flavonoids, EGCG and genistein have been shown to be potent
anti-angiogenic compounds, and may be responsible, at least in part, to the
antigrowth and antimetastasis effects of tea and soy products, respectively. On
the other hand, there is no sufficient evidence to demonstrate whether apigenin
or quercetin has anti-angiogenesis activity. Therefore in this section, we focus on
the experimental evidence on anti-angiogenesis activities of tea polyphenols and
soy isoflavones.

16.3.1.1 Effects of Tea Polyphenols on Angiogenesis

Because the angiogenesis process involves a series of cellular events, a series of
in vitro and in vivo methods is commonly used to identify potential anti-angio-
genic agents. These assays include in vitro proliferation, migration, invasion, and
tube formation of endothelial cells, in vivo angiogenesis assays, and in vivo tumor
growth inhibition associated with modulation of markers for angiogenesis. The
anti-angiogenesis activity of tea polyphenols, especially EGCG, has been evalu-
ated by using these in vitro and in vivo angiogenesis assays. EGCG significantly
inhibited the endothelial cell proliferation,60 migration,61 and invasion62 in vitro,
suppressed endothelial cell tube formation61,62 in vitro, and inhibited angiogenesis
in vivo.62 Further tumor growth inhibition studies showed that EGCG inhibited
the growth of both colon 26 NL17 carcinoma and Meth A sarcoma, in part through
the inhibition of angiogenesis.62 In addition, drinking green tea also significantly
inhibited angiogenesis in vivo.60

Several in vitro studies also determined whether the inhibitory effect of EGCG
on invasion of endothelial cells is via downregulation of MMP, and found that
EGCG inhibited MMP activities in endothelial cells in vitro.61,63,64 It suggests the
possibility that tea polyphenols suppress angiogenesis and metastasis in part via
inhibition of MMP activities in endothelial cells.

16.3.1.2 Effects of Soy Isoflavones on Angiogenesis

Among soy isoflavones, genistein has been shown to be a potent anti-angiogenic
isoflavone. The anti-angiogenic ability of soy isoflavones was first identified by
Fotsis and co-workers.65 They fractionated the urine samples of human subjects
consuming a diet rich in plant products and found that fractions containing soy
isoflavones and metabolites (genistein, daidzein, O-desmethylangolensin, or
equol) inhibited basic fibroblast growth factor-stimulated proliferation of bovine
brain-derived capillary endothelial cells (BBCE).65 Further studies indicated that
pure genistein had a potent and dose-dependent inhibitory effect on proliferation
of BBCE at IC50 of 5 μM.66 Genistein also inhibited the proliferation of other
vascular endothelial cells such as that derived from bovine adrenal cortex, and
aorta.66
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The effects of genistein on angiogenic factors were determined to elucidate
the mechanisms by which genistein might inhibit angiogenesis. Tumor cells
produce angiogenic factors that include platelet-derived growth factor, vascular
endothelial growth factor (VEGF), basic fibroblast growth factor, and platelet-
derived endothelial cell growth factor, to stimulate neovascularization. Among
angiogenic factors, VEGF, an endothelial cell-specific mitogen and a vascular
permeability, plays an important role in tumor angiogenesis. Genistein inhibited
angiogenesis by reducing VEGF levels via post-transcriptional regulation of
VEGF expression67 in vitro. Genistein also inhibited VEGF-promoted endothelial
cell proliferation68,68a and basic fibroblast growth factor–mediated vascular endo-
thelial cell proliferation69 in vitro.

Besides its anti-angiogenic activity in vitro, genistein has shown anti-angio-
genesis activity in vivo. Wietrzyk and co-workers70 measured the volume of blood
present in tumor tissue as a marker of angiogenesis, and found that genistein
treatment reduced tumor blood supply by 35%. We studied the anti-angiogenic
activities of both genistein and genistein-enriched SPC in a series of animal tumor
models, and found that their antigrowth and anti-angiogenesis effects on bladder
tumors and prostate tumors were associated with significant inhibition of tumor
microvessel density, a marker of angiogenesis in vivo.12,30,71,72 Although genistein
and SPC did not significantly reduce angiogenesis in MCF-7 tumors, the com-
bination of SPC with tea significantly reduced angiogenesis,73 which suggests
that one possible mechanism by which soy and tea synergistically suppress
estrogen-dependent breast tumors may be via interactions that impede tumor
angiogenesis. We also determined the molecular targets that may be responsible
for anti-angiogenesis activity of soy components and found that the expression
of basic fibroblast growth factor, not VEGF, was slightly but significantly down-
regulated by genistein in vivo.30

16.3.2 FLAVONOIDS AND PROTEOLYTIC ENZYMES

MMPs are naturally occurring, Zn2+-dependent, endopeptidases, involved in nor-
mal turnover of connective tissue matrix, as well as in certain disease processes
such as cancer cell invasion and metastasis. MMPs are secreted in proenzyme
forms and activated extracellularly. The activated forms of MMPs can be inhibited
by tissue inhibitors of metalloproteinases (TIMPs). uPA is a serine proteinase
that functions in conversion of the circulating zymogen plasminogen to the active
serine proteinase plasmin. The biological activity of uPA is regulated by a func-
tional interplay between the proteinase, its receptor, uPA receptor (uPAR), and
the uPA inhibitor 1 (PAI-1).

One of the most important aspects for tumor metastasis is via its invasion
through the ECM. MMPs produced by tumor and stromal cells are believed to
play a key role in the degradation of ECM instrumental to invasion. Both in vitro
and in vivo studies have suggested that one of the mechanisms by which fla-
vonoids inhibit tumor metastasis may be via inhibition of MMP activity. Among
these flavonoids, tea polyphenol EGCG and soy isoflavone genistein have been
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shown to be potent inhibitors of MMPs. Although flavonoids apigenin and quer-
cetin have anti-invasion and antimetastasis activities, their effects on MMPs have
not been adequately studied. On the other hand, the effects of flavonoids on uPA
activity have not been adequately studied and experimental results have been
insufficient for discussion. This part of the chapter will primarily focus on mod-
ulation of MMP activities by tea polyphenols and soy isoflavones.

16.3.2.1 Effects of Tea Polyphenols on MMP Activities

A series of in vitro studies has been conducted to determine the effects of tea
polyphenols, especially EGCG on the expression and activity of MMP. The MMP
expression is usually determined by RNA and/or protein levels, whereas its
activity is measured by zymography. Tea catechin significantly inhibited B16-
F10 melanoma cell invasion in vitro by inhibition of the activities of MMP-2 and
MMP-9.9 EGCG significantly inhibited the invasion of B16-F3m melanoma cells
and MMP-9 activity,8 inhibited invasion of TRAMP-C1 prostate cancer cells in
vitro and downregulation of MMP-2 activity,14 and inhibited the gastric cancer
cell invasiveness and MMP-9 expression.19 EGCG, theaflavin, and theaflavin
digallate significantly inhibited invasion of mouse Lewis lung carcinoma LL2-
Lu3 cells in vitro in part by inhibition of MMP activities.15 ECG, EGCG, and
theaflavin significantly suppressed the invasion of fibrosarcoma HT1080 cells and
the expression and activity of MMP-2 and MMP-9.18

More in vitro studies have further determined how tea polyphenols modulate
the activities of MMP-2 and MMP-9. The membrane type 1 matrix metallopro-
teinase (MT1-MMP) is the receptor and the major activator of MMP-2. EGCG
inhibited MMP-2 activity in part by significant inhibition of MT1-MMP activ-
ity.74,75 Other studies showed that EGCG inhibited MMP-9 expression through
the suppression of MAP kinase via inhibition of the phosphorylation of extracel-
lular signal-regulated kinases 1 and 2 (ERK1/2)75 and/or activator protein (AP)-
1 activation.19

Despite promising data from the in vitro studies, few animal studies have
determined the correlation between the antimetastasis effect of tea polyphenols
and the inhibition of MMP activities. In one animal study, oral feeding of green
tea polyphenols as the sole source of drinking fluid to TRAMP mice resulted in
significant inhibition of the tumor metastasis and MMP-2 and MMP-9 expres-
sion.76

16.3.2.2 Effects of Soy Isoflavones on MMP Activities

Some in vitro studies have been conducted to determine the effects of soy isofla-
vones, especially genistein, on the expression and/or activity of MMPs. Genistein
inhibited both constitutive and EGF-stimulated invasion in ER-negative human
breast carcinoma lines and the downregulation of MMP-9 and upregulation of
TIMP-1 in vitro,28 inhibited invasion of HT1080 fibrosarcoma cells in vitro by
suppression of conversion of latent forms of MMP-2 and MMP-9 into active
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forms and by increase of TIMP-1 expression,37 and inhibited invasion of head
and neck cancer cells by downregulation of MMP-2 and MMP-9 secretion.40

Genistein and glycitein inhibited Jurkat cell invasion, in part through the down-
regulation of MMP-13 activity and MMP-8 expression.43,77 Genistein inhibited
transforming growth factor-beta-1 (TGF-β1)-stimulated cell migration and inva-
siveness of mouse transformed keratinocytes in vitro and increased uPA expres-
sion/secretion.41

In contrast to in vitro studies, few animal studies have determined the corre-
lation between antimetastasis activities of soy isoflavones to their inhibition of
MMPs. Although genistein inhibited invasion of oral squamous cell carcinoma
cells in vitro,42 the animal study failed to show the significant effects of genistein
supplementation on inhibition of tumor growth and metastasis, or the expression
of MMP-2 and basic fibroblast growth factor.42

16.3.3 FLAVONOIDS AND CANCER CELL ADHESION

Altered cell adhesion ability is suggested to play a critical role in cancer cell
migration, proliferation, invasion, and metastasis. The invasiveness of cancer cells
strongly depends on their ability to migrate and to adhere to the ECM. Cell
adhesion is primarily mediated by a class of proteins called integrins. Integrins
are cell surface αβ-heterodimeric glycoproteins. To date, 24 αβ-heterodimers
formed by 8 β and 18 α subunits are identified.78 Integrins bind to various ECM
proteins such as collagen, fibronectin, laminin, and vitronectin, and their binding
activates important intracellular signaling pathways that regulate cell prolifera-
tion, migration, invasion, and metastasis. Experimental evidence suggests that
one of the mechanisms by which flavonoids such as tea polyphenols and soy
isoflavones inhibit cancer cell invasion and metastasis may be via modulation of
the expression of integrins.

16.3.3.1 Effects of Tea Polyphenols on Cancer Cell Adhesion

The effects of EGCG on modulation of integrins have been studied in several
cancer cell types in vitro. EGCG inhibited invasion of the pediatric brain tumor-
derived medulloblastoma cells in vitro, in part via modulation of specific cell
surface integrins, notably upregulation of β1 integrin.21 Laminin is a major gly-
coprotein of basement membrane and plays significant roles during cancer cell
invasion and metastases. Tea catechin inhibited laminin-promoted MO4 brain
cancer cell attachment in vitro.79 EGCG also inhibited the adhesion of mouse
melanoma B16 cells to laminin in vitro.80

16.3.3.2 Effects of Soy Isoflavones on Cancer Cell Adhesion

The effects of genistein on modulation of cancer cell adhesion are basically
dependent on its protein tyrosine kinase activity. Protein tyrosine phosphorylation
occurs as one of the earlier events in cancer-ECM interaction.59 Genistein, as a
protein tyrosine kinase inhibitor,81 significantly inhibited invasion of B16-BL6
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melanoma cells in vitro associated with suppression of the tyrosine phosphory-
lation of proteins located at the cell periphery when cells attached to and interacted
with ECM.32,33 Focal adhesion kinase (FAK) is a protein tyrosine kinase located
at the focal adhesion sites of spreading cells. It is a pivotal element in the signaling
cascade associated with cell–ECM interaction. It is suggested that suppression
of adhesion-induced tyrosine phosphorylation of FAK may interrupt cancer
cell–ECM interaction and subsequent invasion and metastasis potential of cancer
cells. Genistein inhibited FAK activity in vitro.82

16.4 CRITICAL ISSUES AND FUTURE DIRECTIONS 
IN RESEARCH ON FLAVONOIDS AND TUMOR 
METASTASIS

Previous research has indicated that flavonoids such as tea polyphenols, soy
isoflavones, apigenin, and quercetin have significant anti-invasion activities in
vitro associated with inhibition of angiogenesis, proteolytic enzymes activities,
and enhancement of cell–ECM interactions. Some in vitro anti-invasion activities
of flavonoids are confirmed in animal models. These studies suggest that some
flavonoids may play a significant role in prevention of cancer metastasis, in
addition to prevention of cancer development. On the other hand, research in this
exciting field is still preliminary and large gaps in data exist among in vitro,
animal, and human studies that are barriers to advancing the flavonoids and
prevention of tumor metastasis hypothesis. Identification of these critical issues
will provide the directions of future research priorities in this field.

16.4.1 IDENTIFICATION OF FLAVONOIDS FOR INHIBITION OF

CANCER-SPECIFIC METASTASIS

Previous in vitro studies have provided promising evidence to support that fla-
vonoids have anti-invasion activities. Although it would be ideal to identify
flavonoids that have anti-invasion activities for all types of cancer, it is more
likely that some flavonoids are potent anti-invasive agents for certain types of
cancer, or certain cancer phenotypes. In addition, some flavonoids have anti-
invasion activities only at high concentrations, either at superphysiological or
pharmacological levels. It is possible that the combination of certain flavonoids
may reach significant activities at physiologically achievable doses. Therefore,
one of the future research priorities should be identification of specific flavonoids
and/or the combinations of flavonoids that have the most potent anti-invasive
activities for each type of cancer or each phenotype. A series of in vitro assays,
such as those for proliferation, migration, and invasion of both cancer cells and
endothelial cells, should be used to identify the candidate flavonoids or the
combinations in a systematic approach. The identified candidates will be subject
to in vivo verification of activities.
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16.4.2 VERIFICATION OF ANTIMETASTASIS ACTIVITIES OF

FLAVONOIDS

Successful identification of potent antimetastasis flavonoids requires application
of appropriate testing systems, both in vitro and animal models. Although in vitro
cell culture systems provide a fast and inexpensive screening system and are
essential for identification of candidate regimens, it should be recognized that
cell culture is an artificial system with different metabolic and biological pro-
cesses from the in vivo system. Simple extrapolation of in vitro results to in vivo
effects may be misleading. Appropriate animal models are thus required to con-
firm the efficacy of identified flavonoids or their combinations from the cell
culture studies, to elucidate the in vivo mechanisms of action, and to monitor
possible adverse effects or toxicities.

A series of animal models should be applied to represent growth and metasta-
sis of different types of cancer. It is true that each animal model has its strengths
and weaknesses. Therefore, it is important to use as clinically relevant tumor
models as possible. For example, an orthotopic (intra-organ) tumor implantation
model for growth and metastasis may be more clinically relevant than a subcu-
taneous tumor model because the orthotopic tumor model may mimic the tumor
microenvironment and epithelial/stromal cell interactions in humans. Besides
xenografts and orthotopic implantation tumor models, a series of transgenic
animal models for different types of cancer and different phenotypes with specific
degrees of metastasis have been established.

16.4.3 FURTHER ELUCIDATION OF MECHANISMS

Despite progression in the mechanistic research in vitro, the in vivo mechanisms
by which bioactive flavonoids, such as tea polyphenols, soy isoflavones, apigenin,
and quercetin, prevent tumor metastasis are largely unknown. Efficacy confirma-
tion of identified potent flavonoids regimens also requires appropriate understand-
ing of their mechanisms of action in vivo. Traditional methods of analysis of gene
expression patterns have imposed a practical limit on the number of candidate
genes. Highly parallel technologies exploiting sample hybridization to oligonu-
cleotide or cDNA arrays permit the expression levels of tens of thousands of
genes to be monitored simultaneously and rapidly. With the advent of DNA
microarray technology, quantitative comparisons of thousands of genes can be
made at one time. The application of this technology and/or other advanced
technologies such as proteomics will greatly facilitate our mechanistic research
and identification of biomarkers that could be used as intermediate end points.

Future research should involve application of advanced technologies in
genomics and proteomics to identify the molecular markers that are responsive
to the effective flavonoid treatments, and functional assays such as RNA inter-
ference to further identify the functional markers that are responsible for the
effective treatment.
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16.4.4 INTERACTIVE EFFECTS OF FLAVONOIDS WITH OTHER

DIETARY BIOACTIVES

Besides flavonoids, fruits and vegetables, like other foods, contain a diverse array
of other components. It is possible that the interactions between dietary bioactive
components are largely responsible for the effective anticancer and antimetastasis
activities of diets. Therefore, in addition to studying the combined effects of
flavonoids on tumor metastasis, the interactive effects between flavonoids and
other dietary bioactives should be encouraged. Similar to flavonoid combinations
studies, a series of in vitro assays should be first applied to identify possible
synergistic combinations between flavonoids and other bioactives for specific
cancer types or phenotypes, and to further verify the efficacy of these combina-
tions in clinically relevant animal models. Advanced technologies in genomics
and proteomics should be applied to elucidate the mechanisms of action.

16.5 CONCLUSIONS

Previous research has provided important scientific evidence to support the role
of flavonoids in antimetastasis. On the other hand, more systematic approaches
are required to further identify more potent dietary bioactive components and
their combinations for effective inhibition of tumor growth and metastasis. The
availability of a diverse array of dietary bioactive components such as flavonoids
and other phytochemicals ensures the success of identification of effective regi-
mens. Although intake of various types of fruits and vegetables provides effective
prevention of cancer development and metastasis, bioactivity-guided isolation of
bioactives-enriched fractions should be encouraged and will be expected to pro-
vide potent activities. However, whether a specific bioactives-containing extract
is safe and efficacious requires comprehensive evaluation.
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ABSTRACT

Catechins are a group of compounds that naturally occur in the plant kingdom.
These compounds are called tea polyphenols and are rich in tea beverages that
are consumed daily by most people. The health effects of teas are attributed to
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their tea polyphenols, namely, catechins from green tea and theaflavins from black
tea. Recently, catechins have been intensively investigated and showed many
profound biochemical and pharmacological activities including antioxidant and
pro-oxidant effects, induction of apoptosis and arrest of cell cycle in cancer cells,
inhibition of cellular proliferation and tumor progression through suppression of
the epidermal growth factor receptor signaling pathway, suppression of inducible
nitric oxide synthase expression through downregulation of nuclear factor 

 

κB
(NF

 

κB) activation, inhibition of tumor promotion through suppression of activator
protein-1 (AP-1) activation and fatty acid synthase expression, and inhibition of
tumor promotion and cellular proliferation through suppression of the function
of the ubiquitin–proteasome pathway. The mechanisms of action involved in these
biochemical and pharmacological activities of catechins have been described and
discussed. Tea is a heavily consumed beverage worldwide because of its unique
aroma, low cost, and broad availability. Tea and tea polyphenols have been
considered potential cancer chemopreventive and anti-obesity agents in the gen-
eral population. Furthermore, the mechanisms of cancer chemoprevention by tea
and tea polyphenols might be via blocking cellular signal transduction pathways.

17.1 INTRODUCTION

Several epidemiologic and laboratory data suggest that long-term tea drinking
may reduce the incidence of several types of cancer.1 Case-control and cohort
studies report benefits for those consuming green tea regarding cancers of the
breast,2 colon and rectum, pancreas, stomach, ovary, and lung.1 The health effects
of green tea are attributed to tea polyphenols, which comprise 30% of dried leaf
extract.3 These compounds include flavanoids, flavanols, flavonoids, and phenolic
acids; however, most tea polyphenols isolated from green tea are monomeric
flavan-3-ols, commonly known as catechins (Figure 17.1) including (+)-catechin
(C), (–)-epicatechin (EC), (+)-gallocatechin (GC), (–)-epigallocatechin (EGC),
(–)-epicatechin-3-gallate (ECG), and (–)-epigallocatechin-3-gallate (EGCG).
Among the catechins in green tea, EGCG is most abundant and is the represen-
tative compound for biomedical research.3 In an analysis of EGCG biotransfor-
mation products in rats, five biliary methylated metabolites (Figure 17.1) were
identified as 3

 

′-O-methyl-EGCG, 4

 

′-O-methyl-EGCG, 3

 

″-O-methyl-EGCG, 4

 

″-
O-methyl-EGCG, and 4

 

′,4

 

″O,O-dimethyl-EGCG.4

Development in molecular oncology has provided profound basis for under-
standing the mechanisms of multistep carcinogenesis including tumor initiation,
tumor promotion, and tumor progression.3 Chemoprevention of carcinogenesis is
one of the major strategies for cancer control. Many studies have shown that tea
and tea polyphenols have inhibitory effects on carcinogenesis in rodent models,5

and an antipromoting effect of EGCG has been demonstrated.6 The molecular
mechanism of its antipromoting effect on tumor growth and proliferation might
be through blocking the signal transduction pathways,7 leading to the activation
of important transcription factors such as activator protein-1 (AP-1) and nuclear
factor 

 

κB (NF

 

κB).6,8,9 On the other hand, black tea is reported to significantly
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inhibit proliferation and enhance apoptosis of skin tumors in mice.10 Among the
black tea polyphenols, theaflavins including theaflavin (TF-1), theaflavin-3-gal-
late (TF-2a), theaflavin-3

 

′-gallate (TF-2b), and theaflavin-3,3

 

′-digallate (TF-3)
are generally considered to be the active principles for the inhibition of carcino-
genesis.11 Because of space limitations, only the green tea polyphenols catechins
are discussed in this chapter.

FIGURE 17.1 Structures of catechins from tea.
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17.2 OCCURRENCE OF CATECHINS

Phytopolyphenolic compounds are widespread in the plant kingdom. The major
groups of this category are the flavanoids and flavonoids, which are important in
contributing the flavor and color of many fruits and vegetables.12 Some of them
are important for the normal growth, development, and defense of plants.13 They
are found in several medicinal plants and herbal remedies that are used in folk
medicine throughout the world.14 It has been reported that diets rich in fruits and
vegetables appear to protect against cardiovascular disease and some forms of
cancer.15,16

The important group of phytopolyphenolics in food are flavonoids and fla-
vanoids, which consist mainly of flavones, flavanones, flavanonols, isoflavones,
flavanols, and anthrocyanidins.12 Although flavanols, also called catechins, seem
to be widely distributed in plants, they are rich only in tea leaves, where they
may constitute up to 30% of the dry leaf weight. It has been demonstrated that
levels of catechins in the tea tree varies with species, season, weather, and
horticultural conditions.

17.3 CHEMICAL STRUCTURES OF CATECHINS AND 
THEIR BIOLOGICAL ACTIVITIES

Studies on the structure–activity relationship with catechins such as EGCG
indicate that a linear increase of the rate constants with OH radical correlates
with the number of reactive hydroxyl groups (such as the number of catechol
or pyrogallol moieties), suggesting the importance of the structure of flavan-3-
ol linked to gallic acid for the antioxidant activity of EGCG17 (Figure 17.1).
Methylation at the 4

 

″ position of EGCG resulted in loss of the antioxidant
activity,18 whereas methylation at 3

 

″ position did not.19 Whether anticancer
activities of EGCG are different by methyl substitutions remains to be system-
atically elucidated.

Highest antiproliferative activity was found with the presence of three adja-
cent hydroxyl groups. However, O-methyl EGCG had a stronger anti-allergic
activity than EGCG against Type I allergy in mice20 and in the activation and
degranulation of basophilic KU812 cells.21,22 Suppression of cancer via inhibition
of AP-1 activity by EGCG and related tea catechins has been attributed to
inhibition of phosphorylation of c-jun by the galloyl structure on the B ring or
the gallate moiety.23 It has been suggested that the minimal motif to mediate cell
apoptosis is a pyrogallol-type B ring structure, and activity is enhanced with a
3-O-gallate group in cis configuration to the B ring. Catechins without a pyro-
gallol-type structure showed no enhancement or suppression of apoptosis.24

Tea polyphenols inhibited AP-1 activity and the mitogen-activated protein
(MAP) kinase pathway, which contributed to the growth inhibition; however,
different mechanisms may be involved in the inhibition by catechins and theafla-
vins. Theaflavins may be considered the oxidized derivatives of catechins, but
they are different in chemical structural nucleus, and this variation may cause
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their different action mechanisms at target cells. Further investigations are needed
to resolve this issue.

17.4 INHIBITION OF CARCINOGENESIS BY 
CATECHINS IN ANIMAL MODELS

The anticarcinogenic effects of catechins on various organs including skin, glan-
dular stomach, duodenum, colon, liver, pancreas, and lung in rats and mice have
been reported in several laboratories.24–27 Recent studies provide evidence that
tea catechins including EGCG, EGC, and ECG may have the potential to lower
the risk of prostate cancer in the human population. It has been shown that green
tea polyphenols when given to a transgenic mouse model that mimics progressive
forms of human prostate cancer exert remarkable preventive effects against pros-
tate cancer development.28 There are multiple targets for prostate cancer chemo-
prevention by green tea, and its catechins, highlighting the need for further studies
to identify novel pathways that may be modulated by green tea catechins.29

Sugimura’s group30 was first to use a two-stage skin carcinogenesis mouse
model to demonstrate that topical application of EGCG inhibited tumor promotion
induced by teleocidin in DMBA-initiated mouse skin. EGCG inhibited the growth
of established skin tumors induced chemically or by ultraviolet (UV) light.31 Oral,
subcutaneous, or intraperitoneal administration of EGCG or other green tea
catechins in mice also resulted in significant suppression of the growth of
implanted tumor cells.32 Peroral administration of green tea infusion or EGCG
inhibited lung metastasis in mouse melanoma and Lewis lung carcinoma cells.33,34

17.5 CHEMOPREVENTION OF HUMAN CANCER BY 
TEA DRINKING

This is the most important issue in the cancer chemoprevention of tea.
For years, the preventive effects of tea drinking on cancer development in

humans have not been conclusive. Many epidemiologic studies in certain coun-
tries reported no significant association; in others, a positive association, and in
still others, a negative association between tea consumption and cancer incidence
were observed.27,35 The discrepancy among these different epidemiologic studies
on the association of tea drinking with cancer incidence may arise from their
different study subjects and different questionnaire designs. It is worth noting
that the frequency and quantity of tea drinking daily in a population might affect
the outcome of cancer chemoprevention. There are many lifetime tea-drinkers in
Asian countries such as China, Japan, Korea, and Taiwan. They drink tea every
day, even every hour during the daytime! This may be one of the reasons that
previous published studies from Asian populations gave definitively positive
prevention effects of tea on cancer incidence.36,37 It is necessary to point out that
the tea polyphenols contents in bottled tea (on sale in most supermarkets) and
freshly prepared hot tea (homemade) may be quite different in quality and
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quantity. It is well known that a part of tea polyphenols may be precipitated out
and filtered away during the manufacturing of bottled tea.

A recent cohort study has shown that the slowdown in increase of cancer
incidence with age observed among females who consumed more than 10 cups
a day is consistent with the finding that increased consumption of green tea is
associated with later onset of cancer.38

17.6 BIOCHEMICAL AND MOLECULAR 
MECHANISMS OF CANCER 
CHEMOPREVENTION BY CATECHINS

The development of genetic oncology has demonstrated that damage to numerous
regulatory genes may result in induction of invasive and metastatic cancer. It has
been established that the pathological processes of multistep carcinogenesis com-
prises initiation, promotion, and progression.7 The natural history of carcinogen-
esis and cancer development provides a strong rationale for a preventive approach
to the control of this disease and leads one to consider the possibility of active
pharmacological intervention to arrest or reverse the processes of carcinogenesis
before invasion and metastasis occur. The inhibitory effects of tea against car-
cinogenesis have been attributed to the biologic activities of the polyphenolic
catechins in the tea. However, the biochemical and molecular mechanisms of
cancer chemoprevention by tea catechins are not fully elucidated. Some of the
recent developments in our laboratory and others are discussed in the following.

17.6.1 ANTIOXIDANT EFFECTS OF CATECHINS

Tea is particularly rich in polyphenols, including catechins, theaflavins, and
thearubigins, which are thought to contribute to the health benefits of tea. Tea
polyphenols act as antioxidants in vitro by scavenging reactive oxygen and nitro-
gen species and chelating redox-active transition metal ions. They may also
function indirectly as antioxidants through inhibition of the redox sensitive tran-
scription factors, NF

 

κB, and AP-1; inhibition of pro-oxidant enzymes such as
inducible nitric oxide synthase (iNOS), lipoxygenase, cyclooxygenase, and xan-
thine oxidase; and induction of phase II and antioxidant enzymes, such as glu-
tathione S-transferases and superoxide dismutases. The fact that catechins are
rapidly and extensively metabolized emphasizes the importance of demonstrating
their antioxidant activity in vivo.39

Tea catechins show remarkable antioxidative effects in various systems. Tea
catechins are strong scavengers against superoxide, hydrogen peroxide, hydroxyl
radicals, nitric oxide, and peroxynitrite produced by various chemicals and bio-
logical systems. Chen and Ho40 showed that the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical-scavenging ability of various tea polyphenols was proportional
to the number of –OH groups in the catechins or theaflavins. Recent studies show
that catechins in green tea are highly active in reducing the amount of oxidative
damage sustained by DNA through hydroxyl radical (OH) attack. Catechins when
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compared with other classes of flavonoids are found to be very active in reducing
the amount of strand breakage and residual base damage by a mechanism other
than direct scavenging of hydroxyl radicals before they react with DNA.41 Pulse
radiolysis data support the mechanism of electron transfer (or H-transfer) from
catechins to radical sites on DNA.42 These results support an antioxidant role of
catechins in their direct interaction with DNA radicals.

The inhibitory effects of tea polyphenols on xanthine oxidase (XO) were
investigated.43 Catechins and theaflavins inhibit XO to produce uric acid and also
act as scavengers of superoxide. The antioxidative activity of tea catechins is due
not only to their ability to scavenge superoxides, but also to their ability to block
XO and related oxidative signal transducers.43 It has been demonstrated that tea
or tea catechins inhibit Cu2+-mediated LDL oxidation in vitro44 and induction of
atherogenesis in mice.39 To determine whether tea catechins act as effective
antioxidants in vivo, future studies in animals and humans should employ sensitive
and specific biomarkers of oxidative damage to DNA, proteins, and lipids.

17.6.2 PRO-OXIDANT EFFECTS OF CATECHINS

Biologically important ROS that can damage DNA and, thereby, alter gene
expression in cell growth and differentiation include the hydroxyl radical, super-
oxide, peroxyradical, singlet oxygen, peroxynitrite, and hydrogen peroxide.42 As
oxidative DNA damage is considered to be a pathogenic event in the induction
of many cancers,45 a reduction in the rate of such damage by catechins acting as
antioxidants may lead to a reduced risk of cancer.

On the contrary, recent studies have demonstrated the pro-oxidant effects of
green tea catechins.46,47 Green tea catechins enhanced colon carcinogenesis in
rats.48 Experiments using 32P-labeled DNA fragments obtained from human can-
cer-related genes showed that catechins induced DNA damage in the presence of
metals such as Cu(II) and Fe(III) complexes.46 It is concluded that EGCG can
induce hydrogen peroxide generation and subsequent damage to isolated and
cellular DNA, and that oxidative DNA damage may mediate the potential carci-
nogenicity of EGCG.46 EGCG (12.5 to 50 

 

μM) decreased the viability of Jurkat
cells and caused concomitant increase in cellular caspase 3 activity. Catalase and
Fe(II) chelating reagent O-phenanthroline suppressed the EGCG effects, indicat-
ing involvements of both hydrogen peroxide and Fe(II) in the mechanism. Unex-
pectedly, ECG, which has Fe(III)-reducing potency comparable to EGCG, failed
to decrease viability of Jurkat cells, while EGC, which has low capacity to reduce
Fe(III), showed a cytotoxic effect similar to EGCG. These results suggest that a
mechanism other than Fe(III) reduction plays a role in catechin-mediated Jurkat
cell death. EGCG causes an elevation of hydrogen peroxide levels (a pro-oxidant
effect) in Jurkat cell culture, in cell-free culture medium, and sodium phosphate
buffer. Catechins with higher ability to produce hydrogen peroxide were more
cytotoxic to Jurkat cells. Hydrogen peroxide itself exerted Fe(II)-dependent cyto-
toxicity. Among human and normal cell lines tested, cells exhibiting lower hydro-
gen peroxide-eliminating activity were more sensitive to EGCG. It is proposed
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that cytotoxicity of catechins in certain tumor cells is due to their ability to
produce hydrogen peroxide and that the resulting increase in hydrogen peroxide
levels triggers Fe(II)-dependent formation of highly toxic hydroxyl radicals,
which in turn induces apoptosis in the target cells.47

17.6.3 INDUCTION OF APOPTOSIS AND CELL CYCLE ARREST

We have examined the apoptotic inducing effects of EGCG, theaflavins, and
theasinensin A (from oolong tea) in the human cancer cell lines histolytic lym-
phoma U937 and acute T-cell leukemia Jurkat cells.49 The action mechanisms of
tea polyphenols induced apoptosis as determined by annexin V apoptosis assay;
DNA fragmentation and caspase activation were further investigated. Loss of
membrane potential and ROS generation were also detected by flow cytometry.
Treatment with tea polyphenols caused rapid induction of caspase-3, but not
caspase-1, activity and stimulated proteolytic cleavage of poly(ADP-ribose)-poly-
merase (PARP).49

Recent studies on apoptosis and cell cycle arrest in cancer cells by in vivo
metabolites of teas have been described.50 The tea extracts from green, oolong,
and black teas were prepared. The rat sera obtained after oral intubation of the
prepared tea extracts, and tea polyphenolic compounds EGCG, EGC, ECG, and
theaflavins were used in the related tests. All these tea samples significantly
inhibited the proliferation of a rat hepatoma cell line (AH 109A) and murine B16
melanoma cells, but not normal rat mesothelial (M) cells.

EGCG was found to inhibit the growth of the transformed W138VA cells,
but not of their normal counterparts. A similar growth inhibitory effect of EGCG
between human colorectal cancer (Caco-2) cells, breast cancer (Hs578T) cells,
and their respective normal counterparts were observed.51 EGCG treatment also
induced apoptosis, and enhanced serum-induced expression of c-fos and c-myc
genes in transformed W138VA cells, but not in the normal W138 cells. EGCG
and other catechins inhibit growth of human lung cancer (PC-9) cells with a G2/M
phase arrest of the cell cycle.52

17.6.4 INHIBITION OF CELLULAR PROLIFERATION AND TUMOR

PROGRESSION THROUGH SUPPRESSING EGFR SIGNALING

Multiple data have demonstrated the pivotal role of mitogenic signal transduction
in controlling the tumor proliferation.3,35 The induction of ornithine decarboxylase
(ODC), PKC, protein kinase activities, and oxidative stress by TPA is believed
to be closely related to the tumor promotion activity of this compound.7,53 Topical
application of green tea catechins to mouse skin was found to inhibit TPA-caused
induction of ODC activity in a dose-dependent manner.54 Our studies have dem-
onstrated that EGCG and theaflavins inhibited TPA-induced transformation, PKC
activation, and AP-1 binding activities in mouse fibroblast cells.55,56 We have
investigated the effects of EGCG on the proliferation of human epidermoid cancer
cell line A431.9 EGCG strongly inhibited the DNA synthesis and protein tyrosine
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kinase activities of epidermal growth factor (EGF)-receptor, platelet derived
growth factor (PDGF)-receptor, and fibroblast growth factor (FGF)-receptor. In
an in vivo assay, EGCG could reduce the auto-phosphorylation level of EGF-
receptor by EGF. EGCG inhibited the EGF-stimulated increase in phosphoty-
rosine level in A431 cells. EGCG also blocked EGF-binding to its receptor. These
results suggested that the inhibition of proliferation and suppression of the EGF
signaling by EGCG might mainly mediate dose-dependent blocking of ligand
binding to its receptor, and subsequently through inhibition of EGF-receptor
kinase activity and its signaling.9

17.6.5 INHIBITION OF INOS THROUGH DOWNREGULATING

NFκB ACTIVATION

Nitric oxide (NO) is a small bioactive molecule that plays an important role in
inflammation and multistep carcinogenesis. We have investigated the effects of
tea polyphenols on the induction of iNOS in thioglycolate-elicited and
lipopolysaccharide (LPS)-activated peritoneal macrophage.8,57 Gallic acid, EGC,
EGCG, and theaflavins have found to inhibit nitrite production, iNOS protein,
and mRNA in activated macrophages. Western blot, reverse transcriptase-poly-
merase chain reaction (RT-PCR), and Northern blot analyses demonstrated that
significantly reduced 130-kDa protein and 4.5-kb mRNA levels of iNOS were
expressed in LPS-activated macrophages with EGCG or theaflavins compared
with those without tea polyphenols. Electrophoretic mobility shift assay (EMSA)
indicated that EGCG blocked the activation of NFκB, a transcription factor
necessary for iNOS induction.8 EGCG and theaflavins also blocked the disap-
pearance of inhibitor IκB from the cytosolic fraction.57 These results suggest that
EGCG and theaflavins decrease the activity and protein levels of iNOS by reduc-
ing the expression of iNOS mRNA and the reduction could occur through pre-
vention of the binding of NFκB to the iNOS promoter, thereby inhibiting the
induction of iNOS expression.8

17.6.6 INHIBITION OF TUMOR PROMOTION AND CELL

TRANSFORMATION THROUGH SUPPRESSING AP-1 
ACTIVATION

A number of studies have suggested that the activation of AP-1 plays an important
role in tumor promotion; the downregulation of this transcription factor is now
thought to be a general therapeutic strategy against cancer.58,59 Dong et al.60

investigated the anticancer-promoting effects of EGCG and theaflavins. Both were
found to inhibit EGF- or TPA-induced cell transformation as well as AP-1-
dependent transcriptional activity and DNA-binding activity. This study further
showed that the inhibition of AP-1 activation occurs via the inhibition of a c-Jun
NH2-terminal kinase (JNK)-dependent pathway.60 EGCG and theaflavins inhib-
ited TPA-induced NFκB activity in a concentration-dependent manner. These tea
polyphenols blocked TPA-induced phosphorylation of IκBα at Ser-32 in the same
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concentration range. These results suggest that inhibition of NFκB activation is
also important in accounting for the antitumor promotion effects of EGCG and
theaflavins.56,57,61

17.6.7 SUPPRESSION OF FATTY ACID SYNTHASE EXPRESSION BY

CATECHINS AND THEAFLAVINS

Fatty acid synthase (FAS) is a key enzyme in lipogenesis. FAS is highly expressed
in the proliferative normal tissues and malignant tumors, is overexpressed in the
malignant human breast carcinoma MCF-7 cells, and its expression is further
enhanced by EGF. The EGF-induced expression of FAS was inhibited by green
and black tea extracts. The expression of FAS was also suppressed by the cat-
echins and theaflavins at both protein and mRNA levels that may lead to the
inhibition of cell lipogenesis and proliferation.62 Both EGCG and theaflavin-3,3′-
digallate inhibit the activation of AKt and block the binding of SP-1 to its target
site at transcription promoter region. Furthermore, the EGF-induced biosynthesis
of lipids and cell proliferation were significantly suppressed by EGCG and
theaflavins.9,60 These findings suggest that tea polyphenols suppress FAS expres-
sion by downregulating the EGF-receptor/PI3K/AKt/Sp-1 signal transduction
pathway; and tea and tea polyphenols might induce hypolipidemic and antipro-
liferative effects by suppressing FAS.62

Several reports have demonstrated that EGCG is a natural inhibitor of FAS
in vitro. EGCG is an inhibitor of FAS from chicken liver.63 The marked inhibition
of ketoacyl reduction shows that the inhibition is related to β-ketoacyl reductase
of FAS. The observable protection of NADPH and competitive inhibition of
NADPH for ketoacyl reduction indicate that EGCG may compete with NADPH
for the same binding site.63 The analogs of galloyl moiety without the catechin
skeleton such as propyl gallate also showed obvious slow-binding inhibition,
whereas the green tea ungallated catechin did not.

Atomic orbital energy analyses suggest that the positive charge is more
distinctly distributed on the carbon atom of ester bond of galloyl moiety of gallate
catechins, and that gallated forms are more susceptible for a nucleophilic attack
than other catechins.64 Thus, gallated catechins provide a nucleophilic target for
the ketoacyl reductase of FAS that lead to the inhibition of the enzyme. EGCG
also showed profound inhibition on the bacterial type II fatty acid synthase.65

EGCG and the related tea catechins potently inhibit both the FabG and FabI
reductase steps in the fatty acid elongation cycle with IC50 values between 5 and
15 μM. The presence of the galloyl moiety was essential for activity.

Chemical inhibitors of FAS inhibit growth and induce apoptosis in several
cancer cell lines in vitro66 and in tumor xenografts in vivo.67 EGCG inhibits FAS
activity as efficiently as currently known synthetic inhibitors and selectively
causes apoptosis in LNPaP cells but not in nontumoral fibroblasts. These findings
establish EGCG as a potent natural inhibitor of FAS in intact cells and strengthen
the molecular basis for the use of EGCG as a chemopreventive agent.68



Catechins and Inhibitory Activity against Carcinogenesis 361

17.6.8 INHIBITION OF UBIQUITIN–PROTEASOME PATHWAY BY

CATECHINS

Many cell-cycle and cell-death regulators are identified as targets of the ubiq-
uitin–proteasome-mediated degradation pathway. Proteasome inhibitors are able
to induce tumor growth arrest, and tea consumption is correlated with cancer
prevention.1,29 It has been demonstrated that ester bond-containing tea poly-
phenols such as EGCG potently and specifically inhibit the chymotrypsin-like
activity of the proteasome in vitro at concentrations that are found in the serum
of green tea drinkers.69 Atomic orbital energy analyses and high-performance
liquid chromatography suggest that the carbon of the polyphenol ester bond is
essential for targeting and thereby inhibiting the proteasome in cancer cells. This
inhibition of the proteasome results in accumulation of two proteasome substrates
p27/kip1 and IκBα, an inhibitor of NFκB, and this inhibition is followed by
growth arrest in the G1 phase of the cell cycle. Tea polyphenols without an ester
bond were inactive in this capacity. It is estimated that 20S proteasome inhibition
is achieved via acylation of the catalytic N-terminal threonine on the proteasome’s
β5 subunit, wherein the A ring of (–)-EGCG acts as a tyrosine mimic to bind the
hydrophobic S1 pocket of β5, which is the location of the chymotrypsin active
site.69 Eight potential hydrogen bonds support docking of the complex. Synthetic
(+)-EGCG was more potent to purified 20S proteasome than normal cis(–)-
EGCG. Furthermore, compared with their simian virus-transformed counterparts,
the parental normal human fibroblasts are much more resistant to EGCG-induced
p27/kip1 protein accumulation and G1 arrest.69 This study suggests that protea-
some is a cancer-related molecular target of tea polyphenols and that inhibition
of proteasome activity by ester bond-containing polyphenols may contribute to
the cancer chemopreventive effects of tea. It is interesting to note that the naturally
occurring ester bond containing polyphenol pentagalloylglucose has been shown
to be a strong inhibitor of 26S proteasome in our laboratory.70

17.7 DISCUSSION OF THE ACTION MECHANISMS 
OF CATECHINS

As described above, the action mechanisms of catechins are multiple pathways
through multiple targets.1,3,35 The new developments on the inhibition of catechins
on the function of ubiquitin–proteasome pathways are critically interesting and
deserve further discussion. The proteasome is an essential component of the ATP-
dependent proteolytic pathway in the nucleus and cytoplasm of eukaryotic cells
and is responsible for the degradation of most cellular proteins.71 The 20S
(700-kDa) proteasome contains multiple peptidase activities that function through
a new type of proteolytic mechanism involving a threonine active site. The 26S
(2000-kDa) complex, which degrades ubiquitinated proteins, contains in addition
to the 20S proteasome, a 19S regulatory complex composed of multiple ATPases
and components necessary for binding protein substrates.
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Proteasomal degradation of proteins is critical for the regulation of cellular
proteins and homeostasis such as progression of the cell cycle,72 apoptosis,73

oncogenesis, transcription, cell adhesion, migration, angiogenesis, and antigen
presentation. Proteasome plays a central role in the regulation of proteins that
control cell cycle progression and apoptosis and has therefore become an impor-
tant target for anticancer therapy.72 The central role of the proteasome in control-
ling the expression of regulators of cell proliferation and survival has led to
interest in developing proteasome inhibitors as novel anticancer agents. In vitro
and in vivo studies have shown that proteasome inhibitors have activity against
a variety of tumor types.74 It is encouraging to demonstrate that tea catechins
have a profound inhibitory effect on the proteasome chymotryptic activity.69 These
findings have provided another molecular basis for the cancer chemopreventive
effects of tea and tea polyphenols.

In summary, the cancer chemopreventive agents such as tea catechins can
inhibit tumor growth and tumor promotion through arresting cell cycle and induc-
ing cell apoptosis. During the past few years, experimental results from our
laboratory and others have demonstrated that cancer chemoprevention by tea
polyphenols can be achieved by signal transduction blockade.3,35 Discovering
novel therapeutics and chemopreventive agents with clinical utility continues to
be the focus of biochemical and pharmacological scientists working in the signal
transduction therapy. Recent developments in FAS inhibitors and inhibitors in
ubiquitin–proteasome pathways have provided additional potential fields for fur-
ther exploration.66,67,75
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ABSTRACT

trans-3,5,4

 

′-Trihydroxystilbene, commonly referred to as resveratrol, has
attracted great attention as a cancer preventive nutritional substance. Grapes, red
wine, and peanuts are rich in resveratrol and resveratrol glucosides. Resveratrol
potently activates sirtuins, NAD+-dependent deacetylases implicated in the
lifespan-extending effects of caloric restriction. Resveratrol has been shown to
induce G1- or S-phase arrest of more than a dozen unrelated cancer cell lines.
WAF1/p21 induction accompanied both G1 arrest in cultured cells and resveratrol
amelioration of ultraviolet B-induced damage to mouse skin, and was p53-inde-



370 Nutrition and Cancer Prevention

pendent in some instances. Resveratrol-induced G1 arrest sensitizes cancer cells
but not normal cells to apoptosis by TRAIL, in association with survivin down-
regulation. Resveratrol also downregulated survivin in ultraviolet B-damaged
mouse skin. Resveratrol induces apoptosis of diverse leukemia and epithelial
cancer cell lines by (1) p53-dependent, JNK-dependent and (2) Fas/Fas-ligand-
independent, FADD-dependent mechanisms, and it suppresses the NF-

 

κB sur-
vival pathway. Studies in human breast and endometrial cancer cell lines have
shown that resveratrol is a phytoestrogen with mixed estrogen-receptor ago-
nist/antagonist activity, suggesting some potential for increased cancer risk.
Enthusiasm for translation to chemopreventive intervention in humans is also
tempered by the concern that resveratrol bioavailability in humans may be insuf-
ficient to effect chemoprotection achieved in several rodent models of carcino-
genesis. A study in human volunteers established that a 25-mg oral dose of [14C]
resveratrol was absorbed >70%, but rapidly metabolized to sulfates and glucu-
ronic conjugates. Efforts are under way by a team led by G.R. Pettit to develop
new resveratrol analogs for use as antineoplastic drugs in humans.

18.1 NUTRITIONAL SOURCES OF RESVERATROL

trans-Resveratrol (3,5,4

 

′-trihydroxystilbene), commonly referred to as resvera-
trol, has attracted great attention in recent years as a cancer preventive and
cardioprotective nutritional substance. Resveratrol is a phytoalexin produced in
some plants, such as grapevines, in response to fungal infection, ultraviolet light,
and other types of stress, e.g., mechanical. Commercial food sources rich in
resveratrol and closely related, bioactive forms of the stilbene, e.g., the cis isomer
of resveratrol and the glucoside of resveratrol known as piceid, include grapes,
red wine, and peanuts.1,2 Because the stilbene content of grapes is primarily in
the grape skin, white wines have low amounts of resveratrol compared to red.1

Surveys of the resveratrol content of these food sources have indicated ranges of
0.02 to 1.79 

 

μg resveratrol/g in peanuts, 0.6 to 6.8 

 

μg/ ml in French red wines,
and 0 to 2.1 

 

μg/ml in various white wines.1,2 Glucosides of resveratrol are on
average several-fold more abundant than resveratrol in red wine, indicating the
importance of also measuring glucosides when evaluating the resveratrol content
of food products.1

18.2 THE RESVERATROL–CANCER PREVENTION 
CONNECTION: WHERE IT BEGAN

Neoplastic disease development is characterized by three distinct stages: tumor
initiation, promotion, and progression. In 1997, Pezzuto’s group3 reported in
Science that resveratrol antagonizes each stage of carcinogenesis, based on an
analysis of the stilbene in an array of in vitro and in vivo bioassays, including
the mouse-skin model of chemical carcinogenesis. At the time this chapter was
written, a PubMed search of “resveratrol and cancer” yielded 337 reports, with
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the Pezzuto report3 the first chronologically, indicating the excitement generated
in the field by the seminal report. Cancer is often a disease related to aging, and
recent reports identify resveratrol as potentially protective against aging-related
pathological conditions through its capacity to activate Sir2-like proteins (sir-
tuins). Sirtuins are NAD+-dependent deacetylases implicated in the lifespan-
extending effects of caloric restriction in yeast, nematodes, flies, and mammals.4–6

Resveratrol potently stimulates sirtuins expressed across the spectrum of these
organisms. Resveratrol extends the lifespan of yeast up to 70% by mimicry of
calorie restriction through sirtuin activation.4 Resveratrol also extends nematode
(Caenorhabditis elegans) and fly (Drosophila) lifespans without reducing fecun-
dity in a sirtuin-dependent manner.5 In mice, sirtuin activation by either resveratrol
or caloric restriction induces a fat mobilization response that has the effect of
reducing body fat. Because reduced body fat is implicated in the lifespan-extend-
ing effects of caloric restriction in mammals, this suggests that resveratrol may
protect against aging-related pathological changes such as neoplastic development
in humans.6

18.3 INTRINSIC ANTIOXIDANT ACTIVITY OF 
RESVERATROL

Potent antioxidant activity of resveratrol observed in eukaryotic cells and in vivo
models involves effects of resveratrol on particular redox-regulatory targets, such
as the cyclooxygenases COX-1 and COX-2 (discussed in Section 18.7) and the
intrinsic antioxidant activity of the polyphenol. Illustrative of the antioxidant
action of resveratrol in cells, the stilbene potently suppresses the production of
superoxide anion, hypochlorous acid, and nitric oxide in isolated human neutro-
phils.7 The contribution of the intrinsic antioxidant activity of resveratrol to its
suppression of reactive oxygen species (ROS) in cells has been inferred from the
ability of the polyphenol to scavenge superoxide anion produced by the xan-
thine/xanthine oxidase system and hydroxyl radical, whether produced by the
Fenton reaction (Fe2+ + H2O2

 

→ Fe3+ + .OH + OH–) or by the transition metal
Cr(VI) in the presence of NADPH and glutathione reductase.8 Resveratrol is a
potent ROS scavenger in each of these systems. Reaction rate measurements
establish resveratrol as comparable in potency to the antioxidants ascorbate and
glutathione in scavenging hydroxyl radical.8 Like other polyphenols, resveratrol
can exhibit either pro-oxidant or antioxidant activity under artificial conditions.
A concern that resveratrol could have pro-oxidant effects detrimental to health
was raised by the observation that resveratrol actually promoted hydroxyl radical
formation in the presence of Cu(II) and plasmid DNA, suggestive of potential
mutagenic activity. This concern was put to rest by establishing that resveratrol
switches from pro-oxidant to antioxidant activity when either ascorbate or glu-
tathione is introduced in this system at physiologically relevant concentrations.9

Still, the caveat remains that resveratrol could exert detrimental, pro-oxidant
effects under aberrant pathophysiological conditions.
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18.4 EFFECTS OF RESVERATROL ON THE CELL CYCLE 
MACHINERY

Resveratrol has been reported to induce growth arrest of more than a dozen diverse
cancer cell lines, with arrest primarily in the G1

10–12 or S phase of the cell cycle.13,14

Growth arrest may involve direct inhibitory effects of resveratrol against ribonu-
cleotide reductase (IC50 = 100 

 

μM),15 which is vital to DNA synthesis owing to
its catalysis of the reduction of ribonucleotides to deoxyribonucleotides, and
resveratrol suppression of ornithine decarboxylase (ODC) induction, evidently
through attenuation of myc expression.16 Resveratrol has profound effects on the
cell cycle machinery. Resveratrol induction of the cyclin kinase inhibitor (CKI)
WAF1/p21 accompanied the G1 arrest response to the polyphenol in cultured
cells10–12 and was also associated with resveratrol amelioration of ultraviolet B-
induced damage to mouse skin.17 Studies with p53-null cells indicate that, in at
least some cases, resveratrol induces G1 arrest and WAF1/p21 expression in a
p53-independent manner,12 while retinoblastoma (pRb) hypophosphorylation was
implicated in resveratrol-induced WAF/p21 upregulation in studies with human
A431 epidermoid carcinoma cells.11 Complete loss of the G1 arrest response to
resveratrol in p21-deficient colon carcinoma cells established WAF1/p21 as cru-
cial to the response.12 Resveratrol arrest of A431 cell growth and suppression of
ultraviolet B-induced mouse skin damage were associated with loss of cyclin-
dependent kinases (CDKs) and cyclins that operate in the G1 phase of the cell
cycle.10,17 Highly significant from the perspective of cancer prevention, resvera-
trol-induced G1 arrest sensitized cancer cells but not normal cells to apoptosis by
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), an inducer of
cancer cell apoptosis that leaves normal tissues unharmed; apoptosis potentiation
by resveratrol required WAF1/p21, was p53-independent, and was accompanied
by downregulation of the inhibitor of apoptosis protein (IAP), survivin.12 The
significance of resveratrol-mediated survivin downregulation to cancer prevention
is also suggested by observations that survivin upregulation in preneoplastic,
ultraviolet B-damaged mouse skin is abrogated by resveratrol, while the apoptotic
response of the damaged tissue to ultraviolet B radiation is increased by the
polyphenol, suggesting surveillance against cancer through clearance of damaged
cells.18

Resveratrol-induced arrest of cell growth in S phase was associated with
decreased expression of the G1-phase protein cyclin D1 and the G2-phase protein
cyclin B1 in several diverse cancer cell lines, suggesting loss of these proteins
as possible surrogate markers of resveratrol sensitivity.14 Furthermore, resveratrol-
induced S phase arrest was accompanied by apoptosis induction and survivin
downregulation.13,14 In summary, the efficacy of resveratrol in arresting cancer
cell growth by interference with the cell cycle machinery and ancillary pathways,
together with the association of this response with survivin downregulation and
apoptosis induction, suggests the potential for implementation of resveratrol or
related stilbenes in cancer preventive surveillance and destruction of cancer cells
without harm to normal tissues.
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18.5 RESVERATROL-INDUCED CANCER CELL 
APOPTOSIS

Resveratrol induces apoptosis of diverse leukemia and epithelial cancer cell lines.
Leukemia cells subject to resveratrol-induced apoptosis include early myeloid
(K562, KCL22, HL60), monocytic (U937, THP1), B-lymphoid (WSU-CLL), and
T-lymphoid (Jurkat).14,19,20 Human carcinoma cell lines that apoptose in response
to resveratrol span human breast cancer (MCF-7), prostate cancer (LNCaP,
DU145), colorectal cancer (SW480), pancreatic cancer (PANC-1, AsPC-1), and
esophageal cancer (Bic-1, Seg-1, HCE7).14,21–25

Resveratrol induces apoptosis of MCF-7 cells by a p53-dependent mecha-
nism. Induction of MCF-7 cell apoptosis by resveratrol was accompanied by
induction of p53 phosphorylation and acetylation, post-translational modifications
implicated in stabilization of p53 and consequent increased p53 abundance.
Pifithrin-

 

α, a selective p53 inhibitor, blocked resveratrol-induced p53 post-trans-
lational modification and apoptosis of the MCF-7 cells.24 MCF-7 cells express
wild-type p53.26 Resveratrol also induces p53-dependent apoptosis of DU145
cells, which harbor a mutated form of p53. Resveratrol-induced DU145 cell
apoptosis was blocked by pifithrin-

 

α, as were resveratrol-induced p53 phospho-
rylation at serine-15, p53 accumulation, and p53 transcriptional activity in the
prostate cancer cells.22 Activation of the Jun-NH2 kinase (JNK) pathway, which
is triggered by various forms of stress, has been shown to stabilize p53, enhance
p53 transcriptional activity, and potentiate p53-dependent apoptosis.27 Resveratrol
potently induced JNK activation in mouse epidermal JB6 cells, and resveratrol-
induced p53-dependent apoptosis was attenuated in JB6 cells transfected with
dominant-negative JNK1 and in JNK1–/– and JNK2–/– mouse embryo fibro-
blasts.28

An analysis of resveratrol-induced apoptosis of seven human leukemia cell
lines (K562, KCL22, HL60, U937, THP1, WSU-CLL, and Jurkat) determined
that Fas/Fas-ligand (FasL) did not contribute to the apoptotic responses of the
cells, and that resveratrol induced caspase activity in each case. Interestingly, Z-
VAD-FMK, a nondiscriminating inhibitor of caspases, did not increase the sur-
vival of resveratrol-treated K562 cells unless administered with the promiscuous
protease-inhibitor leupeptin, which was also ineffective alone.20 A study focused
on resveratrol-induced apoptosis of U937 cells found that apoptosis was associ-
ated with caspase-3 activation and was blocked by Z-VAD-FMK as well as by
enforced Bcl-2 expression. Resveratrol-induced apoptosis was associated with
loss of the IAPs cIAP1 and cIAP2, but XIAP and survivin levels were
unchanged.19 A safety concern noted in Ferry-Dumazet et al.20 is that, although
resveratrol did not affect resting normal human peripheral blood lymphocytes
(PBL), PHA-activated normal PBL were more sensitive to resveratrol-induced
growth suppression/apoptosis than several leukemia cell lines.

A detailed analysis of resveratrol-induced apoptosis in human colon cancer
SW480 cells revealed that resveratrol activates the death-receptor apoptosis path-
way Fas/FasL by recruiting the death-receptor Fas to cluster and enter the death-
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inducing signaling complex (DISC) with the adaptor molecule FADD (Fas-asso-
ciating protein with death domain) and caspase-8; interestingly, resveratrol-
induced SW480 apoptosis was unaffected by an antagonistic Fas Ab and by ligand
sequestration by FasL Ab, but was abrogated by dominant-negative FADD.23

While the focus of this chapter is cancer prevention, there is growing interest in
the use of resveratrol and other cancer-preventive phytochemicals in cancer ther-
apy. Remarkably, the action of resveratrol in SW480 cells bears some resemblance
to apoptosis induction by the highly effective cancer therapeutic taxol, which
triggers leukemia cell apoptosis primarily through caspase-10 activation by a
death receptor-independent, FADD-dependent mechanism.29

18.6 NF-

 

κB SURVIVAL PATHWAY SUPPRESSION BY 
RESVERATROL

The transcription-factor NF-

 

κB (nuclear factor-

 

κB) induces the expression of key
survival genes, e.g., Bcl-XL, XIAP, and cFLIP, pro-inflammatory cytokines, e.g.,
interleukin-1 (IL-1) and tumor necrosis factor (TNF), and other genes involved
in cell proliferation, e.g., cyclin D1.30 Based on its pro-inflammatory, anti-apop-
totic, and oncogenic activity, NF-

 

κB is viewed as an important target in cancer
prevention and therapy.30 NF-

 

κB is sequestered in the cytoplasm in an inactive
state as a complex with the inhibitory protein I

 

κB

 

α. NF-

 

κB activation entails
I

 

κB

 

α phosphorylation by the kinase complex IKK. This triggers ubiquitination
and proteasomal degradation of I

 

κB

 

α, thus liberating NF-

 

κB to translocate to
the nucleus and activate expression of target genes. A study in human monocyte
THP-1 cells revealed that resveratrol potently suppresses NF-

 

κB-dependent gene
expression, whether induced by TNF or LPS (lipopolysaccharide) by targeting
the NF-

 

κB pathway at a point upstream of IKK. This was demonstrated by
showing that resveratrol inhibition of TNF-induced NF-

 

κB activation was asso-
ciated with suppression of IKK activation, I

 

κB

 

α phosphorylation, and I

 

κB

 

α
degradation. IKK was ruled out as the direct target by showing that resveratrol
had no effect on the activity of the isolated kinase complex, with the implication
that the resveratrol target was upstream of IKK in the NF-

 

κB pathway.31

A number of NF-

 

κB-inducible genes correspond to gene products that induce
NF-

 

κB activation, forming a positive feedback loop, e.g., TNF and IL-1

 

β. IL-1

 

β
is a critical cytokine in the proliferation of acute myeloid leukemia (AML) cells.
Estrov et al.32 have established that resveratrol suppresses IL-1

 

β-induced NF-

 

κB
activation in the AML cell line OCIM2 and concomitantly attenuates production
of the IL-1

 

β protein by the cells. The significance of these findings to cancer
prevention is strongly suggested by the analysis of clinical AML specimens in
the report. Resveratrol inhibited the colony-forming growth of freshly isolated
AML blast colony-forming cells in a concentration-dependent manner, and colony
formation was partially rescued by exogenous IL-1

 

β.32
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18.7 EFFECTS OF RESVERATROL ON 
CYCLOOXYGENASE ACTIVITY AND 
EXPRESSION

Cyclooxygenases catalyze the formation of prostaglandins from arachidonic acid.
COX-1 is expressed constitutively as a housekeeping gene in most normal tissues,
while COX-2 expression is induced by pro-inflammatory and other mitogenic
signals. Aberrant COX-2 upregulation is a common feature of cancer cells and
potentially preneoplastic conditions such as tissue inflammation. COX-2 has been
causally linked to epithelial tumorigenesis and is under investigation as a target
for cancer prevention and therapy (reviewed in Reference 33). COX-catalyzed
conversion of arachidonic acid to prostaglandin involves two sequential reactions
at spatially distinct active sites, i.e., a cyclooxygenase reaction followed by a
hydroperoxidase reaction. In assessing resveratrol as a cancer preventive agent,
the Pezzuto team reported that resveratrol inhibited the cyclooxygenase and
hydroperoxidase activities of COX-1 but exhibited much weaker effects against
COX-2 activity.3 More recently, a detailed mechanistic analysis established that
resveratrol is a mechanism-based inactivator of COX-1 peroxidase catalysis.
Resveratrol was oxidized at the peroxidase active site in a manner dependent on
the presence of the substrate hydrogen peroxide, with concomitant inactivation
of COX-1 peroxidase and cyclooxygenase activities. The authors hypothesized
that inactivation entailed generation of resveratrol and protein radical species.
COX-2 was more efficient than COX-1 in catalyzing peroxide-dependent resver-
atrol oxidation but was not inactivated by the polyphenol.34 Interestingly, COX-
1 inactivation by resveratrol is distinct from classical nonsteroidal anti-inflam-
matory drug (NSAID) action, in that classical NSAIDs target the cyclooxygenase
active site of COX isoforms.

While resveratrol potently inhibits COX-1 but not COX-2, it suppresses the
expression of COX-2 but not COX-1. This is illustrated by the results of a study
employing an experimental model of ulcerative colitis, which is a nonspecific
inflammatory disorder of the colonic mucosa and submucosa. The model involves
intracolonic administration of trinitrobenzenesulfonic acid (TNBS) in rats, thus
effecting colonic inflammation and injury. Resveratrol attenuated TNBS-induced
colonic inflammation and injury, and this was associated with suppression of
TNBS-induced COX-2 expression and no change in COX-1 expression in the
colonic epithelial cells.35 Similarly, the chemoprotective effects of resveratrol on
ultraviolet B-damaged mouse skin were associated with attenuated COX-2
expression.18 Consistent with these in vivo models, resveratrol has been shown
to inhibit TGFα-stimulated and basal human COX-2 promoter activity in a
reporter gene assay in human colon cancer DLD-1 cells.36 In summary, studies
of resveratrol effects on COX-1 and COX-2 indicate that COX-1 inhibition may
reinforce the anti-inflammatory effects of COX-2 suppression by resveratrol,
suggesting COX isoforms as important targets in the cancer preventive action of
stilbenes.
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18.8 MODULATION OF ESTROGEN-DEPENDENT 
GENE REGULATION BY RESVERATROL

The structural similarity between resveratrol and the synthetic estrogen diethyl-
stilbestrol provided the first clue that resveratrol may function as a phytoestrogen.
Estrogen-receptor (ER) agonists bind to the receptor and induce ER binding to
estrogen response elements (EREs) in the promoters of target genes with the
effect of promoter activation. Phytoestrogens are dietary nonsteroidal agents with
ER agonist or mixed ER agonist/antagonist activity. In the first definitive analysis
of resveratrol effects on the transcriptional activity of the ER, Jameson’s group37

established that resveratrol competitively bound ER expressed by MCF7 cells,
and activated an ERE-containing promoter-reporter gene construct in MCF7 cells
but not a derived construct with the ERE deleted. Furthermore, resveratrol-
induced activation of the ERE-containing promoter was abrogated by the pure
antiestrogen ICI 182780, indicating that transcriptional activation entailed res-
veratrol binding to the ER and thus identifying resveratrol as a phytoestrogen.37

Studies in a human endometrial cancer cell line, Ishikawa cells, established that
resveratrol can also function as an ER antagonist. Resveratrol antagonized estro-
gen-induced expression of the endogenous genes alkaline phosphatase and
progesterone receptor, and the polyphenol also antagonized estrogen-induced
activation of an ERE-containing promoter-reporter construct. Furthermore, res-
veratrol showed no ER agonist activity in these experiments when tested in the
absence of estrogen.38 Collectively, the studies in MCF7 and Ishikawa cells
established resveratrol as a mixed ER agonist/antagonist. Recently, an analysis
of ER-negative human breast cancer MDA-MB-231 cells stably transfected with
human ERα established that resveratrol acts as an ERα agonist in the cells to
induce expression of an endogenous ER target gene, transforming growth factor-
α (TGFα). Resveratrol induction of the TGFα gene was blocked by the pure
antiestrogen ICI 182780, and resveratrol did not antagonize TGFα induction by
estrogen.39 While phytoestrogens are widely viewed as healthful and cardiopro-
tective, the mixed ER agonist/antagonist activity of resveratrol suggests potential
for increased cancer risk, a possibility that warrants caution in the implementation
of dietary stilbenes as cancer preventive agents or health-promoting dietary sup-
plements in women.

18.9 INHIBITION OF PROTEIN KINASE C (PKC) 
ISOZYMES BY RESVERATROL

Protein kinase C (PKC) is a family of ten isozymes that play critical roles in the
regulation of cell growth and survival. Most PKC isozymes are activated by
phosphatidylserine-dependent mechanisms that involve binding of the stimulatory
cofactors sn-1,2-diacylglycerol (DAG) and Ca2+ to the regulatory domain; PKCα,
PKCβ1, PKCβ2, and PKCγ are activated by Ca2+ and DAG, and PKCδ, PKCε,
PKCθ, and PKCη are activated by DAG alone.40 The discovery that phorbol-ester
tumor promoters, such as 12-O-tetradecanoyl phorbol-13-acetate (TPA), could
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substitute for DAG and activate PKC isozymes at nanomolar concentrations41 led
to the consideration of PKC as a target for cancer prevention or therapy. Subse-
quent studies established that the PKC family includes oncogenic isozymes, e.g.,
PKCε,42,43 and tumor-suppressive isozymes, e.g., PKCδ,44 indicating the need for
isozyme-selective PKC targeting in designing strategies of cancer prevention and
therapy. A study of resveratrol effects on purified PKC isozymes established that
resveratrol is PKC inhibitory, but the inhibitory potency of the polyphenol was
similar against the seven isozymes surveyed, which were the Ca2+, DAG-activated
isozymes PKCα, PKCβ1, PKCβ2, and PKCγ, the DAG-activated isozymes PKCδ
and PKCε, and the DAG-independent isozyme PKCζ. PKC inhibition by resver-
atrol entailed competition with ATP substrate.45

Protein kinase D (PKD) is a family of three isozymes, PKD1–3, that have in
common with PKC a conserved DAG/TPA binding-site. However, PKD is not
activated by DAG/TPA, and is instead activated downstream of PKC by phos-
phorylation at activation-loop residues serine 744/748. PKD is involved in the
transmission of PKC-dependent cell proliferative and survival signals.46 Interest-
ingly, cell survival signaling by PKD may involve suppression of the JNK sig-
naling pathway through PKD–JNK complex formation.47 A comparison of the
inhibitory effects of resveratrol against purified PKD-1 (formerly called PKCμ)
vs. the PKC isozymes analyzed in Reference 45 determined that the polyphenol
is somewhat more potent against PKD-1, and markedly so with respect to the
kinase autophosphorylation reaction.48 This suggested that resveratrol inhibition
of PKC might be reinforced in cells by coordinate inhibition of the PKC effector
PKD. A recent analysis of growth-suppressive effects of resveratrol in the andro-
gen-independent human prostate cancer cell line PC-3 established that resveratrol
blocked TPA-induced PKCα activation without any effect on the other phorbol
ester-activated protein kinases in the cells (PKD, PKCε).49 These findings are
consistent with a recent report identifying PKCε as the endogenous activator of
PKD.50 Furthermore, they reveal that, although an indiscriminate inhibitor of
purified PKC/PKD species, resveratrol selectively inhibits a subset of these targets
i n  c e l l s .  The  s t r ong  supp re s s ion  o f  DMBA (7 ,12 -d ime thy l -
benz(a)anthracene)/TPA-induced papilloma formation achieved by resveratrol,
when co-administered with TPA in the promotion phase of the two-stage mouse
skin carcinogenesis model, offers evidence that, in at least some tissues, the sum
total of resveratrol inhibitory effects against TPA-responsive PKC isozymes and
PKD may be cancer preventive.3

18.10 CANCER PREVENTION BY RESVERATROL 
IN VIVO

The first demonstration that resveratrol has cancer preventive activity in vivo was
the aforementioned finding by Pezzuto and co-workers3 that co-administration of
resveratrol and TPA in the tumor-promotion phase of the two-stage mouse skin
model potently suppressed tumor formation; two subsequent reports confirmed
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that resveratrol has cancer preventive activity in the DMBA/TPA mouse skin
model.51,52 In the mouse skin model, resveratrol is directly applied to the
DMBA/TPA-treated skin, so that the issues of resveratrol metabolism and bio-
availability in the circulation are minimized. Thus, the finding that orally admin-
istered resveratrol has cancer preventive activity in the azoxymethane (AOM)-
induced colon carcinogenesis model in F344 rats was a significant advance. In
that study, Tessitore et al.53 established that intake of resveratrol in the drinking
water, while having no effect on body weight, suppressed AOM induction of
aberrant crypt foci, which are preneoplastic lesions in the colonic epithelium.53

The cancer preventive activity of resveratrol against intestinal tumor development
was also demonstrated in an analysis of Min (multiple intestinal neoplasia) mice,
which harbor a mutated Apc (adenomatous polyposis coli) gene and, as a result,
spontaneously develop tumors in the small intestine and, to a lesser extent, in the
colon. Oral intake of resveratrol in the drinking water did not significantly affect
body weight but sharply reduced the incidence of tumors in the small intestine
as well as the colon of Min mice, in a 7-week timeframe.54 Resveratrol has also
been shown to have cancer preventive activity in the upper digestive tract. Intra-
peritoneal delivery of resveratrol significantly reduced the incidence and size of
N-nitrosomethylbenzamine (NMBA)-induced esophageal tumors in F344 rats.55

As mentioned in Section 18.8, the mixed estrogen agonist/antagonist activity
of resveratrol has raised the concern that some dietary stilbenes may increase
breast cancer risk. Therefore, the demonstration that oral intake of resveratrol
dramatically suppresses DMBA-induced mammary tumor incidence in female
Sprague-Dawley rats without affecting body weight56 is an important advance
that should encourage further research in this area.

Despite the efficacy of resveratrol as a cancer preventive agent in rodent
models of carcinogenesis, enthusiasm for translation to cancer preventive inter-
vention in humans has been tempered by the valid concern that resveratrol
bioavailability in humans may be too limited to effect cancer prevention.57 Still,
from the perspective that the glass is half-full rather than half-empty, target organs
with relatively limited dependence on systemic delivery, e.g., the upper digestive
tract, are likely to benefit from chemoprotection by dietary resveratrol.58,59

Recently, a study of the absorption, bioavailability, and metabolism of [14C]
resveratrol in human volunteers established that a 25-mg oral dose was absorbed
>70%, generating peak plasma levels of total radioactivity of 2 μM at 1 h and
1.3 μM at 6 h, followed by an exponential decline in the plasma concentration;
most of the radioactivity was recovered in the urine within 12 h of ingestion.59

However, the bioavailability of trans-resveratrol was very low, with only trace
amounts in the plasma within 30 min of intravenous delivery, despite high reten-
tion of resveratrol metabolites. While not specifically identified, major metabo-
lites were established as resveratrol sulfates and glucuronic conjugates.59 Identi-
fication and analysis of the bioactivity of these metabolites and analysis of
bioactive metabolite accumulation in target tissues will be important in the assess-
ment of resveratrol as a cancer preventive agent in humans.
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Some resveratrol analogs may be more effective than resveratrol itself for
cancer prevention in humans. For example, piceid and other glucosides of res-
veratrol are more hydrophilic than the aglycone and may have superior oral
bioavailability.60 With respect to the issue of stilbene solubility, a survey of red
grape juices determined that trans-piceid is present on average at 3.4 μg/ml,
despite the absence of the ethanol solvent that contributes to the stilbene content
of wine.61 Piceatannol is a tetrahydroxy resveratrol metabolite (trans-3,4,3′,5′-
tetrahydroxystilbene) produced by CYP1B1-catalyzed hydroxylation of
resveratrol62 that has been shown to be more potent than resveratrol in inducing
apoptosis of primary leukemic lymphoblasts isolated from patients with acute
lymphoblastic leukemia (ALL).63 Attempts to develop resveratrol analogs for use
as antineoplastic drugs in humans by chemical synthesis and preclinical screening
are under way by a team led by G.R. Pettit.64 Through a similar approach, they
isolated a bioactive cis-stilbene from a Zulu medicinal plant and then developed
a water-soluble antineoplastic prodrug form of the agent, combretastatin A-4
phosphate [cis-1-(3,4,5,-trimethoxyphenyl)-2-(4′-methoxyphenyl) ethene-3′-O-
phosphate],65 which is under evaluation in clinical trials.64
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19.1 INTRODUCTION

Flaxseed (FS) (Linum usitatissimum) has recently gained recognition as a food
with disease risk-reducing capabilities.1 FS contains about 30% dietary fiber, 20%
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protein, and 40% oil of which 50% is 

 

α-linolenic acid (ALA). In addition, it
contains plant lignans such as secoisolariciresinol diglycoside (SDG), mataires-
inol (MAT), isolariciresinol, and pinoresinol, with SDG in the highest concen-
tration. Although lignans are found in the highest concentration in FS, they are
ubiquitously present in most food, including fruits and vegetables, nuts and seeds,
berries, whole grains, and cereals.2

The absorption and metabolism of lignans involve multiple steps and the
complete mechanism has yet to be elucidated. A major requirement for lignan
metabolism and absorption is the presence of colonic bacteria, as it was shown
that germ-free rodents3 and humans who have taken antimicrobials4 have lower
excretion of mammalian lignans compared to their normal controls. Bacterial
activity is needed for the removal of glucose residues (to form aglycones), dem-
ethylation, and dehydroxylation of the plant lignans to the diphenolic mammalian
lignans enterolactone (ENL) and enterodiol (END) (Figure 19.1). SDG is metab-
olized to the aglycone secoisolariciresinol (SECO), then to END and to ENL.
MAT can be directly converted to ENL. END and ENL are absorbed from the
colon, transported to the liver, where they are conjugated, enter the circulation,
and then are partly excreted in the urine, or secreted in bile to undergo entero-
hepatic circulation.5 The degree of conversion of mammalian lignans from plant
lignans depends on the type of plant lignan precursor ingested.6

FIGURE 19.1 Metabolism of plant lignans to mammalian lignans.

Secoisolariciresinol Diglycoside                                   Matairesinol

Enterodiol                                                              Enterolactone

Colonic bacteria                                                                Colonic bacteria
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Like the isoflavones found primarily in soy and coumestans found in high
concentrations in clover, the lignans are classified as phytoestrogens due to their
structural similarity to the steroid hormone estrogen. Ingestion of foods containing
phytoestrogens has been associated with a lower incidence of many types of
cancer, especially hormone-related cancers such as the breast7 and prostate.8 Their
incidence is lower in Asia, where the phytoestrogen intake is high, compared to
where the phytoestrogen intake is low, such as in North America and Europe.9

Because estrogen is known to influence the growth and development of these
cancers, phytoestrogens are also thought to influence cancer development. How-
ever, the mechanism of phytoestrogen action can also be both hormone and
nonhormone related.10 This chapter discusses epidemiological and experimental
studies on the effects of FS and, more specifically the lignans, on the growth and
development of breast cancer. Potential mechanisms of lignan action are also
discussed.

19.2 EPIDEMIOLOGICAL STUDIES

Adlercreutz et al.7 first showed in 1982, in a small number of subjects, that
postmenopausal Finnish women with breast cancer (n = 7) had a lower urinary
mammalian lignan excretion compared to healthy controls (n = 20), suggesting
that the lignans are associated with a reduced risk of breast cancer. More studies,
detailed in Table 19.1, have since been conducted, utilizing larger sample sizes
and either urinary or serum lignans levels, or lignan intake as biomarkers, to
determine if the lignans are associated with breast cancer risk. From 1997–2002,
three case-control studies11–13 showed negative association between urinary lign-
ans or lignan intake and breast cancer risk, while a case-control study14 showed
no association between lignan intake and breast cancer risk in pre- and postmeno-
pausal women. In another case-control study, when both pre- and postmenopausal
women were combined, there was a significant negative association between
serum lignans and breast cancer risk.15 A prospective study16 showed no associ-
ation between urinary lignans and breast cancer risk in a group of postmenopausal
women, while in another prospective study17 utilizing three separate cohorts in
Sweden, two of the cohorts showed a weak positive association between serum
lignans and breast cancer risk, while the other showed a negative association
between serum lignans and breast cancer risk. However, the authors17 stated that
their results should be viewed with caution due to the small sample sizes in each
cohort.

The above six studies gave contradictory results regarding the association
between lignans and breast cancer risk. Therefore, more epidemiological studies,
further described in greater detail below, were conducted in recent years using
newer methods of estimating lignan exposure (i.e., intake and serum levels), in
hopes to clarify the lignan and breast cancer association.
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TABLE 19.1
Epidemiological Studies Relating Lignans and Breast Cancer

Study Design
Location Subjects

Source of 
Lignan Lignan Levels Outcome Ref.

Case control
Australia

Pre- and postmenopausal breast 
cancer (BC) cases (n = 144) 
and controls (n = 144)

Urinary
ENL, END, 
MAT

Median: BC cases = 282 nmol 
END/24 h; 1973 nmol ENL/24h; 
28.9 nmol MAT/24 h; controls= 
316.5 nmol END/24 h; 3097.7 nmol 
ENL/24 h; 29.3 nmol MAT/24 h

Negative association between BC risk and 
ENL excretion (OR 0.36, 95% CI: 
0.15–0.86, ptrend = 0.013); no significant 
association between END (OR 0.73, 95% 
CI: 0.33–1.64, ptrend = 0.288) or MAT (OR 
2.18, 95% CI: 0.83–5.76, ptrend = 0.308) 
excretion and BC risk

Ingram et al., 
199711

Case control
Shanghai

Pre- and postmenopausal BC 
cases (n = 250) and controls 
(n = 250)

Urinary ENL 
and END

Mean: BC cases = 0.86 nmol END/mg 
creatinine; 3.59 nmol ENL/mg 
creatinine; controls = 0.9 nmol 
END/mg creatinine; 6.28 nmol 
ENL/mg creatinine

Negative association between 
premenopausal BC risk and ENL + END 
excretion (OR 0.62, 95% CI: 0.12–0.50, 
ptrend < 0.01); no significant association 
between ENL + END excretion and 
postmenopausal BC risk (OR 0.62, 95% 
CI: 0.31–1.26, ptrend = 0.16)

Dai et al., 
200212

Prospective
Netherlands

Postmenopausal BC cases (n = 
88) and controls (n = 268)

Urinary ENL Range of ENL excretion 7.16–2334.9 

 

μmol/mol creatinine
No significant association between lignan 
excretion and BC risk (OR 1.43, 95% CI: 
0.79–2.59, ptrend = 0.25)

den Tonkelaar 
et al., 200116

Case control
USA

Pre- and postmenopausal BC 
cases (n = 1272) and controls 
(n = 1610)

FFQ Range of total lignan intake for pre- 
and postmenopausal BC cases and 
controls: <1.05 to 

 

≥2.78 mg/day

No significant association between plant 
lignan intake and pre- or postmenopausal 
BC risk (OR 1.3, 95% CI: 1.0–1.6)

Horn-Ross
et al., 200114



Flaxseed
 an

d
 Lign

an
s: Effects o

n
 B

reast C
an

cer
389

Case control
USA

Pre- and postmenopausal BC 
cases (n = 740) and controls 
(n = 810)

FFQ Range of total lignan intake for pre- 
and postmenopausal BC cases and 
controls: 0.06–2.48 mg/day

Negative association between lignan intake 
and premenopausal BC risk (OR 0.49, 
95% CI: 0.32–0.75, p < 0.05); no 
significant association between plant 
lignan intake and postmenopausal BC 
risk (OR 0.72; 95% CI: 0.51–1.02)

McCann et al., 
200213

Prospective 
(EPIC)

Netherlands

Pre- and postmenopausal BC 
cases (n = 280) and controls 
(n = 15,275)

FFQ Median: estimated ENL + END = 0.67 
mg/day

Nonsignificant negative association 
between estimated ENL + END and BC 
risk (OR 0.7, 95% CI: 0.46–1.09, ptrend = 
0.06)

Keinan-Boker 
et al., 200422

Case control
Germany

Premenopausal BC cases 
(n = 278) and controls 
(n = 666)

FFQ Median: SECO + MAT: 
premenopausal BC cases = 570.3 

 

μg/day, controls = 563.1 

 

μg/day;
estimated ENL + END: 
premenopausal BC cases = 726.1 

 

μg/day, controls = 752.1 

 

μg/day

Negative association between BC risk and 
MAT intake (OR 0.58, 95% CI: 
0.37–0.94, ptrend = 0.025)

Negative association between BC risk and 
estimated ENL (OR 0.57, 95% CI: 
0.35–0.92, ptrend = 0.008) and END (OR 
0.61, 95% CI: 0.39–0.98, ptrend = 0.034)

Linseisen
et al., 200421

Case control
USA

pre- (n = 315) and 
postmenopausal (n = 807) 
breast cancer patients and 
matched controls (n = 593 and 
n = 1443, respectively)

FFQ Mean: SECO + MAT: premenopausal 
BC cases = 509.6 

 

μg/day, controls 
537.2

 

μg/day; postmenopausal BC 
cases = 575.8 

 

μg/day, controls = 
570.5  μg/day

Premenopausal: negative association 
between BC risk and SECO + MAT 
intake (OR 0.66, 95% CI: 0.44–0.98)

Postmenopausal: no significant association 
(OR = 0.93; 95% CI: 0.71–1.22)

McCann et al., 
200420

Case control
Finland

Pre- and postmenopausal BC 
cases (n = 194) and controls 
(n = 208) 

Serum ENL Mean ENL: All cases = 19.6 nM,
controls = 25.9 nM (p = 0.003)

Negative association between combined 
pre- and postmenopausal BC risk and 
ENL levels (OR 0.38, 95% CI: 0.18–0.77, 
ptrend = 0.03)

Pietinen et al., 
200115

(continued)
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TABLE 19.1 (CONTINUED)
Epidemiological Studies Relating Lignans and Breast Cancer

Study Design
Location Subjects

Source of 
Lignan Lignan Levels Outcome Ref.

Prospective
Sweden
3 cohorts:
1. Vasterbotten 

intervention 
project (VIP)

2. Monitoring of 
trends and 
cardiovascular 
disease study 
(MONICA)

3. Mammary 
screening
project (MSP)

Pre- and postmenopausal BC 
cases

VIP and MONICA: BC cases 
(n = 155) and controls 
(n = 308)

MSP:
BC cases (n = 93) and controls 
(n = 185)

Serum ENL VIP and MONICA:
Mean: BC cases = 26.8 nmol/L, 
controls = 22.9 nmol/L

MSP:
Mean: BC cases = 19.3 nmol/L, 
controls = 20.4 nmol/L

Positive association between BC risk and 
ENL levels for combined cohorts (OR 
1.8, 95% CI: 1.4–4.3)

VIP and MONICA: positive association 
between BC risk and ENL levels (OR 2.4, 
95% CI: 1.4–4.3)

MSP: negative association between ENL 
levels and BC risk (OR 0.9. 95% CI: 
0.4–2.3)

Hulten et al., 
200217

Prospective
USA

417 BC cases from 14,275 
participants; premenopausal 
BC (n = 189) and 
postmenopausal BC (n = 228)

Serum ENL Mean: Premenopausal BC cases = 18.3 
nmol/L, control = 15.1 nmol/L 
(p = 0.01); Postmenopausal BC 
cases = 18.6 nmol/L, controls = 18.9 
nmol/L

Premenopausal: Weak positive association 
between ENL levels and BC risk (OR 1.6, 
95% CI: 0.7–3.4, ptrend = 0.13)

Postmenopausal: No significant difference 

Zeleniuch-
Jacquotte
et al., 200427
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Prospective
Italy

383 women with palpable cyst, 
18 of which developed BC

Serum ENL Median: BC cases = 8.5 nmol/L, 
controls = 16.0 nmol/L

Negative association between serum ENL 
and BC risk (OR 0.36, 95% CI: 
0.14–0.925, p = 0.03)

Boccardo
et al., 200429

Case control
Finland

Pre- and postmenopausal BC 
cases (n = 206) and control 
(n = 215)

Serum ENL Mean ENL: BC cases = 25.2 nmol/L, 
controls = 24 nmol/L

Nonsignificant negative association 
between serum ENL and premenopausal 
BC cases (OR 0.73, 95% CI: 0.34–1.59, 
p = 0.42)

Nonsignificant positive association 
between serum ENL and postmenopausal 
breast cancer cases (OR 1.22, 95% CI: 
0.69–2.16, p = 0.50)

Kilkkinen
et al., 200428

Abbreviations: BC = breast cancer, FFQ = food frequency questionnaire, ENL = enterolactone, END = enterodiol, SECO = secoisolariciresinol, MAT = matairesinol,
OR = odds ratio, CI = confidence interval.
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19.2.1 LIGNAN INTAKE

Because FS has only recently been recognized as a food source with the highest
concentration of lignans,2 it has not been consumed in large quantities for very
long. Thus, many epidemiological studies have focused on other food sources of
lignans to determine associations with breast cancer risk. With the availability of
several databases that include values for the plant lignans SDG, its aglycone
SECO and MAT,18,19 or actual mammalian lignans produced from different plant
foods,2 several recent studies have used food frequency questionnaires (FFQs)
and these published databases to estimate lignan intake and relate it to breast
cancer risk.

In a case-control study, McCann et al.20 analyzed lignan intake from FFQ
completed by both pre- and postmenopausal patients with breast cancer and
matched controls (Table 19.1). The mean total plant lignan intakes (SECO +
MAT) in the cases were not significantly different from their matched controls.
However, when the data were divided into quartiles, lignan intake was negatively
associated with premenopausal breast cancer risk, but not with postmenopausal
breast cancer risk. The authors suggest that the menopausal status-dependent
effects of the lignans indicate that the lignan may be protective only when
circulating estradiol is high.

In another case-control study, German premenopausal women with breast
cancer and matched controls completed an FFQ, no more than 2 years after
diagnosis, to determine intake of phytoestrogens during the year prior to breast
cancer diagnosis21 (Table 19.1). The median intakes of each lignan (estimated
from plant lignans or mammalian lignans) did not differ significantly between
cases or controls. However, when quartiles were assessed using intake data
calculated from plant lignan content of foods, MAT intake, but not SECO, was
negatively associated with breast cancer risk. The lignan intake calculated from
the amount of mammalian lignans, ENL and END, produced from the foods was
also associated with a decreased risk of premenopausal breast cancer risk.

A prospective study in the Netherlands asked women participating in the
European Prospective Investigation into Cancer and Nutrition (EPIC) study to
fill out an FFQ, and once breast cancer developed, cancer risk was determined22

(Table 19.1). A total of 15,555 women participated in the study and a total of
280 (1.8%) women developed their first incident of breast cancer during the
follow-up period, which was a median of 5.2 years. There was no significant
association between plant lignan (SECO + MAT) intake and breast cancer risk
in these women. A tendency for breast cancer protective effect of high lignan
intake estimated from the mammalian lignan database (ENL + END) was
observed when quartiles were assessed, but the results did not reach significance.

The use of FFQ with lignan databases is beneficial in that it estimates long-
term lignan intake. However, although current databases are useful, they are still
incomplete, as many foods have yet to be analyzed for their lignan contents. In
addition, the amount of other mammalian lignan precursors, such as pinoresinol
and lariciresinol, has yet to be determined in foods. Current databases contain
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primarily values for the plant lignans SECO and MAT. These may have contrib-
uted to the inconsistent results obtained in the above studies and may be consid-
ered a limitation in the McCann et al. study,20 which estimated lignan intake
primarily from plant lignan database. Linseisen et al.21 and Keinan-Boker et al.,22

who reported different conclusions, determined the lignan intake using both the
plant lignan database19,23,24 and the database developed by Thompson et al.,2 which
estimates the amount of mammalian lignans produced from foods after incubation
with human fecal inoculum. The data take into account all the mammalian lignan
precursors in foods. However, the conversion of plant lignans to mammalian
lignans is dependent on the individuals’ colonic microflora, which varies from
person to person. Thus, this database also has some limitations.

19.2.2 SERUM LIGNANS

Since the development of the time-resolved fluoroimmunoassay (TR-FIA) method
for ENL analysis,25,26 several studies have recently been conducted to determine
the relationship between serum ENL concentrations and breast cancer risk. This
assay is advantageous over traditional GC-MS and HPLC  methods used in earlier
studies11 because of the small volume of serum and a shorter time needed to run
the assay, and its potential for analyzing multiple samples simultaneously from
large population studies.

In a prospective study conducted in both pre- and postmenopausal patients
with breast cancer from the New York University Women’s Health Cohort Study,
a single blood sample was taken prior to breast cancer diagnosis and plasma ENL
was measured and correlated with breast cancer risk27 (Table 19.1). Circulating
ENL levels were higher in cases than in the matched controls. When the women
were separated by menopausal status, only the premenopausal cases had serum
ENL levels that differed from their controls. Although the effect of lignans was
stronger in premenopausal women, after the data were divided into quintiles, the
positive association with breast cancer risk between low and high serum lignan
levels no longer was significant.

In Finland, a prospective study was conducted on women participating in an
independent cross-sectional population survey28 (Table 19.1). Serum samples
were collected in four different cohorts and analyzed for ENL levels by the TR-
FIA method. After the exclusion process, a total of 206 breast cancer cases and
215 matched controls were included in the study, with two thirds of the women
classified as postmenopausal. Mean serum ENL levels did not differ significantly
between cases and control. When the women were separated by menopausal
status, serum ENL levels were nonsignificantly negatively associated with pre-
menopausal breast cancer risk and were nonsignificantly positively associated
with postmenopausal breast cancer risk in the cases.

Another prospective study analyzed serum ENL in women with a high risk
of breast cancer development, i.e., women with palpable cysts29 (Table 19.1).
After a follow-up period of approximately 6.5 years, 18 women had developed
breast cancer. The serum ENL of those women that subsequently developed
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cancer was significantly lower than those that did not develop cancer, suggesting
that ENL may be protective against breast cancer development in high-risk
women.

Although the prospective design of the above experiments allows for an
unbiased look at cases vs. control, a single blood measurement of ENL levels
may not have been adequate to draw conclusion concerning risk of cancer devel-
opment. A study was recently conducted to determine the reliability of single
time point serum ENL measurements in healthy postmenopausal women.30 The
subjects ingested a standardized low lignan diet and blood was taken, after a 12-
hour fast, at time points 0, 4, 8, 12, and 24 hours on three separate days. Large
intraindividual variations in serum ENL concentrations were observed. In addi-
tion, a 31% variation in within-day serum levels and 56% variation in day-to-day
serum ENL levels were observed. The authors concluded that a single time point
measurement of serum ENL was inadequate to determine an individual’s circu-
lating ENL concentrations. Therefore the results of the prospective studies
described above28,29 may have made conclusions on associations between breast
cancer risk and serum levels of ENL, that do not accurately reflect normal ENL
levels.

In summary, the results of epidemiological studies are inconsistent. Although
both the early and later studies have limitations, more than half of the studies (7
of 12) suggest a negative association between lignan exposure and breast cancer
risk. However, epidemiological studies do not provide direct evidence of cause
and effect. Hence, experimental studies still need to be conducted to establish a
conclusive relationship between lignan exposure and breast cancer risk. The next
section reviews the experimental studies on the effects of FS and its lignans in
the prevention and treatment of breast cancer. Because FS contains the highest
concentration of lignans, it has been used as a food model system to study the
effects of lignans in the experimental studies.

19.3 EXPERIMENTAL STUDIES

19.3.1 FS AND LIGNANS AND BREAST CANCER PREVENTION

FS and lignans affect breast cancer prevention at several levels, including altering
the development of the mammary gland and inducing effects on the early stages
of carcinogenesis (initiation and promotion). The following are animal studies
conducted to determine their effects.

19.3.1.1 FS and Lignans and Mammary Gland Development

One suggested hypothesis regarding why Asian women have a lower incidence
of breast cancer compared to European and American women is that exposure to
phytoestrogens at an early age enhances the development of the mammary gland
thereby making it less susceptible to carcinogens.31 The rat mammary gland has
been utilized for decades as a model of the human breast. Mammary gland
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development begins with the branching of the mammary ducts. The branch
endings are termed terminal end buds (TEBs), which are highly proliferative and
vulnerable to carcinogens. With stimulation by estrogens, the TEBs later differ-
entiate to less proliferative structures called alveolar buds (ABs) and lobules.
Because the latter are less susceptible to carcinogens, it has been hypothesized
that compounds that can enhance the differentiation of the TEBs can reduce the
risk of breast cancer.

Lignans are estrogen-like in structure and thus early exposure to FS or its
lignans may enhance the development of the mammary gland. It has been shown
that lignans can be transferred from rat dams to offspring through the breast
milk;32 thus, they are available to alter the mammary gland development in the
offspring.

Several comprehensive studies have been performed to determine at which
stage of the rodent life FS and its lignan SDG could modulate mammary gland
development and subsequent breast cancer development. In one study, a 5 or 10%
FS diet, or the equivalent amount of SDG, was fed (1) to pregnant rat dams during
pregnancy and lactation, (2) to the female offspring after weaning from postnatal
day (PND) 21 to 50, or (3) from gestation to PND 50.33 The results show that
FS and SDG can reduce the number of TEB and increase the number of the less
proliferative ABs in the mammary glands of the adult offspring that were exposed
to the compounds during gestation and lactation but not when exposed to the FS
or SDG after weaning.

In another study, Ward et al.34 differentiated the effect of exposure to lignans
during gestation or during suckling on the mammary gland of the offspring.
Pregnant rat dams were fed a basal diet (BD) for the entire duration of pregnancy.
Following delivery, the rat dams were randomized and fed the BD, or a 10% FS
diet, or BD supplemented with SDG, at the level found in a 10% FS diet, until
offspring were weaned at PND 21. Offspring either continued on their mothers’
diets or switched to BD until PND 50. This study design allows for some offspring
to be exposed to FS or SDG during suckling only or during suckling and con-
tinuing until PND 50. The results showed that rats exposed to FS or SDG during
suckling only or continuously until PND 50 had mammary glands with less TEB
and an increased AB density. The same results were obtained when the study was
repeated;35 i.e., the mammary glands of offspring exposed to FS or SDG during
suckling had a lower number of TEB at PND 50 compared to the BD group.
These results as well as those from the study conducted by Tou et al.36 stressed
the significance of exposure timing in inducing an effect on mammary gland
development by FS and SDG. Lactation appears to be a crucial time for the diet
to alter mammary gland structures of the offspring and potentially reduce the risk
of breast cancer.

To determine whether lignan exposure during suckling could indeed prevent
breast tumorigenesis,37 rat dams were fed the BD during pregnancy and then,
following birth of the pups, divided into groups and fed a 10% FS diet, or the
BD supplemented with SDG (equivalent to the amount in 10% FS diet), or
remained on the BD. All female pups were fed the BD upon weaning and thus
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were only exposed to FS or SDG during suckling. At PND 50, the female offspring
were given a breast carcinogen 9,10-dimethyl-1,2-benzanthracene (DMBA) and
were sacrificed 21 weeks later. The results showed that both FS- and SDG-treated
groups had lower tumor incidence (31.3 and 42.0%, respectively), total tumor
load (50.8 and 62.5%, respectively), tumor number (46.9 and 44.8%, respec-
tively), and mean tumor size (43.9 and 67.7%, respectively) compared to the rats
exposed to BD only during lactation. Thus the study showed that lignan exposure
during the lactation period enhances the mammary gland development in the
offspring, which ultimately protects them against breast cancer at adulthood.

19.3.1.2 FS and Lignans and Tumor Initiation and Promotion

Breast carcinogenesis involves multiple steps including initiation, promotion,
progression, and metastasis. However, in discussing breast cancer prevention,
only the initiation and promotion stages of carcinogenesis are discussed here.
Rats given DMBA for 24 hours after feeding them either 5 or 10% FS or defatted
FS meal diet for 4 weeks had significant reduction in nuclear aberration and cell
proliferation in the epithelial cells of the mammary gland TEB in the rats fed the
5% FS diet.38 Furthermore, in rats fed a 5% FS diet 4 weeks before DMBA
injection (preinitiation), which was then switched to a BD at the promotion stage
(20 weeks following DMBA administration), a lower tumor incidence and mul-
tiplicity were observed compared to the control group.39 In addition, when the
treatment period was reversed, i.e., BD was fed at the preinitiation period and
5% FS at the promotion period, significant reduction in tumor size was observed.39

In a further study, 1.5 mg/day SDG (equivalent to the amount of SDG found in
5% FS diet) was given to rats starting 1 week after DMBA administration.40 After
20 weeks, the SDG group had significantly lower tumor multiplicity and number
of tumors per group. The above studies suggest that the effect of FS and its lignan
on cancer prevention depends on the dose and timing of treatment.

Utilizing the N-methyl-N-nitrosourea (MNU)-induced breast cancer rat
model, 50-day-old rats were given MNU carcinogen and 2 days later (representing
early promotion period of carcinogenesis) rats were fed a BD, 2.5 or 5% FS diet,
or given a daily gavage of SDG equivalent to the amount in the 2.5% (LSDG)
or 5% (HSDG) FS diet for 22 weeks.41 The results showed that all treatment
groups had less-invasive tumors, but only the HSDG group had lower tumor
multiplicity compared to the BD group. Although the 5% FS-fed rats had tumors
that were smaller than the BD group throughout the study, final tumor volume,
weight, and incidence were not significantly affected by the FS or lignan treat-
ment. However, all treatments reduced the invasiveness and grade of the MNU
tumors, suggesting that tumor progression was reduced. The authors conclude
that the study design and the dose of the carcinogen may be the reason for the
lack of significance. It may also be plausible that FS and the lignans are less
effective during the promotion period of MNU-induced tumors compared to
DMBA-induced tumors.
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19.3.2 FS AND LIGNANS AND BREAST CANCER TREATMENT

Two experimental animal models have been used to determine if FS or its lignans
can modulate breast cancer treatment: (1) the DMBA- or MNU-carcinogen-
induced tumor models, which involve administration of the carcinogen, allowing
the tumors to become established, and then feeding or administering the FS or
lignans to determine if they affect tumor growth; and (2) a model utilizing athymic
nude mice in which human breast cancer cells are implanted and allowed to
develop into tumors, at which time the animals are fed or administered FS or the
lignans.

19.3.2.1 FS and Lignans in Carcinogen-Treated Rat Model

In one study, rats were fed a 2.5 or 5% FS diet or SDG (at the level found in the
5% FS diet) 9 weeks after DMBA administration so that mammary tumors are
already established.42 After 7 weeks, all treatment groups had tumors that were
>50% smaller than the control group that was fed the BD. In addition, the SDG
group had the lowest number of tumors, suggesting that the lignan component
of FS was in part responsible for the tumor reducing effects of FS. In another
study,43 using a similar model as above, rats with established tumors were given
a daily gavage of ENL (10 mg/kg body weight, BW) for 9 weeks following
DMBA administration. After 7 weeks treatment, the ENL group had smaller
established tumors and had less new tumor growth. These studies suggest that
treatment with FS and the lignans can reduce the development of breast cancer
in the carcinogen-treated rat model.

19.3.2.2 Lignans and Athymic Nude Mice Model

19.3.2.2.1 Estrogen Receptor-Negative Human Breast 
Tumors

The athymic nude mice model is a useful model to determine the effect of
compounds on human tumors in vivo. Depending on the type of breast cancer
cells implanted into the mice, different mechanisms of action can be elucidated
for FS and the lignans. For example, the MDA-MB-435 human breast cancer cell
line is not responsive to estrogen, does not contain estrogen receptors (ERs), and
is highly metastatic; thus it can be used to determine the effect of FS lignans on
metastasis and other non-ER mediated mechanisms.

Athymic nude mice with established MDA-MB-435 tumors were then divided
into two groups: a BD group and a 10% FS group.44 The mice remained on the
diets for 7 weeks and palpable tumors were measured weekly. The mice fed the
FS diet not only had smaller tumors but also had a 45% less incidence of total
metastasis (including lung and lymph node) compared to the BD-fed mice.
Similar results were obtained when the study was repeated, showing that FS
reduced MDA-MB-435 breast tumor metastasis incidence by 60% compared to
the BD control.45
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Using the same study design as above, two more studies were conducted in
which mice with established MDA-MB-435 tumors were divided into five groups
and treated with BD, 10% FS, SDG, FS oil (FO), or SDG + FO.46 The levels of
SDG and FO were equivalent to that found in the 10% FS diet. After 6 weeks,
the 10% FS and SDG + FO groups had significant reductions in metastasis
incidence, suggesting that both the lignan and the ALA-rich oil components
contribute to the antimetastatic effect of FS.

In the second study, tumors were excised prior to randomization into the same
five treatment groups as above to determine if FS and its components could reduce
the tumor recurrence and metastasis.47 After 6 weeks treatment, no significant
effect of FS or its components on recurrent tumor incidence was observed com-
pared to the BD control. However, when the treatment groups were subdivided
according to the size of the primary tumors that were excised i.e., ≤9 or >9 g,
FS and SDG diets significantly lowered the recurrent tumor incidence in mice
with ≤9 g tumors compared to those with >9 g tumors. No such difference was
observed in the BD control, FO, and SDG + FO groups. In addition, all treatment
groups reduced the incidence of total metastasis (lymph node, lung, and other
organs). This study suggests that FS and its components may affect tumor metasta-
sis to a greater extent than tumor recurrence. However, the results on tumor
recurrence incidence indicate that smaller tumors may be more susceptible to the
effects of FS and its lignan.

19.3.2.2.2 ER-Positive Human Breast Tumors
Another human breast cancer cell line commonly utilized in the athymic nude
mouse model is MCF-7. This cell line requires estrogen to stimulate growth,
contains both ERα and ERβ, but does not metastasize and is therefore used to
establish the estrogenic or antiestrogenic potential of compounds. There are two
general study designs used when MCF-7 cells are implanted into athymic nude
mice. In both cases the mice are ovariectomized and implanted with an estradiol
(E2) pellet, which is used to stimulate growth of MCF-7 tumors. Once the tumors
are established, the E2 pellet is either removed, to establish a low circulating
estrogen level, which simulates a postmenopausal condition, or a new pellet is
implanted, which simulates a premenopausal condition.

TAM has been used for decades as an adjuvant therapy for ER+ breast cancers.
In patients with breast cancer, tumor regression initially results; however, some
exhibit resistance to TAM treatment after a period of 5 years of use, in addition
to an increased risk of uterine cancer.48 TAM also induces menopausal-like
symptoms, as it is an antiestrogen.49 Therefore, some patients use complementary
alternative treatments, such as phytoestrogen-rich soy and FS, to alleviate the
symptoms.

Recent studies in our laboratory demonstrate the effect of a 10% FS diet
alone or in combination with TAM, on the growth of MCF-7 tumors implanted
into ovariectomized athymic nude mice.50 In one study, ovariectomized athymic
nude mice were implanted with MCF-7 breast cancer cells and an estradiol (E2)
pellet. When the tumors reached an area of ~40 mm2, all E2 pellets were removed
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(simulating postmenopausal conditions) and the mice were divided into five
treatment groups: negative control group fed the BD (E2–); group fed BD sup-
plemented with 10% FS (FS); group given a TAM pellet (5 mg; 60 day release)
implant (TAM); and a group given TAM and fed the FS diet (TAM + FS). One
group was given a fresh E2 pellet (E2+) and fed the BD to serve as positive
control. During the 7 weeks treatment period all tumors initially regressed in size,
with the exception of the E2+ group, which increased throughout the duration of
the study. The tumors in the FS group regressed continuously to the level of the
negative control group. However, the tumors of the TAM group started to grow
at week 4, demonstrating TAM resistance. When FS was combined with TAM
(TAM + FS), the growth stimulatory effect of TAM was negated. Hence, the final
tumor volume and weight in the TAM group were significantly larger than those
in the TAM + FS, FS, and negative control groups.

In another study,50 the design was the same as above with the following
exception: after tumors were established, all mice received a fresh E2 pellet
(simulating a premenopausal condition) except for the E2 group. The treatment
period continued for 6 weeks at which time the animals were sacrificed and tumor
volume and weight were recorded. The final tumor volume and weight were the
smallest in the FS + TAM group, followed by the TAM, and then the FS group
compared to the positive control group. Although the tumor volume and weight
of the TAM + FS group were not significantly different from the TAM alone
group, further analysis of the tumor proliferation index (measured by Ki67)
showed that the TAM + FS tumors had a significantly lower index than the TAM
or FS groups alone. This suggests that FS in combination with TAM is more
effective in reducing tumor growth, than either one alone, when E2 was high.
Although under both the pre- and postmenopausal conditions FS appears to induce
more favorable effects on tumor growth when combined with TAM, clinical
studies still need to be conducted to confirm these effects seen in animal studies.

FS and the lignans have also been shown to interact with soy and its isoflavone
GEN.51,52 Although many studies have shown a protective effect of soy and GEN
on breast cancer growth,53 some recent studies have shown that they induce growth
of MCF-7 tumors in mice54,55 and MNU-induced tumors in rats.56 Utilizing the
same athymic nude mouse model described above, ovariectomized mice with
established MCF-7 tumors had the E2 pellet removed (i.e., simulating postmeno-
pausal conditions) and were fed a 20% soy protein isolate (SPI) diet (containing
isoflavones), a 10% FS diet, or 10% FS + SPI diet for 25 weeks.51 While tumors
initially regressed in all treatment groups, by week 12, the tumors of the mice
fed the SPI diet started to increase in size and finally had significantly greater
weight and volume at the end of the treatment period compared with the negative
control group. The 10% FS regressed the tumors when given alone and also
prevented the regrowth of the SPI-induced tumor growth (10% FS + SPI).

The same growth pattern was observed when the mice were given daily
injections of ENL, END, GEN, or ENL + END + GEN (10 mg/kg BW) for 22
weeks.52 While all tumors regressed in size at the start of the treatment period,
the GEN treated animals had significantly larger tumors than all other treatment
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groups. The mice that were given a combination of lignans and isoflavones (ENL
+ END + GEN) had tumors that did not differ in size compared to the BD-fed
animals, showing a more beneficial effect on breast tumor growth when these
phytoestrogens are consumed in combination as opposed to genistein alone.

19.3.2.3 Clinical Study

In a randomized, double-blind, placebo-controlled clinical trial,57 women with
newly diagnosed breast cancer were assigned to eat either a muffin containing
25 g FS or placebo for a mean duration of 32 and 39 days, respectively, to
determine if FS could alter tumor biomarkers on tumor biopsies taken at diagnosis
and at time of surgery (end of treatment period). While the placebo did not cause
significant changes in the tumors, FS treatment significantly reduced tumor cell
proliferation (34%) (Ki67 labeling index), increased apoptosis (30.7%), and
decreased the expression of c-erbB2 (71%). In addition, urinary lignans increased
by 1300% in the FS-treated patients and the intake of FS was significantly
correlated with changes in c-erbB2 score and apoptotic index. These results
suggest that the lignans, perhaps in combination with other components such as
the oil in FS, may in part be responsible for the changes in tumor biomarkers.

In summary, several experimental studies, described above, showed that FS
and its lignans have both preventative and treatment roles in breast cancer. How-
ever, the mechanisms of action still remain unclear. Several studies, discussed
below, have been conducted, primarily using in vitro models, to help elucidate
the potential mechanisms of lignan action.

19.4 MECHANISMS

Several mechanisms have been suggested regarding how lignans may achieve
their protective effects on breast cancer. Due to the structural similarities between
lignans and estrogens, it has been hypothesized that the lignans may interfere
and/or interact with endogenous estrogen by altering estrogen bioavailability,
modulating estrogen synthesis, and altering estrogen action. However, other non-
hormone-related mechanisms have also been suggested including antimetastatic
and anti-angiogenic.

19.4.1 ALTERING ESTROGEN BIOAVAILABILITY

Estrogen is a major stimulus of breast cancer proliferation and thus reducing its
availability may reduce its action on breast tumors.58 This may be accomplished
by altering the production or availability of sex hormone-binding globulin
(SHBG). Of the circulating estrogens only 2 to 3% is free or biologically active,
as most of the hormone is bound to albumin or SHBG. SHBG is a plasma
glycoprotein that binds with high affinity to steroid hormones, such as estrogen
and testosterone, thus regulating their free concentration in plasma. In vitro studies
have shown that ENL stimulates the production of SHBG.59 An increase in SHBG
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would potentially increase the amount of bound estrogen therefore decreasing
the amount of free biologically active estrogen. This would reduce the ability of
estrogen to reach target tissues and thus reduce estrogenic effects.

Human studies conducted to evaluate this mechanism have been inconsistent.
Phipps et al.60 showed that although urinary lignan excretion increased following
FS ingestion by premenopausal women, plasma levels of SHBG did not change.
However, Adlercreutz et al.61 observed a positive correlation between plasma
SHBG and urinary excretion of lignans, suggesting that the lignans may be able
to alter biologically active estrogen levels by modulating SHBG production.
Hutchins et al.62 conducted a cross-over study design where 28 postmenopausal
women were fed either a control (usual diet), 5 g ground FS, or 10 g ground FS
per day for 7 weeks, with 7 to 14 week washout periods between each treatment.
Although there was no difference in SHBG levels, serum E2 was decreased in
the women who consumed either the 5 or 10 g ground FS per day compared to
the controls. The difference between the results of these studies may be related
to the difference between the subjects’ hormonal status, the dose of FS used, and
the length of FS exposure.

19.4.2 ALTERING ESTROGEN SYNTHESIS AND METABOLISM

19.4.2.1 Estrogen Synthesis

There are two main enzymes involved in the synthesis and regulation of estrogen
synthesis: aromatase and 17-hydroxysteroid dehydrogenase (HSD). Aromatase is
a cytochrome P450 enzyme responsible for the conversion of androstenedione
and testosterone, to estrone (E1) and E2, respectively, while HSD controls the
balance between E2 and the less biologically active E1. Present-day interest in
aromatase is due to the findings that human breast cancers have increased aro-
matase expression63 and that postmenopausal patients with breast cancer have
higher levels of estradiol in the breast tissue compared to plasma,64 suggesting
local estradiol production. Therefore, aromatase inhibitors may benefit some
patients with breast cancer by inhibiting aromatase conversion of androgens to
estrogens, the main proliferative stimulator of some breast cancers.58 Because
ENL and END have been shown to be inhibitors of human placental aromatase,65

and HSD in genital skin fibroblast,66 ingestion of FS or lignans may induce these
effects in breast cancer cells, and thus inhibit estrogen stimulated growth.

An in vitro study was conducted to determine the effect of ENL and END
on aromatase and HSD activity, and subsequent proliferation of MCF-7.67 ENL
and END (10 µM) were shown to reduce the production of E1 from androstene-
dione, by 37 and 81%, respectively, indicating decreased aromatase activity in
MCF-7 cells. ENL (50 μM) also reduced the conversion of E2 from E1 by 84%,
thereby indicating an inhibition of HSD. When changes in enzyme activity were
related to changes in cell proliferation, significant positive correlations were
observed for ENL inhibition of aromatase activity, ENL inhibition of HSD activ-
ity, and the reduction in MCF-7 cell proliferation, indicating that the mammalian
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lignans reduce the proliferation of MCF-7 cells in part by inhibiting enzymes
involved in estrogen synthesis and thus may be a mechanism for their role in
decreasing breast cancer growth.

19.4.2.2 Estrogen Metabolism

The metabolism of estrogen results in the production of the two major estrogen
metabolites, 2-hydroxyestrone (20HE1) and 16-hydroxyestrone (16OHE1), with
low biological activity associated with 20HE1 and estrogenic activity associated
with 16OHE1 as indicated by induction of breast cancer cell growth.68 It was
therefore hypothesized that the ratio of these two metabolites may be a useful
biomarker of breast cancer risk; with a low 20HE1:16OHE1 corresponding to an
increased breast cancer risk.69 The daily intake of 25 g FS for 16 weeks by
postmenopausal women has been shown to increase urinary 20HE1:16OHE1
ratio, by increasing the excretion of the less biological active estrogen metabolite
20HE1.70 The increased ratio was positively correlated with urinary lignan levels,
suggesting that the lignans may be partially responsible for the changes in estro-
gen metabolism. Haggans et al.71 observed similar effects in premenopausal
women who consumed 10 g FS/day lasting over two menstrual cycles, i.e.,
significant increase in the 20HE1:16OHE1 ratio, with an increase of the 20HE1
metabolite during the luteal phase of the menstrual cycle.

19.4.3 ALTERING ESTROGEN ACTION

The lignans have been shown in several studies72,73 to either induce estrogenic
effects or interfere with estrogen action in breast cancer cells and thus have been
characterized as having both weak estrogenic and antiestrogenic activities. The
effect of ENL and END on DNA synthesis in MCF-7 cells was analyzed and it
was found that ~10 μM ENL stimulated DNA synthesis to a level that was ~60%
of that stimulated by estradiol. However, when TAM, a known inhibitor of
estrogen action, was combined with 10 μM ENL, DNA synthesis was inhibited,
suggesting that ENL was acting through an estrogenic pathway.72 Wang and
Kurzer73 also analyzed the effect of the lignan ENL on DNA synthesis in both
MCF-7 cells and in an estrogen-independent cell line MDA-MB-231. While 10
μM ENL induced DNA synthesis in the MCF-7 cells, it did not in the MDA-MB-
231 cells, further suggesting that the lignan acts through an estrogenic pathway.
However, at higher concentrations ENL reduced the growth of both cell lines,
suggesting that at high concentrations the mechanism of action is through non-
ER-mediated pathways.

Estrogen action can be altered by compounds that are estrogen-like in structure
(i.e., phytoestrogens) that compete with or inhibit estrogen from binding to the
ER (ERα or ERβ), thus decreasing its proliferative stimulus. The ER is a member
of the steroid nuclear receptor superfamily of ligand inducible transcription fac-
tors.74 Estrogen binds to the ligand-binding domain of the ER inducing a confor-
mational change that enables binding of certain coactivators or corepressors. The
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ER can also dimerize as either ERα or ERβ homodimers or ERα/ERβ het-
erodimers.75 ER dimers bind to DNA response elements located upstream of
estrogen-sensitive genes, causing either activation or repression of gene transcrip-
tion, which modulates the growth and development of cells. Genes that are
regulated by the ER include genes involved in signaling cell proliferation and
cell cycle regulation (TGFβ, IGF, EGF, cyclin D1, c-fos, c-jun, and c-myc).76

Competition with estrogen for binding to the ER, at target tissues, can mod-
ulate estrogen activity and inhibit estrogen action or potentially activate the ER
in a way similar to estrogen. It has been shown previously that other phytoestro-
gens, such as the isoflavones GEN and equol, bind to ERβ with a higher affinity
than to ERα.77 This finding suggests that the phytoestrogens may elicit their
estrogenic or antiestrogenic effects through this ER subtype. Mueller et al.78

recently determined the binding affinity of the lignan ENL and its hydroxylated
metabolite 6OH-ENL, for ERα and ERβ. Both ENL and 6OH-ENL appear to
have a higher affinity to ERα compared to ERβ. These results do not agree with
the general understanding that the phytoestrogens have preferential binding affin-
ity for ERβ, which suggests that the lignans may act through the ER differently
compared to other phytoestrogens.

The transcriptional activation potential of ENL and END were studied in an
ERα or ERβ transfected cell line.79 The authors concluded that there was no
transcriptional activation through either ER subtype at lignan concentrations
<1 µM; however, at ENL concentrations >1 µM activation through both ERα and
ERβ was observed, while END only induced transcriptional activation through
ERα at concentrations >1 µM. This suggests that the lignans may be weak agonists
of ER-mediated activities. In addition, ENL and END were unable to inhibit E2
transcriptional activation through the ERs, suggesting that the lignans may not
act as antiestrogens.

19.4.4 NON-ER-MEDIATED MECHANISMS

19.4.4.1 Effects on Metastasis

Although proliferation is a major outcome of breast cancer development, studying
other aspects of breast cancer biology is also important in determining the effects
of lignans. As described above (see Section 19.3.2.2.1), FS and its components
can reduce the incidence of metastasis of ER-human tumors in mice. However,
the cellular mechanisms behind this effect are unclear. Magee et al.80 analyzed
the effect of lignans on breast cancer cell invasion. Invasion, along with adhesion
and motility or migration, is one of the primary steps leading to the metastasis
of cancer cells to other tissues. The cell line MDA-MB-231 has been shown to
be highly metastatic in comparison to the MCF-7 cell line and is therefore used
as a model system to determine the effects of compounds on the steps in metasta-
sis. In this study the lignans SECO, MAT, ENL, and END were analyzed for
their ability to inhibit the cells from invading through the basement membrane
and thus inhibit the initiation of the metastasis process. It was found that only
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high concentrations of SECO and END (50 μM) could inhibit invasion of MDA-
MB-231 cells, suggesting that the main role of lignans as anticancer agents is
not through the modulation of the invasion process of metastasis.

A similar study was conducted by Chen and Thompson,81 in which two ER-
human breast cancer cells lines (MDA-MB-435 and MDA-MB-231) were treated
with ENL, END, and TAM, alone and in combination, to determine their effects
on the metastasis process. Three experiments were carried out to help elucidate
which steps (cell adhesion, invasion, and migration) in the metastasis process
were affected by these compounds. ENL, END, and TAM significantly reduced
cell adhesion at concentrations of 1 or 5 µM; however, this effect differed between
the two cell lines, with END and TAM being more effective in the MDA-MB-
435 cells. When the cells were treated with END, ENL, and TAM in combination
(1 µM), there was a greater reduction in cell adhesion than with any of the three
compounds alone. Cell invasion was also reduced by the compounds with the
greatest effect seen at 5 µM. When the compounds were given in combination,
invasion was further decreased compared to ENL or TAM alone but not compared
to END. Cell migration was decreased by ENL and END (0.1 to 10 µM) but was
unaffected by TAM at concentrations (0.1 to 1 µM); however, at 10 µM, TAM
significantly increased cell migration. The authors concluded that the lignans
affect the metastasis process at multiple levels and that the effect may be enhanced
when combined with the breast cancer drug TAM.

Although the studies above80,81 have contrasting conclusions on the effect of
lignans on cell invasion, several differences in study design can be noted, partic-
ularly in the concentrations of ENL and END and cell lines used (Chen and
Thompson: 0.1, 1, 5, 10 µM; Magee et al.: 2.5, 10, 50 µM). Chen and Thompson81

observed reductions in MDA-MB-435 cell invasion at low concentrations (5 μM)
but not in the MDA-MD-231 cell line at 10 µM, which agrees with the finding
by Magee et al.,80 who observed in MDA-MB-231 reductions only at 50 µM.
Therefore, the effects of the lignans on cell invasion may be concentration and
cell line dependent.

19.4.4.2 Effects on Growth Factors

Several growth factors have been correlated with breast cancer risk. In particular,
insulin-like growth factor 1 (IGF-1), epidermal growth factor (EGF), and vascular
endothelial growth factor (VEGF) are positively associated with breast cancer
risk.82,83 Thus, if FS or the lignans can alter the level of certain growth factors,
it may be one of the mechanisms of their anticancer effects. In one study, rats
fed a 5% FS diet or its equivalent amount of SDG for 4 weeks had reduced serum
IGF-1 compared to the control group.84 However, when the rats received a MNU
carcinogen, only the 5% FS diet reduced serum IGF-1 levels. As described
previously, a 5% FS diet reduced the MNU tumor invasiveness and grade;41

therefore, a reduction in IGF-1 may be a potential mechanism for reducing tumor
progression.
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Tumor cell proliferation, IGF-1, and EGF receptor (EGFR), but not VEGF,
were also reduced in nude mice with established MDA-MB-435 tumors fed a
10% FS diet compared to control.44 In this study, tumor growth and metastasis
incidence was reduced by FS and thus may be, in part, related to the FS-induced
reduction in EGF and IGF signaling pathways. When this study was repeated and
VEGF was measured in the tumor extracellular fluid45 as opposed to within tumor
sections,44 VEGF was significantly lower in the FS compared to BD group. VEGF
is a promoter of angiogenesis, the formation of new blood vessels necessary for
metastasis to occur, indicating that FS may decrease the incidence of metastasis
by decreasing angiogenesis.

Growth factors were also reduced in the mammary gland of rats that were
exposed to FS and SDG during suckling.35 While 10% FS decreased EGF in TEB
and lobules at PND 49-51, SDG increased EGFR in rat mammary gland (TEB
and TD) at PND 21 but reduced EGFR in TEB and LOB at PND 49-51. Since
early exposure to FS or SDG is protective against breast carcinogenesis,37 altering
the mammary gland EGF pathway may be a potential mechanism.

19.5 CONCLUSION

Epidemiological studies did not show a consistent relationship between risk of
breast cancer and lignan exposure based on lignan intake, urinary lignan excretion,
or plasma lignan levels. However, a majority of the studies show a negative
relationship. On the other hand, experimental studies using either FS or the lignans
have shown that both can prevent tumor development and decrease tumor growth,
although a clear mechanism of action is yet to be established. Because the lignans
are phytoestrogens, they are thought to act through the ER pathway; however,
other nonhormone-mediated effects have also been observed. Gene array analysis
of tumors treated with FS may be useful in identifying pathways that are affected
by FS. With encouraging results from animal studies, clinical studies on the effect
of FS and lignans on breast cancer should be conducted in the future. In particular,
the interesting finding that FS in combination with TAM is more beneficial than
TAM alone in reducing tumor growth and TAM resistance suggests a potentially
good treatment regimen for patients with breast cancer. More research on FS or
lignan interactions with other cancer drugs needs to be explored in the future.
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20.1 INTRODUCTION

20.1.1 DIET AND CANCER

Diet has been reported to play a role in the initiation and/or progression of between
35 and 70% of all cancers.1–3 It is estimated that the quarter of the population
with the lowest dietary intake of fruits and vegetables experiences twice the rate
of lung, larynx, oral cavity, esophagus, stomach, colon, rectum, bladder, pancreas,
cervix, and ovarian cancer.2,4 In fact, more than 200 studies in the epidemiological
literature have shown that a lack of adequate fruit and vegetable consumption
results in increased cancer risk.1,4,5

Generally, dietary tocopherols (i.e., vitamin E), ascorbic acid (vitamin C),
carotenoids (i.e., 

 

β-carotene), folate, selenium, and phenolic and polyphenolic
phytochemicals are believed to account for much of the beneficial effects asso-
ciated with fruit and vegetable consumption.1,3,6–8 However, results of trials aimed
at determining the link between the consumption of any one phytochemical/nutra-
ceutical component and cancer have been inconsistent.3 This chapter reviews
evidence regarding the anticancer properties of the polyphenolic phytochemicals,
collectively referred to as flavonoids, and focuses in particular on anthocyanins.
As there is limited epidemiological data regarding an association between antho-
cyanins and cancer specifically, evidence from flavonoids, as a group of com-
pounds including anthocyanins, is initially reviewed.

20.1.2 FLAVONOIDS AND CANCER

In recent years, numerous studies have suggested that the polyphenolic flavonoids
present in fruits and vegetables may be protective against cancer. Knekt et al.9

investigated a subset of nearly 10,000 cancer-free men and women from a Finnish
survey conducted between the years of 1966 and 1975. Using dietary history and
flavonoid intake estimates, the researchers found an inverse association between
flavonoid intake and cancer incidence (all sites combined). It was determined that
the association was primarily with lung cancer, and that the results were irrespec-
tive of the intake of antioxidant vitamins E, C, and 

 

β-carotene. Subsequently, Le
Marchand et al.10 conducted a population-based case-control study in Hawaii
comprising more than 500 smokers and 500 matched controls. The researchers
found an inverse association between the intake of flavonoids (quercetin and
naringin) and lung cancer risk after adjusting for saturated fat and 

 

β-carotene
intakes. It should also be noted that some well-designed studies have reported no
association between flavonoid consumption and cancer incidence at various sites.
In fact, in four other well-known investigations, no association was found between
flavonoid intake and total cancer mortality.6,11–13 It is also important to note that
epidemiological, cohort, and case-control studies most often rely on indirect
estimates of flavonoid intake. Generally, only a limited number of flavonoids
from various foods are estimated (often fewer than five or six out of a class of
thousands), usually with the exclusion of anthocyanins. This shortcoming makes
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it difficult to establish the magnitude of any effects that flavonoids, as individuals
or as a group, may have on disease states of the populous. It is clear that there
is a need for more controlled investigations concerning the associations between
flavonoid intake and disease. For detailed reviews on the antimutagenic activity
of flavonoids refer to Das et al.14 and Middleton et al.15

20.1.3 ANTHOCYANINS

Flavonoids are a class of polyphenols comprising more than 4000 identified
structures.16 Flavonoids share a common C6–C3–C6 structure consisting of two
aromatic rings linked by three carbons (Figure 20.1). As a result of the vast
number of flavonoids identified, it will likely be many years before associations
between flavonoids and cancer prevention and/or treatment will be thoroughly
established. This chapter focuses on the available evidence for the anticancer
properties of a group of flavonoids referred to collectively as anthocyanins.

Anthocyanins are a class of flavonoid prominent in many colored plants. The
intense absorption of anthocyanins at visible wavelengths of light impart color
(most commonly orange, red, and blue) to plant tissues including flowers, vege-
tables, and fruits. As a result of their intense colors, they have a history of use
as dyeing agents and food additives. There are 18 common base anthocyanidin
species, which differ in their patterns of hydroxylation and methylation (Figure
20.2). In addition, there are more than 300 glycoside derivatives of these common
structures as well as a rapidly expanding list of identified acylated derivatives.18,20

In plants, anthocyanins occur in glycosylated forms, generally linked with glu-
cose, galactose, arabinose, rhamnose, xylose, or fructose. The sugar moiety is
most often found on the 3 or 5 position, but can also occur at the 7, 3

 

′, or 5

 

′
positions (for an extensive list of glycosides refer to Mazza and Miniati20).
Cyanidin, delphinidin, and pelargonidin are the most common anthocyanidins in
nature,18 with cyanidin glycosides reportedly present in nearly 90% of all fruits.21

Anthocyanins are found in very high concentrations in berry fruits and can range
from 10 to 600 mg/100 g fresh weight. A list of berry fruits containing high
concentrations of anthocyanins is given in Table 20.1. It is estimated that the
average daily consumption of anthocyanins is anywhere between 2 to
215 mg/day.23

FIGURE 20.1 Basic flavan structure for common flavanoids. (Adapted from Spanos and
Wrolstad.17)
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20.1.4 ANTHOCYANINS AND CANCER

Many of the perceived health effects associated with the consumption of antho-
cyanins have been attributed to their antioxidant capacities,24–26 which often far
exceed that of vitamin C and trolox.27 In in vitro systems, anthocyanins have been
associated with a variety of antioxidant properties including free radical scaveng-
ing, chelation of trace metals, and inhibition of lipid peroxidation and DNA
oxidation.27–33 Additionally, an extensive body of evidence has demonstrated that
the consumption of anthocyanins from various sources (plant extracts, fruit juices,
various berry species, and red wine) can increase the hydrophilic and lipophilic
antioxidant capacity of the blood serum/plasma.34–42 Recently, researchers have
reported a correlation between increased ex vivo blood antioxidant status (serum
TEAC analysis) and a reduced risk of breast cancer development.43 As antho-
cyanins have been associated with increasing the antioxidant capacity of the

FIGURE 20.2 Common anthocyanidin structures. (Adapted from Swain,18 Kalt and
Dufour,19 Mazza and Miniati.20 For a more complete list of anthocyanidins, refer to Swain.18

For an extensive list of anthocyanosides, refer to Mazza and Miniati.20)
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blood, future interventions involving anthocyanin supplementation as a possible
strategy for cancer prevention may be warranted.

Cancer is generally believed to be initiated in part by oxidative mechanisms
acting directly upon genetic material (i.e., DNA, RNA).44,45 Additionally, the
oxidation of macromolecules such as lipids and proteins may alter cellular pro-
cesses associated with cancer development and progression. Many associate the
anticancer actions of anthocyanins as simply preventing the oxidation of these
biological structures (DNA, lipids, proteins). However, even though anthocyanins
have been observed to prevent the oxidation of these structures in vitro, a large
body of evidence now reveals a possible association between anthocyanins and
cancer, which far exceeds their antioxidant properties. In animal and cell models,
anthocyanins have been observed to prevent DNA damage, suppress lesion devel-
opment, reduce the frequency of induced mutation, and inhibit tumor promo-
tion.27,33,46 The proposed anticarcinogenic mechanisms (as determined by in vitro
and animal models) involve anthocyanin interactions with mammalian enzymes
and receptors including direct protein binding capacities, anti-inflammatory
effects, direct antimutagenic activity, inhibition of the metabolic activation of
carcinogens, and the activation and induction of enzymes associated with xeno-
biotic metabolism.15 Each of these mechanisms is discussed in detail in the
following text.

TABLE 20.1
Berry Fruits Containing High Concentrations of 
Anthocyanins

Berry Fruit
Anthocyanins

(mg/100 g fresh weight)a

Bilberry 300–370
Black currants 110–430
Black raspberry 197–428
Blackberry 133–172
Chokeberry 305–631
Cranberry 78
Grapesb 0–603
Highbush blueberry 63–484
Lingonberry 174
Lowbush (wild) blueberry 91–255
Strawberry 8–79

a Concentrations represent data from specific investigations. Anthocyanin vari-
ability will depend on genus tested, maturity of fruit, size of fruit, and environ-
mental conditions.
b The anthocyanin concentration is given for Vitis vinifera L. grapes. The high
variability results from including both white and red varieties.

Source: Adapted from Skrede and Wrolstad.22
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20.2 ANTIOXIDANT ACTIVITY

Anthocyanins are highly reactive radical scavengers in various in vitro environ-
ments. Anthocyanins not only scavenge radicals, but through their ability to bind
heavy metals such as iron, zinc, and copper, also prevent the formation of radi-
cals.47 Anthocyanins may also exert antioxidant abilities through the protection
or enhancement of endogenous antioxidants (i.e., sparing effect), or through the
induction of antioxidant enzymes such as glutathione-S-transferase (GST) and
superoxide dismutase (SOD).48,49 Also, there appears to be a synergism between
anthocyanins, vitamin C, and other flavonoids which is similar to the reported
recycling effect of vitamin E by vitamin C. This effect was observed in an
investigation by Rossetto et al.31 where the flavonoid catechin was observed to
regenerate malvidin 3-glucosides thereby increasing their antioxidant capacity in
a micellar system with induced linoleic acid peroxidation.

20.2.1 STRUCTURAL CHARACTERISTICS EFFECTING ANTIOXIDANT

ACTIVITY

The structural characteristics responsible for the antioxidant effect of antho-
cyanins are generally associated with the number of free hydroxyls around the
pyrone ring (greater number of hydroxyls = greater antioxidant capacity; refer to
Figure 20.2); this is, however, an oversimplification. The antioxidant capacity of
a polyphenolic compound is dictated not only by the number of free hydroxyls,
but also by the basic structural orientation of the compound. The ring orientation
will determine the ease of which a hydrogen atom from a hydroxyl group can be
donated to a free radical and the ability of the compound to support an unpaired
electron. The conjugation of the anthocyanin ring structure is also important. The
C2–C3 double bound of the C-ring is consistently associated with a higher
antioxidant capacity, having a stabilizing effect on the phenoxy radical.15,50 The
positioning of hydroxyls in relation to one another is also a very important
determinant in the antioxidant capacity of anthocyanins. Hydroxyl groups in close
proximity, such as the ortho-hydroxyls of the B-ring, appear to greatly enhance
the antioxidant capacity of the compound50,51 in experimental (in vitro) models;
however, the availability of the highly reactive ortho-hydroxyls in a biological
system (in vivo) has yet to be established. Conceptually, this site on the B-ring
could form bonds with many compounds within biological fluids thus inhibiting
the ability of this reactive site to participate in oxidation, metal chelation, or
protein binding in vivo.

20.2.2 GLYCOSYLATION AND ANTIOXIDANT CAPACITY

Anthocyanins are found in plants in glycosylated forms. Glycosylation is reported
to influence the antioxidant capacity of flavonoids/anthocyanins.32,52,53 It is gen-
erally stated in the literature that glycosylation decreases the antioxidant capacity
of anthocyanins by reducing free hydroxyls and metal chelation sites; however,
contradictory results have been reported.27,54,55 It is important to note that the
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effect of glycosylation on antioxidant capacity will depend on the environment
in which oxidation is being assessed; i.e., aqueous-soluble or lipid-soluble phases.

Glycosylation diminishes the antioxidant capacity of the anthocyanin in an
artificial membrane system by decreasing the number of free hydroxyls and metal
chelation sites. More importantly, glycosylation will decrease the flavonoids
accessibility to membranes as a result of the increased polarity (i.e., increased
water solubility) associated with the sugar moiety. The physiological relevance
of this effect has, however, not been sufficiently established in vivo. Aglycones
are less water soluble and therefore have an increased partitioning into the lipid-
soluble phase of the artificial membrane system. One would assume that the
increased antioxidant capacity of anthocyanidins (aglycones) in this environment
would therefore be partly as a result of the increased lipid solubility of the
aglycones over the glycosides. Conversely, other assay systems such as the oxy-
gen radical absorbance capacity (ORAC) assay,54 the ferric reducing assay,27 and
certain lipid oxidation models55 have found some glycosides to have higher
antioxidant capacities than their respective aglycones. Therefore, the in vitro effect
of glycosylation on antioxidant capacity will depend on the environment in which
oxidation is being assessed (aqueous-soluble or lipid-soluble phase). Additionally,
because anthocyanin aglycones have not been identified in the blood or urine,
the physiological relevance of the antioxidant capacity of aglycones is question-
able. This being said, as anthocyanin glycosides are generally believed to be
cleaved by colonic microflora, the aglycones theoretically could have physiolog-
ical relevance within the colon with the glycosides having more systemic rele-
vance. It is clear that the respective in vivo antioxidant capabilities of the antho-
cyanin aglycones vs. their glycoside derivatives require further investigation.

20.2.3 ABSORPTION, METABOLISM, AND BIOLOGICAL

ANTIOXIDANT ACTIVITY

The biological implications of an anthocyanins antioxidant activity will ultimately
depend on the extent of its absorption and metabolism; unfortunately, the absorp-
tion and metabolism of anthocyanins are poorly understood. Originally, their
absorption was speculated to only occur post-hydrolysis of the glycosidic bond;
however, this has been proved incorrect as numerous studies have characterized
anthocyanin glycosides in biological fluids. The limited pharmacokinetic data
available suggest that the maximum plasma concentrations of 1 to 150 nmol/L
are generally reached between 1 and 4 hours post-consumption of doses ranging
between 0.1 to 1.0 g. Additionally, less than 1% of the initial dose is generally
reported to be recovered in the urine.21,42,56–60 Although the bioavailability of the
parent anthocyanins appears to be low, concentrations of bioactive metabolites
could contribute significantly to the anthocyanins bioactivity.

Anthocyanins were previously not believed to be significantly metabolized
in humans; however, methylated and glucuronidated metabolites of anthocyanins
have recently been reported.60–62 Furthermore, a study by Felgines et al.62 suggests
that the excretion of anthocyanin metabolites may be as high as 2% of the initial
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ingested dose. Recent investigations in our laboratory have confirmed that the
excretion of metabolites is higher than the excretion of total parent compounds.62a

Although metabolism (methylation, sulfation, and glucuronidation) will affect
the antioxidant capacity of these compounds, they will likely retain much of their
bioactivity. Researchers administering quercetin and (–)-catechin to rats have
observed an increased antioxidant capacity of the plasma/serum, even though the
compounds were identified in the biological fluids as glucuronide and sulfate
derivatives.63 This suggests that conjugated metabolites of the parent compounds
contribute to anthocyanin bioactivity.49,60 Furthermore, researchers propose that
the antioxidant activities of anthocyanins are maintained even after their degra-
dation under physiological conditions. It is believed that a portion of absorbed
anthocyanins are broken down into benzoic acid derivatives, either spontaneously
or as a result of bacterial metabolism in the intestine. Protocatechuic acid is one
of these breakdown products that have been characterized in human and animal
models.64 In cell culture experiments, the protocatechuic acid formed from cya-
nidin glycosides was observed to have antioxidant properties comparable to that
of commercial antioxidants including BHT (butylated hydroxyanisole) and vita-
min E.65 This suggests that phenolic acid derivatives of the parent compounds
may also play a role in the antioxidant defenses of the blood (serum/plasma) after
the consumption of anthocyanins.49

20.2.4 EFFECT OF PH ON ANTIOXIDANT ACTIVITY

Anthocyanins exist in equilibrium in a variety of protonated, deprotonated, and
hydrated forms. These range from colored quinonoid forms, to the flavylium ion,
and to colorless hemiacetal forms.55 The expression of the predominant form is
generally pH dependent. There is little evidence regarding the effect of pH on
the biological activity of these compounds. However, in spite of the loss of color
of anthocyanins at physiological pH (i.e., pH 7), evidence presented by Narayan
et al.66 suggests that anthocyanin glycosides retain their antioxidant activity.

20.2.5 COMPARTMENTALIZATION AND ANTIOXIDANT ACTIVITY

Results of trials aimed at determining the link between antioxidant consumption,
antioxidant status, and cancer have been inconsistent.3 Although anthocyanins
have shown promise in many in vitro antioxidant and anticancer models, it has
not been established if these compounds can reach their target of suspected action
and if high enough concentrations are reached to elicit an efficient response.
Youdim et al.67 were among the first to show evidence of the incorporation of
anthocyanins into cells and cell membranes. In a cell culture experiment, using
human aortic endothelial cells, cyanidin glycosides from the elderberry were
observed to be incorporated into both the plasma membrane and cytosol. The
cells were determined to have significant protection against oxidation induced by
reactive oxygen species. Subsequently, Bagchi et al.68 recently reported on the
cellular uptake of berry anthocyanins by endothelial cells. Although absorption
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was indicated in these studies, the mechanism by which anthocyanins enter
intracellular compartments, where genetic materials exist, has yet to be deter-
mined. If the antioxidant capacity exhibited by anthocyanins is associated with
cancer prevention, their mechanisms likely extend beyond the prevention of DNA
base oxidation and lesion formation alone.

20.3 BEYOND RADICAL SCAVENGING

20.3.1 DIRECT PROTECTION AGAINST DNA DAMAGE

Studies investigating hydrogen peroxide-induced toxicity in cell culture deter-
mined that the anthocyanins delphinidin and cyanidin (aglycones and glycosides)
were protective against DNA strand breaks in human colon cells.69,70 Furthermore,
glycosides of cyanidin, petunidin, peonidin, and malvidin were observed to
decrease the formation of oxidized DNA bases and lipid hydroperoxides in
vitamin E–deficient rats.71 Although the mechanisms mediating these effects have
not been determined, pulse radiolysis studies utilizing in vitro plasmid environ-
ments have indicated that flavonoids may be protective against free radi-
cal–induced DNA damage through mechanisms independent of their antioxidant
capabilities.72 Additionally, an investigation by Sarma and Sharma73 found cya-
nidin to complex with DNA, forming an anthocyanin-DNA co-pigment, which
appeared to protect the DNA from oxidation when exposed to hydroxyl radicals.
Unfortunately, the biological implications of such an interaction are at present
unknown.

20.3.2 ENZYMATIC ANTIOXIDANT DEFENSE

Anthocyanins, and other flavonoids such as quercetin, have been observed to have
beneficial effects on endogenous enzymes associated with oxidative stress. In
established models of oxidative stress, such as ischemia-reperfusion and hyper-
oxia, anthocyanins have been observed to inhibit xanthine oxidase, and comple-
ment superoxide dismutase, catalase, and glutathione peroxidase.15,74 Ischemia-
reperfusion is associated with the excessive production of reactive oxygen species
and subsequent oxidative injury. During ischemia, the catabolism of the available
ATP leads to an increased concentration of the purine metabolites xanthine and
hypoxanthine. The conversion of xanthine-dehydrogenase to the free radical
generating form, xanthine oxidase, occurs under the ischemic condition. Upon
reperfusion, when oxygen is reintroduced suddenly, a massive “burst” of free
radical generation results from the xanthine oxidase–catalyzed formation of
superoxide. The ensuing free radical–mediated chain reaction results in extensive
tissue injury at the site of reperfusion as a consequence of the increased leakage
of superoxide from dysfunctional mitochondria, the accumulation of leukocytes,
the accumulation of reduced catecholamines, flavines and quinines, and the
release of iron from heme proteins. Ischemia-reperfusion injury is a major concern
during organ transplantation and as result of vascular occlusion. Anthocyanins
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have been observed to have an inhibitory effect on xanthine oxidase and xanthine
dehydrogenase activity under experimentally induced ischemic conditions.15,74

Additionally, the chronic feeding of cyanidin 3-glucoside to rats resulted in a
significant reduction in reactive oxygen radical production and prevented glu-
tathione decline in a hepatic ischemia-reperfusion model of oxidative stress in
rats. The resistance imposed by cyanidin-3-glucoside occurred without affecting
levels of endogenous serum antioxidant enzymes.33,75,76

Hyperoxia is the result of an excess of oxygen in tissues or organs. Although
hyperoxia is generally not experienced under normal/basal circumstances, it can
be induced experimentally by increasing the level of atmospheric oxygen. Hyper-
oxia is an excepted model of oxidative stress and generally results in a significant
increase in oxygen radical production followed by the induction of vast quantities
of endogenous antioxidant defense enzymes including superoxide dismutase,
catalase, and glutathione peroxidase. Supplementation of an anthocyanin-rich
extract from blueberries was reported to impose resistance to hyperoxia-induced
oxidative stress in rats without affecting endogenous serum antioxidant
enzymes.77

20.3.3 CELL CYCLE AND TUMOR DEVELOPMENT

Anthocyanins isolated from various fruits have been observed to reduce the
frequency of induced mutation and to display general inhibitory activity against
carcinogenesis in numerous tissues and cancer cell lines. They have been shown
to reduce hydrogen peroxide–induced DNA damage in primary human colon cells
isolated from biopsies,27 reduce the frequency of induced mutation by
benzo(a)pyrene,46 suppress lesion development and tumor promotion in human
and animal models of colon carcinogenesis,33,78,79 directly inhibit cell growth of
human malignant carcinoma and lymphoma cultured cells,80 impair angiogene-
sis,68 and induce apoptosis in human leukemia cells (cell line HL-60; 33). Many
of these reported activities appear to occur through mechanisms other than radical
scavenging. By using cell culture models, many flavonoids, including antho-
cyanins, have been shown to reduce tumor development, inhibit proliferation, and
prevent in vitro angiogenesis through nonradical scavenging mechanisms.68,79,81

Some of the suggested properties of anthocyanins that mediate their action against
tumor promotion and development include inhibition of the release of superoxide
from stimulated human granulocytes,46 direct cytostatic activity effecting cell
proliferation and differentiation,80 inhibition of epidermal growth factor receptor
and vascular endothelial growth factor,68,78 and direct inhibition of the kinase
signaling pathways.33,81

Mechanistic studies using mouse epidermal cells suggest that the ortho-
dihydroxyl phenyl (B-ring) portion of the anthocyanin is the component respon-
sible for effects on lesion development. Researchers based this assumption on
structure–activity relationship studies that have shown cyanidin, delphinidin, and
petunidin to have significant antitumor promoting effects while, in this model,
malvidin, peonidin, and pelargonidin had no effect.33 Anthocyanins and their
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respective aglycones have also been observed to significantly reduce tumor devel-
opment in cultured cells.78,79 Researchers reported the aglycones to have a sig-
nificantly higher activity over that of their respective glycosides; however, the
glycosides were still active. Because anthocyanin aglycones have not been
detected in the circulation, the effects of anthocyanin aglycones on the suppres-
sion of tumor development would presumably be achieved primarily in the colon
while glycoside interactions may include systemic effects.

20.4 HORMONE ACTIVITY

The role of sex hormones in cancer development is well established and has been
cited as a contributing factor in one third of all cancer incidences. Estrogens are
known to increase the division of cells in hormone-dependent tissues such as the
breast and ovaries.1 It has been suggested that the spatial relationship between
the phenolic hydroxyl groups of certain flavonoids is similar to that of estradiol
allowing flavonoids to interact with estrogen receptors and to exhibit physiolog-
ical effects similar to estrogens.47 Because flavonoids share this structural simi-
larity with steroids, retinoids, and thyroid hormones,82 many classes of flavonoids,
and particularly isoflavonoids, have been referred to as phytoestrogens. Phy-
toestrogens are known to bind estrogen receptors exerting both estrogenic and
antiestrogenic effects depending on their concentration, the concentration of
endogenous sex hormones present, and the receptor activity of the target tissue
involved.

The majority of circulating hormones are bound to sex hormone-binding
globulin (SHBG; also known as plasma sex steroid-binding protein, SBP). Free
hormones, i.e., hormones not bound to SHBG, are available to migrate into cells
and initiate hormonal responses. It is theorized that if there is a decrease in plasma
concentrations of SHBG, a decrease in the SHBG rate of metabolism, or an
increase in hormone production, there is an associated increase in risk of devel-
oping hormone-dependent cancers. Phytoestrogens are known to increase plasma
levels of SHBG, thus decreasing the plasma concentration of free estrogen and
testosterone. The reduced availability of free androgens and estrogens to the target
cells would therefore reduce the risk of hormone-dependent cancers.83 This rela-
tionship is based on evidence that high levels of circulating estrogen and low
levels of SHBG appear to be associated with increased risk of hormone-dependent
cancers involving estrogen such as breast and ovarian cancers.1,83 This relationship
also exists for hormone-dependent cancers involving testosterone such as prostate
cancer.84

Recent evidence suggests that anthocyanins have weak estrogenic activities
relative to other phytoestrogens in the flavonoid and isoflavonoid families. Antho-
cyanidins were tested for estrogenic activity in cell culture using an estrogen
receptor-positive cell line (MCF-7). The anthocyanidins cyanidin, delphinidin,
and pelargonidin (chloride forms) were found to exert estrogenic activity and to
bind to estrogen receptor-α to activate estrogen-independent gene expression.
Researchers suggested that these compounds may therefore play a role in altering
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the development of hormone-dependent cancers.85 It was reported that the number
of hydroxyl groups had a substantial effect on the estrogenic activity of these
compounds. Increasing the number of hydroxyls on the B-ring appeared to reduce
receptor affinity. Additionally, researchers concluded that the concentration of
anthocyanins required to obtain the observed effects in vivo could be reached
through normal dietary consumption.

20.5 INFLAMMATION

The immune system is an important source of reactive oxygen species (ROS)
generation for cellular defense against invading microbes, viruses, and parasites.
During this process, phagocytic cells produce oxidizing agents such as superox-
ide, nitric oxide, peroxynitrite, hydrogen peroxide, and hypochlorite. Subsequent
inflammation can result in neutrophil and macrophage accumulation leading to
further accumulation of ROS and subsequent oxidative stress. Under certain
circumstances, many of these oxidizers can be mutagenic. A large body of clinical
evidence suggests that chronic inflammation of certain tissues increases the risk
of cancer development within those tissues. This is particularly evident for con-
ditions of the colon such as ulcerative colitis.1,86 Many studies have shown antho-
cyanins to have anti-inflammatory activity. Wang et al.87 demonstrated that cya-
nidin and glycosides of cyanidin isolated from tart cherries exhibited anti-
inflammatory activities in vitro. Additionally, a blackberry extract rich in antho-
cyanins was observed to act as a potent anti-inflammatory agent in a model of
lung inflammation induced by carrageenan in rats.88 Anthocyanins have been
observed to suppress inflammatory mediators such as tumor necrosis factor alpha,
interleukin-1, interleukin-6, and cytokine-induced neutrophil chemoattractant-1,89

to prevent antioxidant enzyme decline, and to inhibit enzymatic radical production
during inflammation.33,75–77,87,89,90

20.5.1 INFLAMMATION AND ARACHIDONIC ACID METABOLISM

Endothelial cells, smooth muscle cells, leukocytes, platelets, and parenchymal
cells are all capable of producing a variety of reactive products as a result of
arachidonic acid (AA) metabolism via oxygenase-mediated enzymatic activity
and subsequent reactions. The metabolism of AA involves the formation of inter-
mediate peroxy compounds and hydroxyl radicals, both of which may result in
the initiation of lipid peroxidation chain reactions. Additionally, the damage
caused by the resulting lipid hydroperoxides, in the presence of iron, results in
the formation of alkoxyl radicals thus amplifying the lipid chain reaction. In a
high lipid environment, such as in membranes, this effect can be devastating to
cellular function. As anthocyanins are reported to be active against lipid peroxi-
dation, one likely mechanism for their anti-inflammatory activity would be through
their antioxidant activities against radicals produced as a result of AA metabo-
lism.90,91 Anthocyanins from dealcoholized red wine92 and carrot cell extract66 have
been reported to inhibit enzymatic and non-enzymatic polyunsaturated fatty acid
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peroxidation induced by radicals in vitro. Furthermore, Tsuda et al.28 demon-
strated anthocyanins (glycosides and aglycones) to prevent lipid peroxidation
induced by ultraviolet (UV) irradiation in a liposomal system. All pigments used
(cyanidin-3-glucoside, delphinidin-3-glucoside, pelargonidin-3-glucoside, cyani-
din, delphinidin, pelargonidin) in this investigation were reported to scavenge
superoxide and hydroxyl radicals to varying extents. In addition to their capacity
for scavenging radicals produced as a result of AA metabolism, anthocyanins
also appear to have direct effects on cyclooxygenase (COX) and lipoxygenase;
two enzymes involved in the metabolism of AA.

Specific prostaglandins and leukotrienes produced from the metabolism of
AA, released from membrane phospholipids via phospholipases, are potent medi-
ators of inflammation. COX is the enzyme responsible for the metabolism of AA
thereby producing prostaglandins, and lipoxygenase is involved in the production
of leukotrienes. Both cyclooxygenase- and lipoxygenase-mediated metabolism
of AA involves the formation of intermediate peroxy compounds and hydroxyl
radicals, which can result in the initiation of lipid peroxidation chain reactions.

There are two known COX isoforms, referred to as COX-1 and COX-2. COX-
1 is commonly regarded as a “housekeeping enzyme” and is expressed in most
cells, performing protective functions. COX-2 is highly inducible by inflamma-
tory stimuli and is associated with deleterious effects when expressed at high
levels. COX-2 is present in low concentrations under basal conditions; however,
under inflammatory conditions it is subject to induction in the presence of mito-
gens and cytokines resulting in overexpression. The overexpression of COX-2
has been reported in neoplasms of the colorectum, prostate, gastric tissue, liver,
lung, breast, and skin, thereby suggesting its role in tumorigenesis. COX-2 is
therefore recognized as a potential enzyme to target for preventative interventions
against cancer.90,91

Cyanidin and cyanidin-3-glycosides have been shown to have anti-inflamma-
tory properties in various in vitro assays. Wang et al.87 demonstrated cyanidin
and glycosides of cyanidin isolated from tart cherries to exhibit in vitro anti-
inflammatory activities when assaying cyclooxygenase activity. Interestingly, the
isolated cyanidin was reported to have more anti-inflammatory activity than
aspirin. Additionally, in a study conducted by Seeram et al.,90 both cyanidin and
malvidin showed significant COX inhibitory activities in vitro when compared
to commercial anti-inflammatory drugs such as ibuprofen, naproxen, Vioxx®, and
Celebrex™. The authors reported that the 3′,4′-dihydroxyls of the B-ring were
responsible for elevated COX inhibitory activity. Anthocyanins have also been
shown to inhibit lipoxygenase activity in certain cell model systems.

Lipoxygenases are involved in the metabolism of AA forming various bio-
active compounds referred to collectively as leukotrienes. Leukotrienes have
multiple biological activities including chemo-attraction and vasoactivity. Many
of these compounds are implicated in inflammatory processes.15 The mechanism
responsible for lipoxygenase inhibition by anthocyanins and flavonoids is
believed to be a result of iron-reducing and iron-chelating properties;15,66,93 how-
ever, the biological implications of the latter have yet to be determined.
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20.5.2 INFLAMMATION, OXIDATION, AND CARCINOGENESIS

Nitrated compounds are recognized human carcinogens and are strongly associ-
ated with an increased risk of stomach and colorectal cancer.94,95 Nitrogen oxides
are produced in excess during host response to infection as a consequence of
reactions involving nitric oxide and superoxide. The accumulation of nitrogen
oxides (during immune cell-mediated oxidative burst) within inflamed tissues can
result in the production of primary and secondary amines yielding nitrosamines.86

Additionally, nitrosamines and nitrosamides can also be formed in cigarette smoke
and in selected foods. Antioxidants are known to prevent nitrosation, and epidemi-
ological evidence has suggested that they are protective against stomach cancer.94

Although anthocyanins appear to affect nitric oxide production, the biological
relevance of this activity is still unclear. A recent study revealed that anthocyanins
and anthocyanidins exhibited strong inhibitory activity toward nitric oxide pro-
duction in cell culture models using activated macrophages.96 Furthermore, cya-
nidin 3-O-β-D-glucoside has been shown to inhibit nitric oxide synthase generation
in cell culture.89 Even though nitric oxide is associated with oxidation and inflam-
mation, it is also a biological signal in smooth muscle relaxation and neurotrans-
mission. The physiological consequence of interactions between anthocyanins and
nitric oxide is inherently complicated and it will likely be many years before the
biological implications of their actions in various cells and tissue are realized.

20.6 CHEMICAL-INDUCED CARCINOGENESIS

Nitrated compounds, polycyclic aromatic hydrocarbons, and carbon tetrachloride
are established carcinogens used to assess mutagenicity in various experimental
models. Anthocyanins have been reported to have antimutagenic activity toward
these aforementioned compounds. Studies by Obi et al.97 revealed that antho-
cyanins extracted from the petals of Hibiscus rosasinensis protected against
carbon tetrachloride-induced liver damage in rats. Carbon tetrachloride, a hepa-
totoxin, is responsible for P450-induced trichloromethyl radical production and
associated peroxidation of membrane lipids leading to extensive liver damage
including liver cancer.97 Additionally, studies of the antimutagenic activity of fruit
juices high in anthocyanins using the Ames test revealed blueberry juice to have
one of the highest antimutagenic activities observed against polycyclic aromatic
hydrocarbons.98 Furthermore, Tsuda et al.99 observed that the anthocyanin pelar-
gonidin prevented the formation of nitrated tyrosine in vitro. Unfortunately, the
above investigations were unable to determine the extent to which anthocyanins
acted directly as scavengers or indirectly on the enzymes involved with xenobiotic
metabolism.97

20.6.1 PHASE I XENOBIOTIC DETOXIFICATION

Some flavonoids are potent inhibitors of the cytochrome P450 isozyme family
CYP1A. CYP1A1 is responsible for the metabolic activation of carcinogens such
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as polycyclic aromatic hydrocarbons and nitrosamines.100 Le Marchand et al.10

determined an inverse association between the intake of flavonoids and lung
cancer risk in a Hawaiian case-control study as mentioned above (Section 20.1.2,
Flavonoids and Cancer). The researchers genotyped subjects for the P-450
enzyme variant allele CYP1A1 and suggested that the reduced risk of lung cancer
was a result of a decreased bioactivation of carcinogens through the inhibition
of the CYP1A1 isoform caused by flavonoids. Structure–activity relationship
studies of anthocyanins suggest that the ortho-dihydroxyls of the B-ring play an
important role in the antimutagenic activity of the anthocyanins.101 Additionally,
Tsyrlov et al.102 speculated that the catechol moiety is likely responsible for the
inhibition of cDNA-expression of the CYP1A P-450 family as a result of ligand-
binding activity.

20.6.2 PHASE II XENOBIOTIC DETOXIFICATION

Bioactive extracts, high in anthocyanins, from the Vaccinium species may have
the potential to inhibit the initiation and promotion stages of carcinogenesis under
in vitro conditions. Quinone reductase is an enzyme responsible for inactivating
electrophilic carcinogens and potentially preventing metabolic activation prior to
DNA binding. Crude extracts of the lowbush blueberry, cranberry, lingonberry,
and bilberry (Vaccinium) were shown to have the ability to induce the Phase II
xenobiotic detoxification enzyme quinone reductase, thus displaying the capacity
to inhibit the initiation of chemically induced carcinogenesis.103,104 Extracts were
further shown to actively inhibit ornithine decarboxylase, a rate-limiting enzyme
in the synthesis of polyamines. Polyamine formation is believed to be associated
with carcinogenesis as these compounds are formed in high quantities by rapidly
proliferating cells.103

20.7 CONCLUSIONS

Anthocyanins have powerful antioxidant characteristics in vitro.24–26 However,
there is much that is not currently understood about their function within biolog-
ical systems. In fact, there is much that is currently not understood about oxidation
within biological systems in general. Studying oxidation in vivo is challenging
as a result of the complexities involved in biological systems. Complications arise
as a consequence of compartmentalization, variations in substrate and catalyst
concentrations, surface properties of membranes, binding properties of macro-
molecules, electrical charges on molecules, and intracellular and extracellular
environments, which consist of both aqueous-soluble and lipid-soluble phases.
These complexities make it difficult to comprehend how anthocyanins and other
flavonoids may reduce or prevent oxidation within the body. Therefore, it will
likely be many years before a more thorough understanding of the exact contri-
bution of anthocyanins to the body’s antioxidant defense system is realized. If
anthocyanins are indeed associated with cancer prevention, their mechanisms of
action likely go beyond the prevention of oxidation and lesion formation.
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The proposed biological activity of anthocyanins relating to their anticancer
properties include direct antimutagenic activity, hormonal activity, inhibition of
the metabolic activation of carcinogens, and anti-inflammatory activity. Much of
these activities are related to the ability of anthocyanins to influence the activity
and function of selected mammalian enzymes. Although anthocyanins have dem-
onstrated a vast array of in vitro enzymatic activities, these have not been defin-
itively established in humans (in vivo). Important questions still remain unan-
swered regarding the biological activity of anthocyanins and other flavonoids.
For example, how do these compounds cross cellular membranes and partition
intracellularly; and how are these compounds metabolized and distributed within
tissues? Although anthocyanins have shown promise in many in vitro antioxidant
and anticancer models, it has yet to be established if these compounds can reach
their target of suspected action and if their concentrations are high enough to
elicit an efficient response. Further dose-dependent studies on their bioavailability,
pharmacokinetics, and in vivo bioactivity in controlled human trials are needed
following their ingestion as nutraceuticals (supplements) or components of func-
tional foods in varied food matrices. Even though our understanding of phy-
tochemical interactions within human biology is still in its infancy, anthocyanins
have demonstrated initial promise as anticancer compounds. Their inhibitory
influence on cancer (initiation, progression/incidence) may be the result of direct
or indirect antioxidant activity, hormonal activity, or the interaction with enzymes
important in cancer initiation and/or progression. It is quite probable that their
activity is the combined result of all of these reported effects. Regardless of their
mechanism of action, the above evidence indicates the potential use of antho-
cyanins as a strategy for cancer prevention and perhaps the retardation of cancer
progression and/or metastases in future interventions.
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21.1 INTRODUCTION

Extensive epidemiological evidence supports the contention that high fruit and
vegetable consumption is associated with a reduction in the incidence of cancer.
Moreover, it is well established that consumption of cruciferous vegetables is
inversely associated with the risk of cancer of the lung, colon, stomach, and
prostate.1–3 In the mid-1980s, studies in rats demonstrated that isothiocyanates
(ITCs) (Figure 21.1), which occur widely as conjugates in Brassica and other
vegetables of the family Cruciferae (e.g., cabbage, cauliflower, Brussels sprouts,
watercress, broccoli, kale) and the genus Raphanus (radishes and daikons), inhibit
the metabolic activation of a variety of carcinogens that occur in tobacco products
and the diet, suggesting chemopreventive effects of ITCs.4,5 Organic ITCs
(R–NCS) occur in plants as thioglycoside conjugates known as glucosinolates.
Damage to plant cells, such as from cutting and chewing, releases myrosinase
(

 

β-thioglucoside glucohydrolase) that catalyzes the hydrolysis of glucosinolates
and the formation of ITCs by a Lossen rearrangement (Figure 21.2). The micro-
flora in the intestinal tract also acts as a source for the hydrolysis of glucosinolates
to ITCs in humans.6
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FIGURE 21.1 Chemical structures of common ITCs.

FIGURE 21.2 Hydrolysis of glucosinolates and the formation of ITCs by a Lossen
rearrangement.
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Consuming normal amounts of vegetables such as watercress or broccoli
releases tens of milligram amounts of ITCs.7 Glucosinolate levels have been
estimated to be as high as 180 mg/g in some vegetables.7 High levels of sul-
foraphane (SF) and phenethyl isothiocyanate (PEITC), the two most common
ITCs in the diet, are detected in plasma following the consumption of broccoli
and watercress, respectively.8,9 The estimated ITC/glucosinolate levels in common
cruciferous vegetables are given in Table 21.1. It has been estimated that the
consumption of 100 g of broccoli could release 40 

 

μmol of the ITC SF,10 while
consumption of about 30 g of watercress releases about 46.5 

 

μmol of PEITC.11

Additionally, ITCs are constituents of numerous herbal supplements including
Daily Cruciferous Plus®, Broccoli Sprouts®, BioBasics®, Fruit and Veggie Tabs®,
and NutriHealth MultiPlus®.

More than 20 natural and synthetic ITCs have been shown to block carcino-
genesis. The capacity for organic isothiocyanates to block chemical carcinogen-
esis was first recognized more than 30 years ago with naphthyl ITC (NITC).
Recent studies describing the effect of ITCs in vitro, in vivo, and in clinical studies
are described later in this chapter. Current mechanisms proposed for the anti-
carcinogenic effects of ITCs include (1) inhibition of Phase I enzymes converting
procarcinogens to highly reactive electrophilic carcinogens; (2) induction of
Phase II enzymes inactivating carcinogens and promoting their excretion; and (3)
induction of apoptosis of cancer cells.12,13

21.2 BIOAVAILABILITY AND PHARMACOKINETICS 
OF ITCs

Absorption of ITCs is rapid, and the parent compound can be detected in the
blood minutes after administration. The pharmacokinetics of PEITC both in rats
and humans have been evaluated in our laboratory: PEITC has high oral bioavail-
ability and low clearance (0.70 

 

± 0.17 L/h/kg at the lowest dose of 2 

 

μmol/kg)
in rats (Ji, Y and Morris, ME, unpublished). Nonlinear elimination and distribution
were evident at high doses. In humans, following ingestion of the vegetable

TABLE 21.1
ITC Content in the Diet

Vegetable
Glucosinolate (GL) 

or ITC Content Ref.

Raw cabbage 0.108 

 

μmol/g (PEITC) 56
Mustard 10.8 

 

μmol/g (AITC)
3.2

 

μmol/g (PEITC)
56

Broccoli sprouts 8 

 

μmol/g ITCs 57
Watercress 6.5 

 

μmol/g ITC 58
Brussels sprouts 15.84 mol/g (total glucosinolate)

8.7 mol/g (sinigrin)
59
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watercress at a 100 g dose, the mean Cmax value was 928 nM and the half-life
was 4.9 h (Figure 21.3). Average oral clearance (clearance/availability) was 490
ml/min, suggesting a low clearance.9 A recent evaluation of a high dose of SF
(50

 

μmol) in rats reported high concentrations in plasma (Cmax of 20 

 

μM) and a
half-life of about 2.2 h.14 Therefore, in contrast to dietary components such as
the flavonoids, oral clearance of these ITCs is low and bioavailability is excellent,
indicating greater exposure to the parent compound in the intestine, liver, and
systemically, than observed with other dietary chemicals.

In humans, the conjugation and excretion of ITCs is mainly catalyzed by
glutathione-S-transferase M1 (GSTM1) and GSTT1,15 although a variety of other
GSTs, including GST A1, P1, M2, and M4 are also involved to a minor extent.
GSTM1 and GSTT1 exhibit significant polymorphisms in humans: the incidence
of homozygous null deletion is approximately 50% for GSTM1 in white subjects
in the U.S., as well as in Japanese and Chinese subjects; for GSTT1 the incidence
is 12 to 16% in German and English subjects and 60 to 64% in Chinese and
Korean subjects.16 Studies examining the correlation of ITC intake obtained
through vegetable consumption and GSTM1 and GSTT1 genotypes among var-
ious populations have also suggested that lung cancer risk and colorectal ade-
nomas were decreased among persons genetically deficient in GSTM1 and/or
GSTT1, although GSTM1 deficiency appears to be more important.1,17–19 In those
subjects with detectable levels of ITCs in their urine and a GSTM1 deficiency,
there was a 64% decrease in the risk of developing lung cancer.19 These studies
suggest the importance of the polymorphic expression of GSTs in determining
the systemic concentrations and efficacy of ITCs.

FIGURE 21.3 Plasma concentration vs. time profile of PEITC in humans following the
consumption of 100 g watercress. Data are expressed as mean 

 

± SD, n = 4; closed circles
represent the measured concentration and the line represents the predicted concentration
fitted by compartmental model analysis using WinNonlin Version 2.1 (Pharsight, Moun-
tainview, CA). (From Ji Y, Morris ME. Anal Biochem 2003; 323(1):39–47. Reproduced
with permission.)
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21.3 IN VITRO STUDIES

Inhibition of cell growth and modulation of the cell cycle have been reported for
allyl ITC (AITC) (10 

 

μM), benzyl ITC (BITC) (5 

 

μM), and PEITC (2.5 

 

μM) in
HeLa cells,20 and similar effects have been reported for SF (15 

 

μM) in HT-29
cells. Similar results have been reported in other cell lines including human
leukemia HL60 and prostate cancer cell lines LNCaP and DU-145 (reviewed by
Reference 21). A comprehensive study of the effect of ITCs on the growth of
different cancer cells reported that AITC, BITC, and PEITC were able to inhibit
cell growth.22 The results of some recent studies are summarized in Table 21.2.

The cytotoxicity of PEITC, BITC, NITC, and SF, as well as the cytotoxicity
of the chemotherapeutic agents daunomycin (DNM) and vinblastine (VBL), have
been evaluated in human breast cancer MCF-7 and human mammary epithelial

TABLE 21.2
In Vitro Cytotoxic Effects of Isothiocyanates

ITC
Treatment

Cell Type
Cell Line

Cell
Density/Survival

Inhibition
Apoptosis
Induction Ref.

Sulforaphane
24 h, 50 

 

μM Human prostate cancer 
LNCaP

50% 50% 60

24 h, 15 

 

μM Human colon carcinoma HT29 25% 75% 61
48 h Mouse breast cancer F3II IC50: 8 

 

μM 62
48 h Human breast cancer MCF-7 IC50: 13.7 

 

μM 23
BITC

48 h Human breast cancer MCF-7 5.95 

 

μM 23
24 h Human pancreatic cancer 

BxPC-3
IC50: 8 

 

μM Threefold
(5

 

μM)
63

24 h Human leukemia Jurkat T IC50: 6 

 

μM Sixfold
(5

 

μM)
64

PEITC
24 h, 5 

 

μM Human prostate cancer PC-3 75% Threefold 80
3 h Human bladder carcinoma IC50: 22.0 

 

μM 81
24 h UM-UC-3 5.9 fold 

(15

 

μM)
81

48 h Human breast cancer MCF-7 IC50: 7.32 

 

μM 23
MBITC

24 h, 10 

 

μM Human leukemia Jurkat T +2.8 fold G2 
phase cell arrest

2.4 fold 26

AITC
24 h, 40 

 

μM Human prostate cancer 
LNCaP

40%
IC50: 15–17 

 

μM
Threefold 27

3 h Human colon cancer HT-29 IC50: 5.9 

 

μM 22
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MCF-12A cells23 (Figure 21.4). IC50 values for BITC, PEITC, NITC, and SF were
5.95 ± 0.10, 7.32 ± 0.25, 77.9 

 

± 8.03, and 13.71 ± 0.82 

 

μM in MCF-7 cells. The
corresponding IC50 values for DNM and VBL in MCF-7 cells were 7.12 ± 0.42

 

μM and 0.106 ± 0.004 

 

μM (mean 

 

± SE). Values for BITC, PEITC, NITC, and
SF in MCF-12A cells were 8.07 ± 0.29, 7.71 ± 0.07, 33.63 ± 1.69, and 40.45 ±
1.25

 

μM, respectively. BITC and PEITC can inhibit the growth of human breast
cancer cells as well as human mammary epithelium cells, at concentrations similar
to the chemotherapeutic drug DNM. SF and NITC exhibited higher IC50 values.
These concentrations are four- to sixfold lower than the IC50 for the isoflavonoid,

FIGURE 21.4 Cytotoxicity in human breast cancer MCF-7 cells. The effect of varying
concentrations of (A) BITC, (B) PEITC, and (C) SF on cell growth of MCF-7/Adr cells
following exposure times of (

 

�) 1 h, (

 

�) 2 h, (

 

�) 3 h, (�) 6 h, and (�) 48 h. Each data
point represents mean ± SE from four wells in one representative study. The study was
repeated two to four times. (From Tseng E, Scott-Ramsay EA, Morris ME. Biol Med
(Maywood) 2004; 229(8):835–842. Reproduced with permission of the Society for Exper-
imental Biology and Medicine.)



Isothiocyanates and Cancer Prevention 441

genistein, a compound that has also been studied in MCF-7 cells. Genistein has
been reported to have the lowest IC50 among the dietary flavonoids tested in MCF-
7 cells.24

While some studies have demonstrated similar cytotoxicity in cancer and
normal cells,23,25 others have reported differences. A synthetic ITC 4-(methylthio)
butyl ITC has shown selective action against human leukemia cells, and almost
no effect on lymphocytes.26 AITC also has an inhibitory effect in the human
prostate cancer cell lines, while normal cell line PrEC remained unaffected by
the same exposure.27

The cytotoxic effects of ITCs are apparent even after shorter exposures.
Comprehensive time-dependent studies of the effect of ITCs on the growth of
different cell lines reported that a number of ITCs, including AITC, BITC, PEITC,
and NITC, were able to inhibit cell growth after 2- or 3-h exposures, producing
IC50 values similar to those for exposure for 48 to 72 h, indicating that short-term
exposure is sufficient to produce an observable effect in vitro.22,23

21.4 IN VIVO STUDIES WITH ANIMAL CANCER 
MODELS

The anticarcinogenic activities of ITCs have been demonstrated in a number of
carcinogen-induced cancer models in vivo. More than 20 natural and synthetic
ITCs have demonstrated cancer preventive properties in animals treated with
chemical carcinogens, including polycyclic aromatic hydrocarbons and nitro-
samines. For example, ITCs can inhibit 4-(methylnitrosamino)-1-(3-pyridyl)-
butanone (NNK)-induced carcinogenesis by inhibiting the microsomal metabo-
lism of NNK to reactive species that form methyl and pyridyloxobutyl adducts
in DNA.28–30 Carcinogen inhibition was seen in a number of different organs such
as lung, liver, fore-stomach, mammary gland, and colon. BITC has shown effec-

FIGURE 21.4 (CONTINUED)
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tiveness in mammary gland cancer, while PEITC has been effective in carcinogen-
induced models of mammary, lung, oral, as well as esophageal cancer in rats and
mice.31,32 Studies have shown that SF is effective in prevention of azoxymethane-
induced colonic cancer.5 Table 21.3 summarizes the results of recent studies on
carcinogen-induced cancer models in rodents. 

21.5 CLINICAL STUDIES

Several epidemiological studies have reported a correlation between the intake
of Brassica vegetables and the risk of cancers in humans. Although this inverse
correlation cannot be attributed solely to ITCs, as other constituents such as
vitamins, folic acid, and fiber may also play a role in the reduction of cancer risk,
newer studies quantifying the amount of ITCs in the biological samples have
provided evidence that ITCs are important in cancer prevention.

Epidemiological studies in lung cancer risk have shown associations between
consumption of ITCs and reduced risk after the smoking status of the subject is
taken into account. A case-control study in Chinese women reported an odds ratio
(OR) of 0.31 for smokers with high ITC intake, and an OR of 0.70 for nonsmokers
with comparable ITC intake.33

A breast cancer study with 720 cases and 810 controls reported that the
consumption of broccoli, a vegetable rich in SF, is inversely associated with breast
cancer risk in premenopausal women and that the association was not significant
in postmenopausal women. When they measured cancer risk and total cruciferous
vegetable intake, the correlation was not significant.34 A study in Chinese women
evaluated the correlation between urinary ITC levels (determined by a cyclocon-
densation derivatization of the total ITCs and dithiocarbamates in the urine35) to
breast cancer risk. The study, performed on 337 cases and matched controls,
reported a 50% reduction in the cancer risk for the highest quartile of ITC
consumption.36

A prospective case-control study in male subjects reported that the section
of the population with the highest intake of cruciferous vegetables had a lower
incidence of bladder cancer. Detailed studies into the risks associated with indi-
vidual cruciferous vegetables showed that cabbage and broccoli were able to
reduce the risk, independent of the intake of other crucifers.37

A case-control study on Chinese subjects compared the dietary intake of
cruciferous vegetables in 213 cases of colorectal cancer with 1194 controls. When
their data were categorized by ITC consumption, a nonsignificant association was
seen between high intake and colorectal cancer risk. However, there was a sig-
nificant inverse correlation seen between colorectal cancer risk and high intake
for individuals with null genotypes for GSTM1 and T1,38 suggesting that the
higher plasma concentrations of ITCs that would be expected in individuals with
null genotypes may be responsible for this significant effect.

Thus, while some studies have reported that the association between crucifer
consumption and cancer risk was not significant, other studies have shown strong
associations after adjustments for lifestyle practices such as smoking and for
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TABLE 21.3
Effects of ITCs on Carcinogen-Induced Cancer in Animal Studies

ITC Treatment Animal Model Carcinogen (dose) Dosing
% Rats with Tumors 

(test vs. control) Ref.

BITC
50 mg Sprague-Dawley 

rats F
Mammary DMBA (12 mg) Oral: Single dose 4 h before 

DMBA
8/77 65

0.017 mmol/g diet Diet: DMBA + BITC 10 weeks 63/100 65
5.0 mg/g diet ICR/Ha mice F Forestomach DMBA (0.05 mg/g 

diet)
Diet: DMBA + BITC 4 weeks 5/87 65

PEITC
55 mg Sprague-Dawley 

rats F
Mammary DMBA (12 mg) Oral: Single dose 4 h before 

DMBA
43/100 65

5.5 mg/g diet ICR/Ha mice F Forestomach DMBA (12 mg) Diet: DMBA + PEITC 4 weeks 12/93 65
3 μmol/g diet F344 rats M Lung NNK (1.76 mg/kg 

body wt)
Diet: PEITC 21 weeks + s.c. NNK 
at end of week 1

43/80 31

5 μmol A/J mice F NNK (10 mmol) Oral: PEITC 2 hours before NNK 
i.p.

62/100 (tumor 
multiplicity in each rat)

66

50 mM Syrian hamster M Buccal pouch NMBA (50 mM) Topical 24 weeks 6% 67
SF

20 μmol

5 μmol

F344 rats M Colon AM (15 mg/kg body 
wt)

Oral: 3 times a week for 8 weeks, 
weekly s.c. axozymethane 
weekly for 2 weeks

40/100

42/100

5

5

Note: M: male; F: Female; DMBA: 7,12-dimethyl-benz[a]anthracene; NNK: 4-(methylnitrosamino)-1-(3-pyridyl)-butanone; AM: axozymethane; NMBA: N-
nitrosomethylbenzylamine.
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genotypes of glutathione-S-transferase. Varying results of epidemiological studies
can be a consequence of methodological differences. Most studies categorize the
subjects by crucifer intake levels, and Table 21.4 includes recent studies contain-
ing data for the highest crucifer intake groups. The incorporation of indicators
of ITC consumption (such as the quantitation of total dithiocarbamates in urine)
has resulted in the demonstration of significant inverse correlations between diet
and cancer risk even with smaller studies, indicating the importance of verifying
ITC exposure.36

21.6 MECHANISMS OF ACTION OF 
ISOTHIOCYANATES

21.6.1 INHIBITION OF PHASE I ENZYMES

ITCs have been shown to inhibit rat and human cytochrome P-450 (CYP) iso-
forms, important for the activation of procarcinogens. CYPs 1A1, 1A2, 2B1, 2E1,

TABLE 21.4
Clinical Studies of Highest Crucifer Intake Groups

Cancer
Investigated Population

Study
Design

OR or RR for 
High Intake 

Groups Comment Ref.

Lung cancer Chinese 
women

223 cases
187 controls

0.31 (smokers)
0.70 (non-
smokers)

   18

American 503 cases
465 controls

1.09 (smokers)
1.08 (former 
smokers)

Data in column are for 
subjects null for GST 
T1 and M1; these 
showed least OR

19

Breast cancer American 740 cases
810 controls

0.6 (premeno-
pausal)

Broccoli intake mea-
sured; no significant 
associations for GST 
polymorphs or post-
menopausal women

34

Chinese 1459 cases
1556
controls

0.5 Reports that association 
was seen in pre- and 
postmenopausal
women

36

Bladder cancer Males 47909 
subjects

RR 0.49 Lowest incidence of 
cancer observed in the 
group with highest 
intake of cruciferous 
vegetables

37

Note: OR: odds ratio; RR: risk ratio; GST: glutathione-S-transferase.
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and 3A4 are inhibited by ITCs, through competitive, noncompetitive, or mixed
inhibition.39 Of these isoforms, 1A1 and 2E1 play the most important role in the
activation of carcinogens. Table 21.5 presents studies in which ITCs have shown
to exert inhibitory actions on CYPs. Structure–activity relationship studies have
shown that arylalkyl ITCs with 6-carbon chains can cause maximum inhibition
of CYP enzymes in rat liver microsomes.40

Human and rodent studies have demonstrated that PEITC blocks metabolic
activation of 4-(methylnitrosamino)-1-(3-pyridyl)1-butanone (NNK) and
benzo(a)pyrene (BaP), major lung carcinogens in tobacco smoke, via CYPs,
resulting in increased urinary excretion of detoxified metabolites, suggesting
inhibitory effects on CYP1A1, 1A2, and 2B1.28,30,40 In humans, watercress inges-
tion resulted in a reduction in the levels of oxidative metabolites of acetami-
nophen, which was attributed to inhibition of oxidative metabolism by CYP2E1,41

and enhancement in the area under the plasma concentration–time curve (AUC)
of chlorzoxazone, a clinical probe for CYP2E1.42 Watercress consumption in
humans was shown to inhibit the metabolism of the tobacco specific carcinogen
NNK (4-methylnitrosamino)-1-(3-pyridyl)-1-butanone), possibly by the inhibi-
tion of Phase I enzymes like CYP1A2.43

Recently, using microsomes from baculovirus-infected insect cells expressing
human CYP isoforms, PEITC was found to competitively inhibit CYP1A2 and

TABLE 21.5
Phase I Enzyme Modulation by ITCs

ITC System Enzyme Reaction Monitored Result Ref.

PEITC RLM CYP2E1
CYP1A2
CYP2B1/2

NDMA demethylation
MROD
PROD

IC50: 8.3 μM
IC50: 54 μM
IC50: 1.2 μM

68
69

HLM CYP1A2 NNK keto-alcohol 
formation

IC50: 4.6 μM 70

R-CYP
(human)

CYP1A2 Phenacetin-o-deethylase Ki: 4.5 μM 39

SF
10 μM

HH CYP3A4 Changes in mRNA 
expression

–2.5-fold 71

5 μM for 24 h RH CYP1A1 EROD –80% 71
Red cabbage 
juice

Rat (oral; 
RLM
activity 
measured)

CYP1A2 MROD +2.61-fold 72

Note: NDMA: N-dimethylnitrosamine, NNK: 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone;
MROD: methoxyresorufin dealkylation, EROD: ethoxyresorufin dealkylation, PROD: pentoxyresoru-
fin dealkylation; RLM: rat liver microsomes; HLM: human liver microsomes: RH: rat hepatocytes;
HH: human hepatocytes; R-CYP: recombinant cytochrome P-450. Positive sign indicates induction
and negative sign indicates inhibition.
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2A6, noncompetitively inhibit CYP2B6, 2C9, 2C19, 2D6, and 2E1, and inhibit
CYP3A4 following a mixed-type of competitive and noncompetitive inhibi-
tion.39,44 However, controversial data exist. After PEITC administration to mice,
CYP2E1 level increased in liver and lung microsomes.30 Administration of PEITC
to rats has been found to cause modest induction of CYP1A1 and 1A2 both in
protein expression and metabolic activity,45 different from the observation in
baculovirus systems. A human study failed to show alteration of coumarin metab-
olism, a substrate for CYP2D6, after watercress consumption.46

21.6.2 INDUCTION OF PHASE II ENZYMES

Phase II enzymes are generally referred to as detoxifying enzymes, transferring
hydrophilic endogenous substances such as glucuronic acid, sulfate, or glu-
tathione to Phase I metabolites, or parent molecules. The hydrophilic molecules
thus formed are more easily cleared from the body than their lipophilic parent
compounds. ITCs have been classified as monofunctional inducers of Phase II
enzymes; i.e., they induce Phase II enzymes without inducing Phase I enzymes.

A number of studies have demonstrated the Phase II inducing properties of
ITCs both in vivo and in vitro (Table 21.6). An in vivo study of a mixture indole-
3-carbinol, PEITC, and 1-isothiocyanato-3-(methylsulfinyl)-propane (a glucosi-
nolate breakdown product) in F344 mice at dietary doses showed increase in the

TABLE 21.6
Phase II Enzyme Induction by ITCs

ITC Treatment Cell Line/Tissue Enzyme in System
Induction

Effect Ref.

PEITC (5 μM) Human colon cell 
line

NQO1 +140% 48

SF
10 μM
10 μM

1 μM

40 μmol/kg/day

Caco2 cells
Human prostate 
cancer cell

Human
lymphoblastoid
cells

Rat duodenum

UGT1A1, GST1A
GST1A

NQO1

GST

+2-fold
+1.7-fold

+2-fold

+2.48-fold

74
75

76

77
7-Methylsulfinylheptyl ITC
(0.2 μM)

Hepa 1c1c7 cells NQO1 +2-fold 47

6-Methylsulfinylhexyl ITC
(15 μmol/day)

ICR mice (liver) GST +2-fold 78

AITC (40 μmol/kg/day) Rats (forestomach) NQO1 +1.5-fold 77
BITC (10 μM) RL34 rat liver cells GSTP1 +2.3-fold 44

Note: NQO1: NAD(P)H quinone oxidoreductase 1; GST: glutathione-S-transferase.
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pancreatic mRNA levels for the enzymes NAD(P)H quinone oxidoreductase 1
(NQO1) and glutathione-S-transferase (GST) by 3.1- and 7.1-fold, respectively.
Another comprehensive in vivo study of seven ITCs was conducted by Munday
and compared the levels of induction of NQO1 and GST of the ITCs.77

SF has been reported to be the most potent Phase II enzyme inducer, while
others like PEITC and AITC also showed significant induction of the enzymes.
SF induced the transcription of UGT1A1 and GSTA1 in Caco2 cells and produced
a synergistic induction effect on UTG1A1 with apigenin.74 SF induced the Phase
II enzyme GSTA1 at the transcriptional levels in human prostate cancer cell lines,
HepG2, HT29, and enterocytes. In HepG2 and HT29 cells, concentrations of 0.3
to 30 μM of SF significantly induce the transcription of GSTA1 and UDP glu-
curonosyl transferase, and exhibit a 2.8-fold increase in the formation of bilirubin
glucuronide, indicating increased activity of the UDP enzyme. A human study
on jejunum enterocytes has also reported that there was an increase in the induc-
tion of these enzymes 2.0- and 2.4-fold, respectively.79

Other ITCs, 7-methylsulfinylheptyl ITC and 8-methylsulfinyloctyl ITC,
present in watercress have also been reported to have potent inducing activity
toward quinone reductase.47 BITC induced GSTP1 isoform in rat liver epithelial
cells RL34 cells and increased in NQO1 activity in LS-174 human colon cell
line.44 PEITC increases the activities of UDP-glucuronosyltransferase (UGT),
GST, and NQO1.47 PEITC treatment of LS-174 human colon cells produced an
increased protein expression of NQO1 and γ-glutamylcysteine synthetase.48 Fol-
lowing watercress ingestion in smokers, there was an increased urinary elimina-
tion of the glucuronides of cotinine, suggesting an increased glucuronidation.28

Recent studies have suggested that ITCs induce glutathione-S-transferase,
NQO1, and γ-glutamylcysteine through activating genes via the antioxidant/elec-
trophile response element (ARE/EpRE), located upstream of genes that code for
these enzymes. ITCs dissociate the cytoplasmic-anchoring protein Kelch-like
ECH-associated protein 1 (Keap I) from the transcription factor Nrf2, allowing
the latter to translocate to the nucleus and to form Nrf2/Maf heterodimers, which
bind ARE/EpRE and activate transcription of genes coding the enzyme.12,49 One
proposed mechanism for the ITC-mediated effect on Keap I is ITC binding to
the ATP binding domain present in Keap I. Keap I is a 624 amino acid protein
that contains 25 cysteine residues, 9 of which are expected to have highly reactive
sulfhydryl groups because they are close to 1 or more basic amino groups.50

21.6.3 APOPTOSIS AND CELL CYCLE REGULATION

Most ITCs inhibit cell growth by arresting the G2/M or the G1 cycle. The induction
of apoptosis occurs via the activation of intracellular signaling pathways such as
the MAPK and the caspase pathway. The MAPKs (ERK, JNK, and p38) convert
various extracellular signals to intracellular responses through a series of phos-
phorylation pathways. Caspases are cysteine proteases, which are activated as a
result of binding of death ligands to death receptors. The balance of anti-apoptotic
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(Bcl-2 and Bcl-XL) vs. pro-apoptotic (Bad and Bax) proteins on the cell is also
an important determinant of stress required to initiate apoptosis.

Studies into the mechanism of in vitro apoptosis induction have shown that
while the action of SF and AITC is linked to an increase in caspase activity and
the expression of pro-apoptotic proteins in the Bcl-2 family,27,51 PEITC may cause
the activation of the MAPK pathways, with JNK strongly activated. Components
such as p53-dependent pathways have also been reported to be involved in the
process.52,53 In prostate cancer cell lines, PEITC has been shown to increase
apoptosis by the reduced expression of BcL-2 and BcL-XL, and an increase in
caspase activity.27 A proposed sequence of events in apoptosis induced by ITCs
is illustrated in a review by Thornalley.13

21.7 CONCLUSIONS

ITCs are widely present in the human diet. Epidemiological as well as experi-
mental data have shown that ITCs have the potential to reduce the risk of cancer.
ITCs modulate enzyme activity in vivo as well as in vitro and have also been
shown to induce apoptosis and inhibit cell growth in vitro in a number of human
cancer cell lines. Their chemopreventive properties have made the compounds
attractive candidates for development as drugs. PEITC has entered a Phase I
clinical trial for the compound in its ability to prevent lung cancer in smokers.54

Development of more potent synthetic analogues of ITCs as drugs has also been
undertaken.55 As ITCs enter clinical use, the influence of the genetic polymor-
phism of GST on the chemopreventive properties of ITCs needs to be further
studied.
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22.1 INTRODUCTION

Saponins are triterpenoid glycosides that have long been a focus of tradition
and herbal folklore.1 The South American soap-bark tree, Quillaja saponaria,
is probably the best-known source of saponins and has a history of use by
aboriginal inhabitants of the Central Andes in South America. Other sources
of saponins include ginseng, one of the most-studied traditional herbal ingre-
dient,2 and soy, one of the primary food sources for saponins.3 Traditional
oriental medicinal practitioners have used ginseng as part of their treatment
regime for more than 5000 years.4 Soy also has a long traditional use as a staple
food in Asian countries. Recently, there has been considerable focus on soy
constituents, especially in Western countries, for their potential health-promot-
ing functions such as estrogen-like activity of phytoestrogens, and cholesterol-
lowering abilities associated with soy proteins. Soy, as well as ginseng, also
contains bioactive saponins. The focus of this chapter is on the bioactive
properties of saponins derived from ginseng and soy with emphasis on their
potential anticarcinogenicity.

22.2 SAPONINS

Saponins are characterized by the property of producing a soapy lather and are
usually found as a sugar glycoside linked to a hydrophobic steroid-like aglycone.
The primary active components of ginseng are generally recognized to be a group
of 30 different triterpene saponins, also referred to as ginsenosides or dammarane
triterpenoids. Ginsenosides share a similar basic structure consisting of a gonane
steroid nucleus having 17 carbon atoms arranged in four rings (Figure 22.1).
Differences in ginsenoside structure, which determines the classification of gin-
senosides, include the type, position, and number of sugar moieties attached by
glycosidic bonds at positions C-3 and C-6. Two main aglycone structures in
ginseng have been identified. Ginsenosides unit sugar moieties attached at C-3
and C-6 are referred to as protopanaxadiol ginsenosides and protopanaxatriol
ginsenosides, respectively. Only one oleanolic acid type saponin, ginsenoside-
Ro, has been identified from ginseng.5

Soyasaponins are triterpenoid glycosides with four common rings. Three main
aglycone soyasaponins have been identified and labeled as soyasaponin A, B, E.
(Figure 22.5). Many different combinations of sugar moieties attached at positions
C-3, C-21, and C-22 of the ring structure have been characterized. At least six
difference saponin glycosides have been identified as belonging to group A
saponins6 and five saponin glycoside compounds have been identified as belong-
ing to group B saponins.7 Furthermore, unnatural saponins can be generated after
storage8 and extraction conditions.
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22.3 SAPONIN FUNCTIONS AND FORMATION 
IN PLANTS

Saponins function to provide plants with a defensive system against predator
attack.9 Many saponins have been suggested to have multiple adverse effects on
animal health, fungi and bacteria viability, and mold growth.10 Ginsenosides, like
many other saponins, are synthesized from the central isoprenoid pathway, where
squalene synthase catalyzes the first step in the overall formation.11 The initial
pathway eventually leads to 2,3-oxidosqualene products, which are further mod-
ified to plant sterols, dammarane-type triterpene saponins (ginsenosides) or ole-
anane-type triterpene saponins11 and a host of different compounds. There is
growing interest in developing antineoplastic agents from plant-derived triterpe-
noids and a number of different compounds have shown promise.12

22.4 CANCER PREVENTATIVE PROPERTIES OF 
GINSENG AND GINSENOSIDES

Cancer preventative strategies generally include enhancing the overall antioxidant
status, thereby reducing damaging effects of free radicals and reducing overall

FIGURE 22.1 A selection of the ginsenosides of 20(S)-protopanaxadiol and 20(S)-pro-
topanaxatriol classifications. Ginsenoside basic structure consists of gonane steroid nucleus
having 17 carbon atoms arranged in four rings. Individual ginsenosides differ by attach-
ments of molecules at regions R1–R3, respectively. Ap = arabinopyranose, Af = arabino-
furanose, G = glucopyranose, R = rhamnopyranose, X = xylopyranose.118

20 (S)-Protopanaxadiol
                          R1             R2
Rb1                   O-G-G       O-G-G
Rb2                   O-G-G       O-G-Ap
Rb3                   O-G-G       O-G-X
Rc                      O-G-G       O-G-Af
Rd                     O-G-G       O-G
Rg3                   O-G-G       O-H
Rh2                   O-G           O-H

Aglycone (PD)   O-H           O-H

20 (S)-Protopanaxadiol
                          R1             R2             R3
Re                     O-H           O-G-R       O-G
Rf                      O-H           O-G-G       O-H
Rg1                   O-H           O-G           O-G
Rg2                   O-H           O-G-R       O-H
Rh1                    O-H           O-G           O-H

Aglycone (PT)   O-H            O-H           O-H

20 (S)-Protopanaxadiol
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DNA damage and mutant cell formation. Furthermore, immune stimulation is
also part of an overall cancer preventative and defensive strategy by priming the
system to recognize and eliminate mutated, damaged, or infected cells. Ginseng
is a general term recognized to encompass herbs from the family Araliaceae and
the genus Panax. The word Panax is derived from the Greek word meaning “cure-
all.” A majority of scientific studies have focused on two species of ginseng: P.
ginseng C.A. Meyer (Asian ginseng) and P. quinquefolius (North American gin-
seng). Siberian or Russian ginseng (Eleutherococcus senticosus) is derived from
an entirely different plant than ginseng and contains different active components
and should not be confused with true ginseng.

Typically, roots from Asian ginseng (P. ginseng C.A. Meyer) are commonly
divided into either white or red ginseng based on the drying technique used to
ensure preservation. Asian ginseng usually refers to the root of P. ginseng C.A.
Meyer that has been air-dried. Red ginseng usually refers to Korean red ginseng
that has been subjected to a steam-heating process before drying and processing;
steaming ginseng will produce a red tinge due to caramelization of sugars when
compared to the beige color of air-dried root. However, red ginseng is not solely
a product of Korea; it is also produced in China. Compositional studies indicate
that there are minor differences in content between red and white ginseng, with
red ginseng typically believed to have the stronger potency.13 North American
ginseng (P. quinquefolius) is virtually identical in shape and physical character-
istics to Asian ginseng. North American ginseng is typically grown in the eastern
United States and in the Canadian provinces of Ontario and British Columbia.
Furthermore, ginseng root has historically been a valuable agricultural commod-
ity, especially in Hong Kong, China, and Korea. However, recent interest has
focused on developing herbal extracts from alternative plant materials such as
the ginseng leaf14,15 and berry.16

22.4.1 ANTIOXIDANT PROPERTIES OF GINSENG

Antioxidant properties such as free radical scavenging activity of ginseng extracts
have been demonstrated from a number of in vitro studies but antioxidant prop-
erties attributed to specific ginsenosides have not been clearly established. These
reports showed activity of ginseng extracts in scavenging stable free radical (e.g.,
1,1-diphenyl-2-picrylhydrazyl, DPPH)17,18 and carbon-centered free radicals
(2,2´-azobis(2-amindinopropane) dihydrochloride, AAPH).17,19 North American
ginseng extracts have been shown to be effective at both chelation of metal ion
and scavenging of free radicals in lipid and aqueous mediums.18 North American
ginseng was reported to have higher affinity to scavenge free radicals compared
with Asian ginseng.19 Both Asian and North American ginseng can protect low-
density lipoproteins and supercoiled DNA against cupric ion inducting oxidation
and DNA breakage, respectively.19 Alternatively, aqueous extracts from Korean
red ginseng, prepared both with and without heat, did not significantly differ in
free radical scavenging ability and were overall not strong scavengers.17 Methanol
extracts of heat-treated Asian ginseng reduced lipid peroxidation in rat brain
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homogenates, which was induced with ferric ion and ferric ion plus ascorbic acid,
and the extract protected against supercoiled DNA strand scission.20 In transfected
hepatoma cells, ginsenosides Rb2 induced the transcription of Cu, Zn-superoxide
dismutase gene (SOD1) to a greater extent than ginsenoside Rb1 and total
saponins did not have an effect.21 Superoxide dismutase is a key enzyme involved
in the removal of superoxide radicals. Ginseng extracts have also been shown to
affect the antioxidant defense mechanism by increasing hepatic glutathione per-
oxidase activity and superoxide dismutase in rats receiving a ginseng extract for
3 months.22

Pretreatment of endothelial cells with ginsenosides of Korean red ginseng,
reduced NADPH-driven superoxide generation.23 Artificial digestion (in vitro) of
the standardized ginseng extract (G115) modified the ginsenoside composition
and resulted in a greater effect on pulmonary vasodilation and protection from
free radical injury compared to ginsenoside standards Rb1 and Rg1.24 This effect
on vasodilation and protection from free radicals is mediated through nitric oxide
(NO) production. The antioxidant potential of individual ginsenosides were
ranked by the affinity to induced free radical (AAPH) hemolysis of human
erythrocytes,25 with the relative order of antioxidant activity in the following
decreasing order: Rc, Rb1, Re, Rd, Rg1, and Rb3.25 Rg3, Rd, and Rh2 were
suggested to possess pro-oxidant characteristics in this erythrocyte hemolysis
model;26 these results tend to suggest that larger ginsenosides, those with more
attached sugar molecules such as Rc and Rb1, have greater antioxidant potential
compared to relative smaller ginsenosides, such as Rh2.

22.4.2 IMMUNE-STIMULATING PROPERTIES OF GINSENG

The immune-stimulating properties of ginseng have long been touted as one of
the main biological effects of ginseng.27 The results from in vitro immune stim-
ulation studies are varied. For example, a North American ginseng extract (200

 

μ g/ml) has been reported to stimulate human polymorphonuclear leukocytes in
vitro and treatment stimulated human tumor necrosis factor-

 

α (TNF-

 

α) release
after 6 h.28 TNF-

 

α is an important marker in early immune response. Specific
ginsenosides Rb1, Rb2, and Rc were found to inhibit TNF-

 

α dose dependently
after lipopolysaccharide (LPS) stimulation of murine macrophage cells
(RAWE264.7) and differentiated human macrophage cells (U937).29 Asian gin-
seng increased cytokine (interleukin-12, IL-12) release from mouse macrophage
cells (J774A.1) but no change was reported for IL-1

 

β, IL-15, TNF-

 

α.30 Cellular
immunity was enhanced in individuals exposed to ginseng extracts in normal,
chronic fatigue syndrome, and in AIDS subjects according to in vitro natural
killer function activity of isolated peripheral blood mononuclear cells.31 In a rat
model of cystic fibrosis lung infection, subcutaneous injection of ginseng
improved bacterial clearance from the lungs, improved lung pathology, and low-
ered lung abscess incidence.32

The effect of ginseng extracts in healthy human volunteers is reported to
enhance cellular immunity.33 Capsules of the ginseng extract (100 mg) taken for
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12 weeks with an influenza vaccination reduced the frequency of influenza from
42 cases for the placebo group (vaccination only) to 15 for the ginseng-treated
group.27 A similar immunomodulatory activity toward influenza has been reported
using a proprietary extract.34 Administration of Korean red ginseng to patients
infected with HIV-1 was reported to delay the resistance to active antiretroviral
drug therapy.35 Treatment with Korean red ginseng in combination with zidovu-
dine (ZDV, also known as AZT) therapy resulted in a significantly longer time
(e.g., 34 months) to develop drug-resistant mutant strains compared to control
patients. IL-8, a cytokine that exerts chemotaxis on neutrophils, T-cells, and
basophils, was also induced by ginseng root, an induction that is accompanied
by increased IL-8 mRNA expression.36

Human bacteria collected from fecal material have been reported to hydrolyze
ginsenosides Rb1 and Rb2 to specific 20-

 

β-O-glucopyranosy-20(S)-protopanax-
adiol metabolites, referred to as IH-901 or compound K.37 Ginsenosides Rb1 and
Rb2 are transformed to Rg3 under mildly acidic conditions common to the
stomach environment; after which Rg3 is further metabolized by intestinal bac-
teria fusobacterium K-60, bacteriodes HJ-15, and bifidobacterium K-506 and
transformed to Rh2.38 Compound K transformed from ginseng saponins has
reported antitumor activity.39 The general efficacy of saponins to stimulate the
immune system may in part be explained by the affinity to affect the cells of the
gastrointestinal tract and alter permeability. Enhanced gastrointestinal permeabil-
ity to nutrients or xenobiotic agents creates an environment that facilitates
increased uptake of antigens10 and thus a broad stimulation of the immune system.
Oral administration of a boiled Asian ginseng extract to mice has been reported
to enhance the antibody formation to either a primary or a secondary challenge
with sheep red cells, in a dose-dependent manner. Specifically, at a dose of 250
mg/kg, the primary IgM response was increased by 50% and the secondary IgG
and IgM responses were increased by 50 and 100%, respectively.40 Although the
precise mechanisms for saponins- or ginsenosides-induced change on gastro-
intestinal tract cell membrane permeability have not been fully clarified, they are,
however, able to interact with the gastrointestinal cell environment10 by influenc-
ing microbial growth and function.

22.4.3 ANTICANCER ACTIVITY OF GINSENG AND GINSENOSIDES

By far the most comprehensive data on ginsenoside anticancer activity were
derived from culture cancer cell experiments utilizing a variety of different cancer
cell lines. The main focus of many of these cancer model experiments was on
determination of the cytotoxic effect and ability to influence cellular proliferation.
Furthermore, determination of the mode of cell death, either by apoptotic or
necrotic cell death pathways, has produced a number of reports that associated
individual ginsenosides, usually the hydrophobic ones, with specific cellular death
signals such as activation of caspase-3. Alternatively, there are also many reports
on the ability of specific ginsenosides to influence cultured cell membrane integ-
rity and hemolysis, resulting in altered membrane channel and ion activation. The



Anticancer Activity of Ginseng and Soy Saponins 463

extent to which ginsenosides or other saponin compounds are able to induce
membrane injury, hemolysis, and activation of membrane channel may be linked
to an ability to influence multidrug resistance cancer cells through modulation
of the membrane bound P-glycoprotein (P-gp) pump.

22.4.4 EFFECT ON CULTURED CANCER CELLS

In recent years, the diverse effect of ginseng and individual ginsenosides has been
studied using cultured cancer cell lines. The cell lines include human liver,41

leukemia,42,43 prostate,44 breast,45 intestinal,14,46 and a variety of mouse and other
cell types. Different ginsenosides do not inhibit cultured cancer cell proliferation
equally. Only the more hydrophobic ginsenosides, such as Rg3, Rh2, Rh1, and
both of the aglycones of the protopanaxadiol and protopanaxadiol groups, have
been reported to have an impact on cell proliferation. A summary of the LC50

determined from cultured cancer cell cytotoxicity experiments using leukemia
and intestinal cells conducted in our laboratory is shown in Figure 22.2. Generally,
ginsenosides aglycones PD and PT and ginsenosides Rh2 reduce cultured cell
viability within a measurable LC50, whereas more common ginsenosides, such
as Rb1, Rc, Rd, Re, and Rg1, do not reduce the growth of intestinal cell lines46

and other cultured cancer cells.41 Furthermore, ginseng extracts do not normally
inhibit the growth of cultured cells because of the variable composition of indi-
vidual ginsenosides, and the low concentration of the hydrophobic ginsenosides.
Specifically, ginsenoside Rh2 has an effect on cell proliferation reported by a
variety of different research groups;14,42,45,47 however, the extent to which Rh2
affects the genomic regulation of the cell impacting protein expression, or acts
specially on the cellular membrane is unclear at present.

Ginsenosides Rh2, PD, and PT have been reported to induce apoptosis or
programmed cell death detected either by DNA ladder pattern by electrophoresis47

or by a buildup of sub-G1 cells measured by flow cytometry.42,46 In our laboratory
we found that when ginsenosides Rh2, PD, and PT were applied to cells at their
respective LC50, the build-up of sub-G1 cells was greatest for Rh2-treated intes-
tinal cells (Caco-2, Int-407), whereas PD produced greater number sub-G1 cell
for leukemia cells (THP-1) (Figure 22.3, below). The apoptotic cell death pathway
is distinguished from necrotic cell death as an active death program guided by
distinct cellular events. Further specific markers of apoptosis, such as caspase-3
or proteins involved in arresting or progression of the cell cycle have been
measured after exposure to ginsenoside Rh2. Rh2 increased activation of caspase-
3 in transfected SK-HEP-1 cells,48 and both caspase-3 and 8 in human melanoma
(A375-S2) cells.47 Furthermore, Rh2 has been reported to decrease cyclin-depen-
dent kinase2 (cdk2) in three of four mouse cell lines,49 increased p27 kip1
activity,49 increased p21 WAF1, and cyclin D, but decreased cdk2 and cyclin E
in breast cancer cells.45

The genomic effects of ginsenosides measured by protein expression, such
as the cell cycle regulators, have been associated with the composition of the
culture media. The protein content or other serum component of media (BSA, or
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cholesterol) may influence the effect of ginsenosides in cell culture experiments50

and reduce or prevent the effects of ginsenosides, especially Rh2,51 when com-
pared to the aglycone. Serum-free media conditions resulted in a greater cellular
concentration of PD compared to Rh2 at the same dose, and the cellular uptake
of Rh2 and PD were reduced as the concentration of serum increased.50 Cellular
PD uptake was rapid and at least partially incorporated in the inner region of the

FIGURE 22.2 LC50 determined in three distinct culture cancer cells THP-1 (monocyte
leukemia42), Caco-2 (adenocarcinoma colon cells), and Int-407 (transformed embryonic
intestinal cells46) after 72-h exposure to cytotoxic ginsenosides (PD, PT, Rh2). Other
ginsenosides such as fingerprint ginsenosides (Rb1, Rb2, Rc, Rd, Re, Rg1) were not found
to be cytotoxic and thus to not have a measurable LC50. Data are expressed as mean ±
standard deviation.

FIGURE 22.3 Sub-G1 cell buildup from ginsenosides PD, PT, Rh2 exposure in Caco-2,
Int-407, and THP-1 measured by flow cytometry. Ginsenosides were applied to cells at
their respective LC50 concentrations.
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membrane.50 The growth inhibition of PD (1.3 μ M) is stronger than Rh2 (2.0
μ M) in serum-free media.50 PD is also stronger than Rh2 in 10% serum media
but at much greater concentration.42 A reduction in the serum concentration of
the media has an effect in cell systems and may enhance the biological activity
of ginsenosides. The effects of specific ginsenosides on cultured cancer cells as
a function of serum concentration are listed in Tables 22.1 and 22.2, respectively.

TABLE 22.1
Cell Culture Studies Using Specific Ginsenoside Tested with Serum Media 
Concentration of 5% or Less

Compounds Cells Major Finding Ref.

Rh2 SK-HEP-1 and 
transfected bcl-2 cells

Activation of caspase-3 104

Rh2 A375-S2 Dose- and time-dependent inhibition; sub-
G1 buildup between 0 and 40 μ mol/L but 
at 60 μ mol/L declines; ≠ caspase 8 and 3

47

Rh2 B16, Meth-A, A31-1-1, 
A-31-1-13

↓  cdk2 in 3 of 4 cell lines
Rh2 incorporated into cells

49

Rh2 SK-HEP-1, HeLA, 
Chang liver, COS7, 
FT02B

≠ p27 kip1 no effect on cyclin E, cdk2, p21 
WAF1

105

Rh2 Rat C6 gliomal cells 
(transfected)

Rh2 cell death related to ROS generation, ≠
caspase, no Bcl-XL

106

Rh1, Rh2 B16 (mouse) Rh2 inhibit growth, stimulate 
melonogenesis, ≠ adhesiveness, ≠
agglutinability; cell surface membrane and 
composition were changed, Rh2 
incorporated into membranes, changed 
lipid organization, ≠ polarization = more 
rigid cell; Rh2 does not

107

Rg3, Rg5, Rk1, 
Rs5, Rs4

SK-HEP-1 Rg3, Rg5, Rk1, Rs5, Rs4 are cytotoxic, 
whereas Rb1, Rc, Rb2, Rd are not

41

Panaxadiol SK-HEP-1 Depolarization of mitochondria membrane. 
≠ caspase 9, 3, not 8, ≠ cytochrome c, ≠
cdk2

108

Rs4 SK-HEP-1 (hepatoma 
cells)

≠ p53 and p21 WAF1 109

Rb1, M1 
(intestinal
metabolite)

B16-Bl6 Rb1 no effect, M1 dose and time dependent, 
inside cell after 15 min; ≠ p27 kip1, ↓  c-
Myc and cyclin-D1

110

PD, Rh2, Rg3, 
Compound K 
(intestinal
metabolite)

L1210, Ehrlich ascite 
tumor cells

Rg3, Rh2, K, ≠ liposome permeability 
without cholesterol, Rh2, Rg3, ↓
cytotoxicity as cholesterol level of cells ≠

69
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TABLE 22.2
Cell Culture Studies Using Specific Ginsenoside Tested with a Serum 
Medium Concentration of 10%

Compounds Cells Major Finding Ref.

Rd2, Re, Rf, 
Rg1-3, Ro

LNCaP, L929 ↓  PSA (prostate specific antigen)
↓  AR (androgen receptor)
↓  5α reductase, ≠ bcl-2 and caspase-3

44

Rh2 MCF-7 Dose-dependent inhibition, cytostatic not 
cytotoxic; ≠ p21WAF1 and cyclin D, ↓
cdk2 and cyclin E

45

Rh1, Rh2, Rh3, 
Rh4

HL-60 Rh2 and Rh3 ↓  cells, induced 
differentiation

111

PD, PT HT 1080 PD and PT reduced tumor invasion seem to 
be related to glucocorticoid receptor

112

PD, PT NIH 3T3 No effect on viability needed 
methanesulfonate (alkylating agent); ≠
p53, p21, ↓  cdk2, cyclin E, D1

113

Rb1, Rg3, Rh2, 
PD

L1210, P388, A549, 
Me180

Rg3 is converted to Rh2 and PD by human 
fecal flora; Rh2 and PD cytotoxic

114

IH-901, Rb1 HL-60, PC-14, Hep G2, 
MKN-45

Rb1 no effect, ≠ caspase-3, no Bcl-2 
change, ≠ cytochrome c

43

Rg3 KB, KBV20C, P388, 
P388/DOX (mouse)

Rg3 restored sensitivity to cancer drugs in 
resistant cells (KBV20C), but not in drug 
sensitive (KB); serum in medium affects 
sensitivity

73

Rh1 MCF-7 Weak phytoestrogen, no glucocorticoid 
activity

115

Rh1, Rh2 NIH 3T3 (mouse) ↓  phospholipase C, ↓  intracellular 
diacylglycerol

116

IH-901, Rb1 PC-14
PC/DDP (resistant), 

HL-60 MKN-45, 
HepG2

Rb1 has no cytotoxic effect
IH-901 threefold more effective in CDDP 

(cisplatin) resistant cells

117

PD, PT, Rh2, Rh1, 
Rg3

THP-1 PD, PT, Rh2, Rh1 are cytotoxic; Rg3 is not 
cytotoxic, ≠ Sub-G1, ≠ LDH

42

PD, PT, Rh2, Rh1 Caco-2, Int-407 PD, PT, Rh2 are cytotoxic ≠ Sub-G1, ≠
LDH; Rh2 ≠ Sub-G1 greatest at LC50

46

Rh2, PD, PT, 
Rh2-enriched
extract

Caco-2 Rh2 greatest buildup of necrotic cells and 
Rh2, PT, extract ≠ caspase-3 activity; Rh2 
extract is cytotoxic influence apoptotic 
and necrotic cells

14
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22.4.5 EFFECT ON CELLULAR MEMBRANES

Saponins, such as ginsenosides, exert a nonspecific effect on membrane func-
tion,14,52 which is targeted directly at the membrane composition or function.
Steroids have similar structural characteristics to ginsenosides, and ginsenosides
have been reported to be a functional ligand of the glucocorticoid receptor,53

potentially producing steroid-like effects. A classical view of steroid activity
involves inducing protein synthesis, which requires time to relocate in the cell.54

However, rapid effects of steroids have been reported and these effects are likely
not genomic. Steroids have been reported to affect cells in a nonspecific, nonge-
nomic way, as a result of a change in membrane physiochemical properties.55

Two mechanisms proposed for nongenomic effects include an interaction with
specific receptors (membrane) and an interaction with membrane lipids.56 Gin-
senosides such as Rh2 and Rg3 can influence cellular viability but the mechanism
of action remains unclear. Two types of mechanisms have been proposed in the
literature for the effect of ginseng on cultured cells: the first mechanism is a
genomic one that modulates the cell cycle, and the second mechanism involves
an effect on the cellular membrane. It is not clear if ginsenosides are effective at
first modulating membrane properties, followed by a genomic effect; or in fact
they may have a combined effect.

22.4.6 EFFECT OF GINSENG AND GINSENOSIDES ON MEMBRANE

HEMOLYSIS

The hemolytic activity of saponins has been known for some time and is com-
monly measured by the degree of rupture of erythrocytes.57 Using a free radi-
cal–induced human erythrocyte hemolysis model, ginsenosides exhibit different
hemolytic effects. The majority of ginsenosides have a protective effect on hemol-
ysis even after exposure to free radical–induced hemolysis; however, certain
ginsenoside such as Rg3 and Rh2 increased the extent of free radical–induced
hemolysis.26 These effects were based on structural classifications. For example,
Rg3, Rh2, and Rg2 have sugar moieties in common that are attached at position
C-3 of the triterpene ring (see Figure 22.1) and all exhibit increased hemolytic
activity,25 compared to those which have sugar attachment at position C-6. Fur-
thermore, the aglycone protopanaxadiol and Rg3 exhibit strong hemolytic activity
even in the absence of free radical initiators and the percentage of hemolytic
activity increased as concentration increased.25 Hence, one of the reported bio-
logical effects of ginseng concerns membrane modifying properties.58 Likewise,
dammarane triterpenoids isolated from birch leaf share similar structural charac-
teristics to the aglycone protopanaxadiol from ginseng, and were found to be
cytotoxic to Ehrlich ascite carcinoma cells.58 An increase in the membrane per-
meability of cells was measured by the release of ultraviolet (UV)-absorbing
substances from the cell and a decrease in thymidine (3H) incorporation. A dose-
dependent increase in membrane permeability occurred along with an increase
in microviscosity.58
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Saponins from P. notoginseng have also been shown to alter lipid fluidity of
platelet membranes in male Wistar rats, receiving an intraperitoneal (200 mg/kg)
injection of ginsenosides that inhibited platelet aggregation and adhesiveness after
permanent occlusion of the middle cerebral artery.59 Ginsenoside Rg1 inhibited
adrenaline- and thrombin-induced platelet aggregation in human platelets ana-
lyzed in vitro and reduced the elevation of cytosolic free calcium concentration.60

Rg2 was reported to inhibit intracellular calcium mobilization from rabbit
plasma.61

Rg3 has been reported to reduce plasma membrane fluidity in bovine adrenal
chromaffin cells.62 Similarly, an increase in the concentration of cholesterol in
cells resulted in the stiffening of the plasma membrane, and a reduction in the
motion of the membrane.63 A reduction of membrane fluidity has also been
reported in cells treated with 17β-estradiol and the anticancer drug tamoxifen. It
is speculated that these compounds possibly associate with the hydrophobic
portions inside the membrane.64

In our laboratory we found the ginsenosides PD, PT, and Rh2 tested at
respective LC50 values resulted in an increased release of lactate dehydrogenase
(LDH) from cultured intestinal and leukemia cells (Figure 22.4). LDH leakage
is a useful cytoplasmic marker of membrane integrity.65 Membrane protein func-
tion is also dependent on structure with alterations in membrane composition
affecting fluidity.66,67 For example, 17α-hydroxyprogesterone decreases fluidity
and increases membrane aggregation and permeability.56 It is unclear if ginseno-
sides can interact with cells and function as steroids, or are associated with steroid-
like effects on the membrane by interaction with other components.

22.4.7 EFFECT OF GINSENOSIDE STRUCTURE ON BIOACTIVITY

The membrane effects of ginseng triterpene saponins have been suggested to be
a function of the attachment of sugar moieties located on the triterpene ring

FIGURE 22.4 LDH activity measure after a 72-h exposure to cytotoxic ginsenosides (PD,
PT, Rh2) in two cultured intestinal cancer cell lines (Caco-2, Int-407) and leukemia cells
(THP-1) at their respective LC50 values (see Figure 22.1).
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structure. Cytotoxic effects of protopanaxadiol ginsenosides have been reported
to decrease as sugar moieties are attached to position C-3; protopanaxadiol was
reported to have lower LC50 compared to Rh2 and Rg3 in cultured cell experi-
ments.42,68 Monoglucosides, such as Rh2 and Rg3 and compound K (intestinal
metabolite), are cytotoxic and exert membrane-altering properties in Ehrlich
ascite carcinoma cells and in a liposome model.69 The effect on the membrane
was a function of the culture media on the cholesterol content. By increasing the
cholesterol content, at neutral pH, the cytotoxic effect was reduced. Furthermore,
pre-incubation of Rh2 and Rg3 with cholesterol-free liposomes was reported to
neutralize cytotoxicity.69 The addition of glucose functional groups to the agly-
cone PD and PT of ginseng reduced apoptotic potential and lowered the potency
to alter membrane integrity, as measured by the release of lactate dehydrogenase
from cells.42 Similarity, different saponins have different effects on the membrane.
Glycoalkaloids have the tendency to form complexes with plant sterols,70 and sea
cucumber saponins have the strongest effect on cholesterol-containing mem-
branes.69 Structural characteristics of the saponins thus have a role in this effect.
Ginsenosides such as Rb1, Re, Rg2, Rg1, Rd, Rf, and Ro, which have two sugar
attachments at positions C-3 or C-6 and C-20, do not affect the cell membrane
or exhibit cytotoxicity. The attachment of the functional groups possibly prevents
the penetration of saponin into the membrane by altering cell surface
conformation69 or by changing the polarity of the active compound.

22.4.8 POTENTIAL SYNERGY, MULTIDRUG-RESISTANT CANCER

By far the most promising aspect of ginsenosides affinity to influence cultured
cancer cell proliferation is the potential to modulate multidrug-resistant cancer
cell metabolism. It seems that certain cells (intestinal, kidney, liver, etc.) have
evolved a specific way to excrete cytotoxic plant constituents. Many novel cancer
cell inhibitors, such as Taxol, are indeed derived from plant sources and therefore
cells will eventually confer a cellular resistance to the agent on prolonged
exposure.

P-glycoprotein (P-gp) is a glycoprotein membrane constituent encoded by
the MDR1 gene that is associated with resistance to anticancer drugs.68 P-gp is
an energy-dependent drug efflux pump, which is involved in both intrinsic and
acquired drug resistance. Expression of this transporter plays a role in resistance
to chemotherapy,71 effectively pumping chemotherapy drugs from the cell and
thereby lowering the effective concentration. Furthermore, resistance is often
encountered from drugs that are amphipathic and have been isolated from plants
and microorganisms.71 Future studies with bioactive ginsenosides and Rh2-
enriched extract should be evaluated on the potential effect to stimulate the P-gp
efflux pump. P-gp transporter has been purposed to be an evolutionary adaptation
to remove toxic compounds from the bile or intestine.71 Higher levels of MDR1
expression is found in colon, kidney, liver, adrenal, pancreas, and in leukemia
cells. Expression of MDR1 after chemotherapy was found to be increased in
leukemia, breast cancer, and lymphomas, among others cells.71 Identifying agents
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that will slow or stop the efflux pump is a valuable addition to chemotherapy and
certain ginsenosides have been tested in combination with resistant drugs. Dauno-
mycin (DAU) and vinblastine (VBL) resistant leukemia cells (P388 ADM) were
treated with 20(S)-Rh2, 20(S)-PT, and compound K, an intestinal biotransformed
metabolite of Rb1, to effectively reverse both DAU and VBL drug resistant cells.
Ginsenosides have been suggested to inhibit the efflux pump according to struc-
tural characteristics related to the attachment of bulky side changes at position
C-3 of the triterpene ring.72 Bulky side chains of certain ginsenosides (Rb1, Rc,
Rd, Re) may not have adequate conformation to exert an effect on the glycoprotein
or membrane structures. Furthermore, ginsenoside Rg3 was effective at increasing
the sensitivity of vincristine (VCR)-resistant cells (KBV20C); Rg3 competitively
inhibited binding to P-gp73 and increased survival time of mice transplanted with
multidrug-resistant P388 leukemia tumor compared to adriamycin treatment.73

With these findings taken into consideration, future studies should be planned to
establish whether bioactive ginsenosides (PD, PT, Rh2) directly influence the P-
gp membrane pump or generally alter the conformation or composition of the
cellular membrane.

22.4.9 IN VIVO ANIMAL CANCER MODELS

A red ginseng extract was reported to inhibit the incidence of lung tumors in
benzo(a)pyrene-induced newborn mice to a greater extent than white fresh gin-
seng.74 Using the aberrant crypt foci (ACF) assay, a model of colorectal cancer,
red ginseng powder (0.5 g/kg, 2 mg/kg) was reported to be cytostatic as evidenced
by the progressive inhibition of established ACF, induced by azoxymethane in
Sprague-Dawley rat (F344).75 Further reports indicated that dietary red ginseng
powder, when fed to F344 rats, had an inhibitory effect on the initiation stage of
1,2-dimethylhydrazine-induced ACF, and that this inhibition was greater for red
ginseng than for white ginseng.76 Red ginseng was also found to inhibit the
development of liver cancer induced by diethylnitrosamine in Wistar white rats.
Red ginseng (5.6 g/kg/week) administered with water via a gastric tube reduced
the rate of liver cancer (14.3%) in the later stage, compared to an untreated control
group (100%).77 It is noteworthy that ginseng has been reported to have a non-
organ-specific effect on cancer.78 Studies with white ginseng from plant culture
showed an inhibitory effect toward the development of tumors of the mammary
gland, nervous system, kidney, uterine cervix, and vagina after chemical induction
of tumors, in a variety of experimental animals.78

In mice that lack a thymus (nude mice), oral administration of Rh2 by cannula
after inoculation with human ovarian cancer cells resulted in a significant reduc-
tion in tumor volumes in all groups treated with Rh2, compared to ethanol-treated
and cisplatin-treated groups. Furthermore, tumor growth was also reported to be
significantly reduced compared to a cisplatin-treated group. Cisplatin is a chemo-
therapy that is given as treatment for cancer and also referred to as cis-diam-
minedichloroplatinum (II) (CDDP). The survival rates of nude mice given cancer
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cells and treated with either 15 or 120 µM Rh2 were increased compared to
ethanol- and cisplatin-treated groups.79 Tode et al.79 suggested that Rh2 may
function in vivo to improve survival of mice by altering the membrane cell
surfaces. Red ginseng saponins, such as structurally related Rg3, inhibit lung
metastasis in mouse models. Lung metastasis was produced by metastatic tumor
cells, B16-BL6 melanoma and colon 26-M3.1 carcinoma, in syngeneic (geneti-
cally identical) mice. Red ginseng saponins were suggested to inhibit the adhesion
and invasion of these metastatic cells and significantly decreased the number of
blood vessels oriented toward the tumor mass (e.g., antiangiogenesis).80 Further-
more, nude mice inoculated with human ovarian cancer cells produced greater
tumor growth retardation with daily oral administration of Rh2 (0.4 mg/kg) than
with an intraperitoneal administration of CDDP (2 mg/kg), a potent antitumor
agent. It is important to note, however, that a dose-dependent relationship between
Rh2 and antitumorigenicity was not obtained.81

22.4.10 HUMAN ANTICANCER EVIDENCE

A case-control study of ginseng intake and association with cancer risk from a
Korean population showed that the odds ratio for ginseng consumers to develop
cancer was 0.56, and that ginseng prepared as an extract or powder was more
effective than fresh ginseng82 in reducing cancers. Further case-control evidence
showed that odds ratios were 0.56 in relation to ginseng intake and variable for
different ginseng preparations such as fresh ginseng extract (0.57), white ginseng
extract (0.33), and lowest odds ratio for red ginseng users (0.20)83 Yun and Choi84

reported from a prospective cohort study of 4634 people over 40 years of age
that Korean ginseng consumers had a relative risk of 0.40 (95% confidence
interval) compared to nonconsumers to develop cancer. The relative risk of con-
sumers given fresh ginseng (0.31) and for multiple and overlapping ginseng
extract consumers were similar (0.34), and in a small subset of ginseng consumers
no death was reported in 24 consumers of red ginseng.84 Furthermore, a
dose–response relationship was reported and the risk ratios of gastric (0.33) and
lung cancer (0.30) development were reduced even though these cancers have
different mechanisms of carcinogenesis and etiology, again indicating that gin-
seng has a non-organ-specific preventative effect against cancer.84 Red ginseng
increased disease-free survival (68%) in the ginseng consumption group com-
pared to the group that did not consume red ginseng (33%). Furthermore, an
increase in overall survival (76%) was noted for ginseng intake groups compared
to control group (39%) for postoperative chemotherapy (stage III gastric cancer).
This effect was attributed to red ginseng.85

22.5 CANCER PREVENTATIVE PROPERTIES OF 
SOYASAPONINS

There are many more in-depth reports on the potential anticancer activity of
ginseng saponins compared to soyasaponins. Most of the anticancer activity of
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soybeans has been associated with their phytoestrogen activity; however, as with
ginseng saponins, evidence is mounting outlining a specific effect of soyasaponins
on antioxidant activity, immune system modulation, and an ability to inhibit the
growth of cultured cancer cells. Generally, the saponin content of soybean and
processed soy products ranges between 0.2 and 2%. The variability depends on
the source of the soybean, the part of the soybean plant, and the choice of
analytical method.86 The basic structure of soyasaponins can be divided into three
main groups with varying combination of sugar moieties attached to the chemical
backbone (Figure 22.5). Similar to ginsenosides, soyasaponin anticancer proper-
ties generally are characterized according to chemical structure-related properties,
such as hydrophobic–hydrophilic balance. However, one of the limiting factors
in future research into the soyasaponin bioactive properties is the availability of
purified saponins. Most reports have focused on the extraction of soyasaponins
from soybean and soybean flour and have not specifically analyzed or character-
ized all the individual saponins contained in the extracts. It is hoped that purified
soyasaponins will be commercially available so an effective characterization of
individual saponins will be achieved.

22.5.1 BIOAVAILABILITY OF SOYASAPONINS

In a small human trial to assess the bioavailability of group B soy saponins in
women (n = 8), no recovery of soy saponins after an invested single dose of 434
μ M was observed in the urine, whereas a fecal metabolite of group B saponins
(Soyasapogenol B) was found after a 5-day fecal collection.87 In a Caco-2 cell
model of the gastrointestinal absorption, soy saponins tended to have low absorp-
tion ability after 4 h of exposure. Soyasaponin I was found to be absorbed between
0.5 and 2.9% and soyasapogenol between B 0.2 and 0.8%. At a concentration up
to 3 mmol/L Soyasaponin I did not induce cytotoxicity whereas soyasapogenol
B showed some cytotoxic effect at 1 mmol/L.87

22.5.2 ANTIOXIDANT ACTIVITY

Soyasaponins have been shown to possess some antioxidant activity. For example,
hydrogen peroxide damage to mouse fibroblast cells was found to be inhibited
by soyasaponin Bg, soyasaponin I, and soyasaponin Ab; these compounds may
be involved in reducing cellular and DNA damage. These effects were similar to
glycyrrhizin saponins; the authors suggest that water-soluble soybean saponins
may help protect cells from hydrogen peroxide–induced damage.88 A further
report suggested that soyasaponin Bg has a concentration-dependent in vitro
scavenging activity toward superoxide (O–

2)· and to DPPH radical-inhibition and
that the scavenging activity was similar to a synthetic antioxidant tert-butyl
hydroxyl toluene (BHT). Specifically soyasaponin Bg showed a 21% inhibition
and an IC50 of 63.8 μ M compared to BHT 21% with an IC50 of 67.5 μ M.89
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FIGURE 22.5 The main soyasaponins aglycones (A, B, E) and selection of groups A and B soy saponins. (Adapted from Gurfinkel and Rao.100)
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22.5.3 IMMUNE SYSTEM

Eight soyasaponins were tested for a relationship between adjuvant activities. A
number of soyasaponins were tested in mice against a chicken ovalbumin antibody
(OVA) challenge to determine if chemical structural differences are related to
activity. Saponins with glycosidic attached sugar moieties showed adjuvanticity
stimulating anti-OVA total IgG and IgG1 antibody responses. The aglycone
soyasapogenol A and B did not produce the same response.90 The additions of a
sugar moiety to soyasaponin A1 when compared to soyasaponin A2 increased the
total IgG and IgG1 antibody responses, both of which were greater than soyasa-
ponins I–III. Furthermore, among soyasaponin I–III, soyasaponin I produced the
greatest antibody response followed by soyasaponin II and III.90 Glycosidic
attachment of side chains seems, at least in part, related to an antibody response
and is based on the hydrophobic–hydrophilic nature of the compound.

One report of soyasaponins isolated from soybean seeds were found to com-
pletely inhibit an HIV-induced cytophatic effect and a virus-specific antigen at a
concentration of 0.5 mg/ml.91 An in vitro study of soyasaponin I and II affinity
to inhibit herpes simplex virus type I (HSV-1) reported that soyasaponin II
reduced HSV-1 virus production to a greater degree than soyasaponin I. The
authors also showed evidence that soyasaponin II inhibited human cytomegalov-
irus, influenza virus, and HIV-1 expressed in a variety of host cells; these virus
effects were found not to be a function of soyasaponin inhibition of virus pene-
tration or protein synthesis but were likely acting as a viricidal.91 It is likely that
soyasaponins, like ginsenosides, act in a general nonspecific way.

22.5.4 CULTURED CELL EXPERIMENTS

Soy saponins extracted from soybean were reported to interact with colonic
epithelial carcinoma (HCT-15) cell membranes, assessed by scanning electron
microscopy. Soyasaponins also increased the hemolysis of red blood cells, but
the hemolysis was not as pronounced when compared to gypsophila saponin,92

a structurally similar saponin. In another report, soy saponins inhibited the growth
of HCT-15 cells in a dose-dependent manner and showed minor morphological
alterations on cell surface membranes. These morphological changes and growth
inhibition were not found to be related to an increased membrane permeability
measured by lactate dehydrogenase (LDH) leakage from cells, whereas gypso-
phila saponin exposure was related to LDH release.93

Soy saponins have been screened for an affinity to suppress the growth of
human colorectal adenocarcinoma cell line (HT-29). Soyasaponins A1, A2, I, B,
and deacetylated and acetylated group A saponins failed to produce an effect on
cell growth up to a concentration of 50 ppm (50 μ g/ml); soyasaponin III and
soyasapogenol B monoglucuronide showed a marginal effect on cell growth at
50 ppm. However, aglycones, soyasapogenol A and B reduced cell growth starting
at concentration of 6 ppm (6 μ g/ml), while almost completely suppressing growth
at 50 ppm.94 Gurfinkel and Rao94 suggest the lipophilic saponin aglycones were
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more bioactive compared to saponin glycosides, a hypothesis that may relate to
an ability to penetrate cellular membranes. It is noteworthy that a similar finding
was reported for ginseng saponins.42

Soy saponin extract, prepared from soybean flour, was reported to decrease
human colorectal adenocarcinoma cell line (HT-29) growth; the growth inhibition
was found to be both dose and time dependent.20,95,96 A saponin extract (150 ppm)
increased alkaline phosphatase activity of HT-29 cells, a marker of cellular dif-
ferentiation, by 1.5-fold compared to control cells.96 Greater amounts of alkaline
phosphatase were measured as the concentration of the soy extract increased. A
soy saponin extract suppressed the degradation of IκBα, which is involved in the
NF-κB inflammatory signal transduction cascaded and also downregulated
cyclooxygenase-2 (COX-2) and protein kinase C (PKC) activities.96

Soyasapogenol A and soyasapogenol B, two aglycones of soyasaponins, also
inhibit cell proliferation at a concentration of 10 μ M in estrogen-insensitive
human breast cancer cells (MDA-MB-231).97 In MCF-7 cells, an estrogen-depen-
dent breast cancer cell line, soyasapogenol B reduced cellular proliferation at 10
μ M, whereas soyasapogenol A was reported to increase cellular proliferation 2.5-
fold. The different effects of soyasapogenol A and B have been suggested to be
a result of estrogenic activity of soyasapogenol A.97

Soyasapogenol B prepared from commercial soybean by-product (soybean
molasses) exhibits antimutagenic activity in CHO cells (Chinese hamster ovary).98

Similarly, soyasapogenol B protects CHO cells against 2 acetoxyactyl-aminoflu-
orene (2AAAF) damage, which is a direct-acting mutagen. In Hep G2 cells
(human hepatocellular carcinoma) a soy saponin extract was found to protect
against aflatoxin B1 (AFB1)-induced mutagenicity and AFB1-DNA adduct forma-
tion. At a concentration of 30 μ g/ml, soy saponins inhibited adduct formation by
50% compared to L-ascorbic acid (38%) and butylated hydroxytoluene (33%),
respectively.

Soyasaponin I prepared from a crude soybean saponin mixture has been
reported to be a specific inhibitor of sialytransferase activity, which was expressed
in COS-7 cells (Cercopithecus aethiops, African green monkey).99 Increased
sialytransferase activity has been associated with oncogenic transformation,
tumor metastasis, invasion,99 and poor prognosis among patients with cancer.

In a recently published report, saponins isolated from soybeans were evalu-
ated for their effect on colon cancer cell proliferation. In HCT-15 colon cancer
cells, group B saponins reduced cell viability between 25 and 500 ppm (μ g/ml)
and the inhibition was time dependent.100 An LC50 was determined to be 100
ppm. An increase in the accumulations of cell cycle cells in the S-phase (DNA
synthesis phase) at concentrations of 25 and 100 ppm was reported to start 6 h
after exposure. This accumulation of S-phase cells was associated with an inhi-
bition of cyclin-dependent kinase-2 (CDK-2) activity, a cell cycle regulatory
protein. Furthermore, an induction of macroautophagy (morphological alter-
ations) in colonic cells was observed and was not related to traditional apoptosis
morphology. It is possible that macroautophagy characteristics, such as reduced
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cytoplasmic density and vacuolization, eventually leads to Type II programmed
cell death.100

22.5.5 HEPATOPROTECTIVE EFFECTS OF SOYASAPONINS

In primary cultured rat hepatocytes, group B soy saponins (soyasaponins I, II,
III, IV) were found to possess varying hepatoprotective actions toward liver
injury.101,102 Soyasaponin III and IV expressed the greatest hepatoprotective effect
in cells after exposure to antiserum raised against rat liver plasma membrane.
Soyasaponin III started to offer protection at a concentration of 10 μ M; alterna-
tively, soyasaponins I and II showed little protection.101 The authors suggested
the difference in hepatoprotection is related to structural characteristics of the
soyasaponins. For example, attachment of sugar moieties to position C-3 of the
group B saponins was related to the effect. Disaccharide attachment (soyasaponin
III and IV) generally showed greater effects compared to trisaccharide sugar
attachment (soyasaponin I and II).

22.5.6 SOYSAPONINS AND ANIMAL COLON CANCER MODEL

Soy saponin extract isolated from soy flour was tested in male CF1 mice for the
incidence of aberrant crypt foci induced by azoxymethane exposure in mice
colon.103 Aberrant crypt foci are related to the development of colon cancer. After
exposure to azoxymethane for 4 weeks, a test diet was given with 3% soy saponins
and the intake of saponins reduced the incidence of aberrant crypt foci. It was
further determined that the soy saponins intake alone did not show adverse effects
on animal growth.103

22.6 CONCLUSION

The role of saponins in soy and ginseng in reducing the risk of certain cancers
has been demonstrated in culture, experimental animals, and humans. Plants of
the genus Panax are known for production of steroid ginsenosides, which have
a multitude of nonspecific effects that target membrane function and subsequent
signal transduction activity. Similarly, soyasaponins are bioactive triterpenoid
glycosides, which have antimutagenic, hepatoprotective, and immune sensitive
responses, and anticarcinogenic activities. Many of the bioactive functions of
both ginseng and soyasaponins have a structure–activity relationship, in particular
as it relates to cytotoxic activity in culture cancer cells. This chapter details the
anticarcinogenic activities of both ginseng and soyasaponin and suggests that
special consideration be given to steroid saponins in biological and pharmaco-
logical studies of ginseng and soy preparation for potential nutraceutical, phar-
maceutical, or functional food use.
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23.1 INTRODUCTION

Cancer of the large bowel is the fourth most common cancer in the world. More
than 945,000 colon cancer cases and 492,000 colon cancer-related deaths were
reported in the year 2000. Colon cancer is one of the leading causes of cancer
death in both men and women in Western countries including the U.S., Canada,
Northern and Western Europe, Australia, and New Zealand; however, colon cancer
is markedly less frequent in Asia, Africa, and South America.1,2 In the U.S. about
147,000 new cases of this cancer and 57,000 related deaths were estimated for
the year 2004.2 Marked international differences in the incidence and mortality
of colon cancer and the increase of risk in populations migrating from low- to
high-risk areas such as from Japan to the U.S. within one or two generations
suggest that environmental factors, specifically dietary habits rather than the
genetic factors, play an important role in the etiology of this cancer. It is note-
worthy that there is an upward trend in colon cancer risk in Japan, which cannot
be attributed to genetic differences.3 Nutritional epidemiologic studies conducted
in Japan point to the fact that this upward trend in colon risk has been attributed
to westernization of Japanese food habits.4 The failure to control cancer deaths
from colorectal cancer and other types of cancer provides the rationale to develop
strategies for prevention. The logical approach to control colorectal cancer is to
prevent it before it progresses to invasive and metastatic malignancy. Dietary fats
have been implicated in the development of several types of cancer including the
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cancer of the colon in humans. These observations led to experimental studies in
preclinical models designed to assess the effect of types of dietary fat including
saturated fat, omega-6 polyunsaturated fatty acids (n-6 PUFAs) and n-3 PUFAs
(Figure 23.1).

The purpose of this chapter is to provide a brief overview of epidemiological,
preclinical, and mechanistic studies thus far conducted on the relationship
between the n-3 PUFAs and colon cancer development. Future directions are also
discussed regarding primary and secondary prevention of colon cancer by n-3
PUFA-rich diets.

23.2 EVIDENCE FROM EPIDEMIOLOGICAL STUDIES

Fish oils are unique because they contain high levels of n-3 PUFAs that are
relatively low in vegetable oils and animal fats. n-3 PUFAs that are present in
fish oil include docosahexaenoic acid (C22:6, DHA), eicosapentaenoic acid
(C20:5, EPA), and docosapentaenoic acid (C22:5, DPA). Vegetable oils including
corn oil and safflower oil contain high levels of n-6 PUFAs including linoleic
acid (C18:2, LA). International epidemiological studies have provided evidence
that dietary factors are important determinants of large bowel cancer in different
populations worldwide. Cancer statistics in Japan for 2001 published by the
Foundation for Promotion of Cancer Research indicate that there is an upward
trend in age-adjusted mortality rates for colon cancer from 1955 to 1999.3 Accord-
ing to this report, the death rates due to colon cancer in Japanese men and women
in 1955 were 2.9 and 3.0, respectively, whereas they increased to 14.7 and 9.8,
respectively, in men and women in 1999. Interestingly, animal fat consumption
in 1960 was about 25 g/day (per capita), whereas in 1999 it increased to about
58 g/day. Meat intake was increased from 19 to 78 g/day (per capita), whereas
grain consumption decreased from 453 g to 245 g/day during these years.3 In
fact, meat consumption has been found to be associated with an increased risk
for the development of colon adenomas in Japan. The change in dietary habits
in Japan may, in part, explain the time trend in colon cancer mortality.

The importance of types of dietary fat differing in fatty acid composition
rather than total fat cannot be discounted. A recent report by an expert panel
assembled by the American Institute for Cancer Research and the World Cancer

FIGURE 23.1 Chemical structures of omega-3 and omega-6 fatty acids.
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Research Fund came to a scientific consensus that evidence for an association
between the intake of saturated fat and/or animal fat and colon cancer risk is very
strong.5 Continuing population studies reveal that mortality data for colorectal
cancer in 22 European countries, the U.S., and Canada correlate with the con-
sumption of animal fat.6

Eating a diet rich in n-3 PUFAs, as present fish and fish oils, may decrease
the risk of colorectal cancer. Caygill et al.7 reported an inverse correlation between
fish and fish oil consumption and colorectal cancer. This inverse relationship was
significant for both male and female patients with colorectal cancer, whether the
intakes were in the current period or 10 years or 23 years before cancer mortality.7

It is noteworthy that these effects were only observed in countries with a high
(>85 g/day) animal fat intake. Also, the Mediterranean diet, which is rich in olive
oil and fish, is associated with a low risk of colorectal cancer.8 The results of
these epidemiological studies suggest that diets high in saturated fats increase
the risk of colorectal cancer, whereas diets high in n-3 PUFAs reduce the risk.

23.3 EVIDENCE FROM PRECLINICAL EFFICACY 
STUDIES

The development of strategies for colorectal cancer prevention by use of chemo-
preventive agents and dietary modification has been markedly facilitated by the
use of relevant animal models including carcinogen-induced colon cancer mim-
icking the neoplastic processes that occur in humans.9 These animal models
include induction of colon tumors in rats by administration of azoxymethane
(AOM), which is a potent inducer of carcinomas of the large intestine in various
strains of male and female rats. AOM has been used extensively by many inves-
tigators to induce colon tumors and to study the effects of nutritional factors and
chemopreventive agents in colon carcinogenesis.9–16 Biological behavior of AOM-
induced rat colon carcinomas is similar to that of human colon carcinomas.9

Characteristics of the human disease process reflected in the AOM-Fischer rat
model (F344) are the occurrence of both adenomas and adenocarcinomas.9 Also,
aberrant crypt foci (ACF), which are recognized as early appearing preneoplastic
lesions, develop in experimentally induced colon carcinogenesis in laboratory
rodents as well as in the colonic mucosa of patients with colon cancer.17,18

Recently, 

 

β-catenin-accumulated crypts were identified in the colonic mucosa at
the early stages of AOM-induced colon carcinogenesis and are considered early-
appearing preneoplastic lesions.19,20 AOM treatment also induces oncogene muta-
tions at codon 12 of K- and H-ras and increases in the expression of the ras
family of proto-oncogenes. Such increases have been causally associated with
colon tumor development.21,22 Enhanced ras oncogene expression has been
observed in a variety of human colon tumors.23 AOM-induced colon tumors also
demonstrate enhanced cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) expression similar to human colon tumors.12,24 It has been
increasingly apparent that the 

 

β-catenin signaling pathway is closely associated
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with the development of colon cancer.25 Also, frequent mutations in the 

 

β-catenin
gene are confirmed in AOM-induced colon tumors in rodent models.26

Ample and consistent experimental evidence from preclinical efficacy studies
conducted earlier have provided convincing evidence that not only the amounts
but also types of dietary fat differing in fatty acid composition are important
factors in determining the modulatory effect of fatty acids in colon tumor devel-
opment.27–30 Studies conducted in our laboratory and those of others have con-
sistently demonstrated that the diets high in beef tallow and lard, which are high
in saturated fats and corn oil (high in n-6 PUFAs; 20 to 23% in the diet),
significantly increased chemically induced colon carcinogenesis in F344 and
Sprague-Dawley rats as compared to diets low (5%) in these fats.10,27–32 Deschner
et al.33 demonstrated that dietary n-3 PUFA (fish oil), inhibits methylazoxymeth-
anol (metabolite of azoxymethane)-induced focal areas of dysplasia and colon
tumors, whereas n-6 PUFAs (corn oil) enhance colon tumorigenesis in rats. In a
recent study, Chang et al.10 reported that high dietary fish oil significantly inhibited
colon tumors as compared to high corn oil diets. In addition, colon tumor inhi-
bition by fish oil diet was associated with lower levels of DNA damage in the
distal colon compared with corn oil diet.10,34 These studies provided evidence in
preclinical models that high dietary saturated fats of animal origin or n-6 PUFAs
had a greater colon tumor-enhancing effect than the diets low in such fatty acids;
whereas high dietary n-3 PUFAs had no such enhancing effect.

We also have evaluated the modulatory effects of diets high in corn oil and
safflower oil (rich in n-6 PUFAs), high in olive oil (rich in monounsaturated fatty
acid, such as oleic acid), and high in fish oil during the postinitiation stage of
AOM-induced colon carcinogenesis in male F344 rats.13,31,32,35 Animals fed the
diets containing high corn oil or safflower oil (23.5%) had a higher incidence of
colon tumors than did those fed the diets low in fat (5%). By contrast, diets high
in olive oil or menhaden fish oil had no such colon tumor-enhancing effect. The
varied effects of different types of fat on colon carcinogenesis during postinitia-
tion stage suggest that fatty acid composition is one of the determining factors
in colon tumor promotion by dietary fat and that the influence of the types and
amounts of dietary fat is exerted mostly during the postinitiation phase of car-
cinogenesis. 28,35,36 In this connection it is interesting to note that in a Phase II
clinical trial of patients with colonic polyps, dietary fish oil supplements had in
fact inhibited cell proliferation in the colonic mucosa.37

Studies conducted thus far clearly indicate tumor-promoting effects of diets
rich in n-6 PUFAs and saturated fatty acids, and lack of such effects by n-3
PUFAs. Dietary fat intake in the U.S., Canada, and other Western countries, where
the colon cancer rates are high, consists predominantly of a mixture of saturated,
monounsaturated, and polyunsaturated fats.5,38 Also, the typical Western diet
contains about ten times more n-6 PUFAs than n-3 PUFAs. It is noteworthy that
a recent assay in mice demonstrated that high dietary fat simulating mixed lipid
composition of the average Western-style diet produced dysplastic lesions in the
colon, indicative of tumorigenesis.38,39
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In a recent study we examined the effects of high-fat diets containing mixed
lipids rich in saturated fatty acids or fish oil during the different stages of colon
carcinogenesis in male F344 rats (Table 23.1).12 Colonic preneoplastic lesions,
ACF, were assessed in animals fed the experimental diets for 8, 23, and 38 weeks.
Rats fed the high-fat mixed lipids (HFML) diet showed a significantly greater
number of ACF/colon and multicrypt aberrant foci compared with those fed the
low-fat, corn oil (LFCO), or high-fat fish oil (HFFO) diet at all time points. Also,
rats fed the HFML diet showed a 100% incidence of colonic adenocarcinomas
compared with incidences of 58 and 62% in rats fed the LFCO and HFFO diets,
respectively. Also, the multiplicity of adenocarcinomas was significantly higher
in animals fed the HFML diet (about fourfold increase) as compared to those fed
the LFCO diet.

The efficacy of dietary n-3 PUFAs including docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA) and n-6 PUFA, linoleic acid (LA) against colon
carcinogenesis has also been investigated in rodent models.42 Intragastric admin-
istration of 0.7 ml of DHA twice a week for 4 and 12 weeks significantly
suppressed AOM-induced ACF in the colon. Intragastric administration of 1 ml
of DHA five times a week for 36 weeks significantly suppressed AOM-induced
colon tumor multiplicity, specifically moderately differentiated adenocarcinomas
in the middle and distal colon of male F344 rats.43 Minoura et al.11 reported that
the rats fed EPA at 4.7% plus LA at 0.3% had a significantly lower colon tumor
incidence and multiplicity than those fed the LA diet. Rats on the EPA diet had

TABLE 23.1
Effect of Types and Amount of Dietary Fat on Azoxymethane-
Induced Colon Carcinomas in Male F344 Ratsa

Study No. Amount and Types of Dietary Fat
% Animals with 
Colon Tumors

1 5% Corn oil (LFCO) 54b

23.5% Corn oil (HFCO) 92
4% Fish oil + 1% Corn oil (LFFO) 50b

22.5% Fish oil + 1% Corn oil (HFFO) 33b

2 5% Corn oil (LFCO) 58c

20% Mixed lipids (HFML) 100
17% Fish oil + 5% Corn oil (HFFO) 62c

a Animals were fed the experimental diets containing types of dietary fat beginning 1 day
or 1 week after carcinogen treatment (postinitiation stage of colon carcinogenesis) until
termination of the study.
b Significantly different from HFCO diet, p < 0.05.
c Significantly different from HFML diet, p < 0.01.

Source: Modified from Reddy.31
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fewer well-differentiated adenocarcinomas and more mucinous adenocarcinomas
than those on the LA diet. In general, overall evidence from preclinical studies
is consistent with the epidemiological data.

23.4 MODE OF ACTION OF TYPES OF DIETARY FATS 
AGAINST COLON CANCER

Successful approach for implementation of preventive strategies depends on a
mechanistic understanding of carcinogenesis at the tissue, cellular, and molecular
levels. Carcinogenesis is typically a slow, chronic process and the development
of invasive disease is characterized by molecular derangements. Although the
molecular mechanisms by which n-3 PUFAs inhibit colon carcinogenesis have
not been fully elucidated, several putative mechanisms of action have been pro-
posed for colon cancer preventive activity of types of dietary fat (Figure 23.2).
As discussed in detail by Hong et al.,44 dietary n-3 PUFAs may protect against
colon carcinogenesis by either decreasing DNA adduct formation and/or by
enhancing DNA repair. Lower levels of AOM-induced DNA adducts were
detected in fish oil–fed rats as compared to those fed corn oil, rich in n-6 PUFAs.
Also, fish oil supplementation caused an increase in apoptosis in the colon
compared with corn oil–fed rats.44,45 It is therefore reasonable to conclude that
one of the mechanisms by which n-3 PUFAs protect against colon carcinogenesis
is in part by reducing the level of DNA-adducts and by enhancing the deletion
of colonic cells through apoptosis.44

Metabolic epidemiological studies demonstrated that populations who are on
a typical Western diet and at high risk for colon cancer excrete high levels of
secondary bile acids.46,47 Several preclinical studies indicate that diets high in
saturated fatty acids (beef tallow and lard) and n-6 PUFAs (corn oil or safflower
oil) increase the concentration of colonic luminal secondary bile acids including
deoxycholic acid and lithocholic acid, whereas dietary fish oil had no such
enhancing effect.31 Secondary bile acids have been shown to stimulate protein
kinase C (PKC) in a manner similar to phorbol esters, to induce cell proliferation,
to increase ornithine decarboxylase activity, a rate-limiting enzyme in polyamine
biosynthesis, and to act as promoters in colon carcinogenesis.48–53 Collectively,
these observations suggest that secondary bile acids that are modulated by types
of dietary fat may be important for inducing cellular response in relation to colon
tumor promotion.

There are studies to indicate that inducible nitric oxide (NO) synthase (iNOS),
which is regulated primarily at the transcriptional levels is overexpressed in
human colon adenomas54 and in colon tumors of laboratory animal models.55

Overproduction of NO by iNOS is critical to carcinogenesis process and induces
deaminated DNA lesions, thus resulting in DNA damage.56 Both NO and perox-
initrate produced in the tissues by NOS also activate cyclooxygenase (COX)-2.
These data clearly suggest a key role for NO in tumor initiation, promotion, and
progression. Studies conducted in our laboratory indicate that deoxycholic acid
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induces iNOS activity in intestinal cells suggesting that one of the mechanisms
by which tumor promoters including secondary bile acids may involve an increase
in expression of iNOS through an activation pathway that enhances colon car-
cinogenesis.57

It is known that the fatty acid composition of cells is sensitive to diet. Studies
conducted in our laboratory indicate that increasing levels of dietary fish oil in
rats increased the omega-3 fatty acids, namely, DHA and EPA, in the colonic
mucosal membrane phospholipid fractions at the expense of omega-6 PUFAs
such as linoleic acid and arachidonic acid. This suggests that the DHA and EPA
of fish oil can modulate the activity of membrane-bound enzymes by partially
replacing arachidonic acid and linoleic acid in the phospholipid pool.58 It is well
established that arachidonic acid and some of its metabolites including prostag-
landins (PGs) play an important role in the intracellular signaling pathway asso-
ciated with cell proliferation and gene expression. PGs increase cell proliferation,
promote angiogenesis, and inhibit immune surveillance, all of which are involved
in tumor growth.

It has been shown that inhibition of colon carcinogenesis by DHA is mediated
through the activation of retinoid X receptors (RXR), an obligatory component
of a large number of nuclear receptors.59 This observation suggests that n-3 PUFAs
mediate growth inhibitory effects in the colon through the RXR subunit of nuclear
receptor heterodimers. Members of the nuclear-receptor superfamily are tran-
scription factors that selectively regulate cell differentiation and proliferation,

FIGURE 23.2 Mechanisms by which n-3 PUFAs inhibit colon carcinogenesis. The sche-
matic diagram illustrates potential cellular and molecular events mediated by n-3 PUFAs
against colon carcinogenesis. The cascade of molecular events modulated by n-3 PUFAs
includes proinflammatory genes such as COX-2 and iNOS, activated ras, specific PKC
isoforms, and differentiating factors including RXR that modulate cell differentiation and
apoptosis. High dietary n-3 PUFAs exert antitumor activity by interfering with the post-
translational modification and membrane localization of ras-p21 through modulation of
farnesyl protein transferase, thus inhibiting ras-p21 function.
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many of which are important sites for carcinogenesis making their ligands an
ideal target for prevention.60

Overexpression of COX-2 plays an important role in colon carcinogenesis.61

Tsujii and DuBois62 have shown that overexpression of COX-2 can lead to the
suppression of apoptosis. High intake of saturated fat and n-6 PUFAs alters
membrane phospholipid turnover, releasing membrane arachidonic acid from
phospholipids, and affecting prostaglandin synthesis via COX enzyme.28,35 Ele-
vated levels of COX-2 have been observed in human colon tumors and chemically
induced colon tumors in rodents.63,64 Recent reports have shown a link between
the tumorigenic potential of APC mutations and arachidonic metabolism by the
observation that deletion of the COX-2 gene reduces the number of tumors in
mice heterozygous for an APC716 by more than sixfold.65 Of some interest,
additional evidence supporting a role for COX-2 comes from our studies, which
showed a marked reduction in colon tumors in rodents treated with a highly
selective COX-2 inhibitor, celecoxib.24 Our recent laboratory results have pro-
vided convincing evidence that a high-fat mixed lipid (HFML) diet enhances
AOM-induced expression of COX-2 and eicosanoid formation from arachidonic
acid in colon tumors of rats whereas the high-fat fish oil (HFFO) diet inhibits
the levels of COX-2. These results suggest that inhibition of eicosanoid production
through the modulation of COX-2 activity may be important for ability of n-3
PUFAs to inhibit colon tumorigenesis.12 Also, colon tumors of animals fed the
HFML diet showed a nearly 50% lower apoptotic index than was observed in
the colon tumors of rats fed the HFFO diet. These results suggest that the
overexpression of COX-2 in the tumors of animals fed the HFML diet in contrast
to HFFO diet inhibits apoptosis and the consequent tumor burden. These results
also support the contention that overexpression of COX-2 can lead to the sup-
pression of apoptosis. A major question that remains to be answered is which
signaling pathways are involved downstream of the COX-2 enzyme. These could
provide not only a key link between dietary fatty acids, eicosanoids, COX-2, and
transcriptional regulation of colon carcinogenesis, but also provide additional
molecular targets for colon cancer prevention strategies.

Recent studies from our laboratory have shown that high dietary n-6 PUFAs
enhance activities of diverse enzymes including protein kinases (PKC) whereas
high-fat diet containing n-3 PUFAs appears to suppress the activities of these
enzymes.65 Members of PKCs include several isoenzymes with unique functions.
Specific PKC isoenzymes translocate to the membrane from the cytosol upon
activation.66,67 Jiang et al.68 reported that chemopreventive efficacy of dietary fish
oil is associated with the alterations in colonic PKC expression that is activated
upon stimulation by growth factors. PUFAs may influence the activity of the EGF
receptor/mitogen-activated protein kinase pathway, which could alter the expres-
sion of a number of oncogenes. It is interesting that several kinases have been
shown to participate in ras-mediated growth-promoting signal transduction path-
ways.69 The ras-p21, a guanine nucleotide-binding 21-kDa protein product of ras
genes, is anchored to the cytoplasmic face of plasma membrane and functions in
the regulation of cell proliferation. Mutational versions of ras-p21 are implicated
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in the etiology of human colon cancer.70 It is also known that trafficking of pro-
ras from cytosol to plasma membrane is facilitated by a series of closely linked
post-translational modifications including farnesylation, which is catalyzed by
farnesyl protein transferase (FPTase). It appears that inhibition of ras farnesylation
blocks membrane association of ras-p21 and prevents neoplastic transformation
of cells. Studies conducted in our laboratory have provided data to indicate that
high dietary n-6 PUFAs increase ras-p21 expression in colonic tumors, whereas
high dietary n-3 PUFAs interfere with post-translational modification and mem-
brane localization of ras-p21 through the modulation of FPTase activity, thus
inhibiting ras-p21 function.71

Additional studies conducted in our laboratory have demonstrated that DHA
inhibits growth of CaCo-2 colon cancer cells in vitro and induces apoptosis.72

The effects of DHA on the genetic precursors of human colon cancer were also
analyzed in CaCo-2 cells using DNA oligonucleotide arrays.73 DHA treatment
modulated multiple signaling pathways involved in the regulation of cell cycle
regulatory genes, COX-2 target genes, lipoxygenases, and peroxisome prolifera-
tors. Effects of DHA on cell cycle progression and induction of apoptosis were
directly paralleled by an increase in the activation of several proapoptotic
caspases, inactivation of antiapoptotic Bcl-2 family of genes and activation of
cyclin-dependent kinase inhibitors such as p21waf1/cip1 and p27. Comprehensive
evaluation of the role of the apoptosis-related genes in colon cancer continues as
the protein products of these genes suggest themselves as molecular targets for
effective intervention by selective chemopreventive agents including nutritional
factors.

23.5 SUMMARY AND CONCLUSIONS

In conclusion, both epidemiological and preclinical studies provide evidence for
the beneficial effects of diets rich in n-3 PUFA in the prevention of colorectal
cancer. Preclinical studies have provided convincing evidence that the colon
tumor–promoting effect of dietary fat depends on its fatty acid composition.
Preclinical studies also demonstrate that a Western-style diet rich in mixed lipids
including saturated fats of animal origin as well as n-6 PUFAs has a greater
potential to promote colon tumorigenesis compared to diets containing equivalent
amounts of fat but rich in n-3 PUFAs. Although the mechanisms by which diets
high in saturated fats (such as those in Western diets) and n-6 PUFAs promote
colon carcinogenesis are not fully known, the studies conducted thus far indicate
that increased levels of colonic luminal secondary bile acids, modulation of
ras-p21 activity, eicosanoid production via the influence on COX activity, and
the expression of apoptosis by the types of dietary fat especially n-6 PUFAs may
play a key role in colon carcinogenesis.

The goal of prevention is to decrease the morbidity and mortality from
colorectal cancer. It should be recognized that nutritional prevention has the
potential to be a major component of colorectal cancer control, especially through
primary prevention in the general population. Although there are no clear-cut
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data to indicate how much and how long n-3 PUFAs should be consumed in order
to promote primary prevention of colorectal cancer, the levels of dietary n-3
PUFAs should be consistent with the recommendations based on epidemiological
studies of coronary heart disease as discussed by several nutritionists.74–78 These
studies suggest that one to two fish meals per week or as little as 30 to 35 g/day
of fish throughout life decreases the risk of coronary heart disease. Lands et al.75

have suggested that the ratio of n-6 PUFAs to n-3 PUFAs may be important for
health. Based on preclinical and epidemiological studies on arteriosclerosis and
coronary heart disease, Okuyama et al.78 recommended a reduction in the intake
of linoleic acid and an increase in the intake of n-3 PUFAs so that an n-6/n-3
ratio of 2 could be achieved for effective prevention of atherosclerosis and related
diseases. This recommendation may well be applied for the effective primary
prevention of colorectal cancer in the general population. Importantly, consump-
tion of fibrous foods, fruits, and vegetables is necessary for those in Western
countries to reduce the risk of colorectal cancer.

23.6 FUTURE DIRECTIONS

Colon cancer control in high-risk patients such as those with hereditary polyposis
and sporadic colon polyps is of growing importance as therapy modalities alone
have not been fully effective in countering either the high incidence or low
survival rate of colorectal cancer. The development of chemopreventive agents
to prevent intraepithelial neoplasia such as benign adenomas and early neoplastic
lesions represents a significant advance in clinical cancer prevention research.79

Clinical trials are the best means to identify the most-promising preventive agents
for secondary prevention of colorectal cancer. Development of combination
chemoprevention will be essential, just as combination chemotherapy has been
so important in the treatment of invasive disease.60 It should be recognized,
however, that intervention with nutritional supplements or diet modification alone
might not be sufficient for secondary prevention of colorectal cancer. However,
intervention by diet modification as recommended to the general population along
with chemopreventive agents that have been shown to possess anticancer prop-
erties against colon carcinogenesis in preclinical models is an ideal strategy for
secondary prevention of colon cancer in these high-risk individuals. One such
modification is a series of logically arranged comprehensive studies to elucidate
the efficacy of potential chemopreventive agents administered in conjuncture with
a diet rich in n-3 PUFAs. This approach is extremely important when promising
chemopreventive agents demonstrate significant efficacy but may produce toxic
effects at higher doses. Clear delineation of the synergistic effects in laboratory
studies will allow rational design of mechanistically driven combination therapies
for optimal clinical effects. This is a promising area for future prevention studies
in high-risk individuals.
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24.1 INTRODUCTION

Conjugated linoleic acid (CLA) refers to a group of polyunsaturated fatty acids
that exist as positional isomers and stereoisomers of conjugated dienoic octadec-
adienoate (C18:2). The double bonds of CLA are in the positions of 7,9; 8,10;
9,11; 10,12; 11,13 and the three-dimensional geometric combinations of cis
and/or trans configurations.1,2 CLA is found in foods such as beef, lamb, and
dairy products derived from these ruminant sources3–6 and ranges from 2.9 to 8.9
mg/g fat.7 The isomers in foods are, in descending order: c9,t11-CLA (also called
rumenic acid); t7,c9-CLA; 11,13-CLA (c/t); 8,10-CLA (c/t); t10,c12-CLA; and
other, minor isomers.4,8,9 In addition, CLA is present in human blood, tissues,
and milk, and is derived from a diet including certain fat-containing foods of
ruminant origin.10 Studies showed that increasing dietary CLA led to increases
in the CLA content of plasma,11,12 adipose tissue,13 and milk fat14 in humans. 

Synthetically prepared CLA is an isomeric composition somewhat different
from isomers found naturally in foods. Synthetic CLA preparation has tradition-
ally relied on an alkaline-catalyzed reaction using linoleate as substrate. The
isomeric composition of synthetic CLA oil is primarily c9,t11-CLA and t10,c12-
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CLA (Figure 24.1).15 As a result of high cost or lack of availability, most studies
conducted in experimental animals, humans, and in cultures to demonstrate the
physiological effect of CLA use the synthetic mixture of isomers. Numerous
physiological properties have been attributed to CLA, including action as an
antiadipogenic, antidiabetogenic, anticarcinogenic, and antiatherosclerotic
agent.15–18

24.2 TUMOR MODEL AND TISSUE SPECIFICITY

24.2.1 IN VITRO CELL CULTURE MODEL

Studies show dose- and time-dependent anticancer activity of CLA in vitro. CLA
inhibited the growth of human hepatoma cells, HepG219 and 7800NJ;20 lung
adenocarcinoma cells, A-247, SK-LU-1 and A549;21 human colon cancer cells,
SW480;22 human glioblastoma cells;23 and human breast cancer cells, MCF-724

and T47D.20 Although both c9,t11 and t10,c12-CLA can inhibit the proliferation,
they may have separate mechanisms and different targets of actions.24 Further-
more, CLA inhibited proliferation of estrogen-receptor-positive MCF-7
cells,22,24–30 but not of estrogen-receptor-negative MDA-MB-231 cells.21 In these
studies, CLA inhibited the expression of the proto-oncogene c-myc in estrogen-
responsive MCF-7 cells. Because expression of c-myc is known to be modulated
by estrogens among other factors, the reduction in c-myc expression may relate
to a CLA involvement in an estrogen-regulated or some other growth factor-
regulated mechanisms.

Whereas CLA in the form of free fatty acid exerts an in vitro antiproliferative
effect, milk fat enriched with CLA appears to have even greater in vitro activity.31

Bovine milk fat enriched with CLA was more effective in inhibiting human MCF-
7 breast cancer cells than were isolated CLA isomers.23

FIGURE 24.1 Structure of c9,t11-CLA, t10,c12-CLA, and linoleic acid (18:2c9c12).
(From Belury MA. Annu Rev Nutr 2002; 22:505–531. With permission.)
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24.2.2 IN VIVO ANIMAL MODEL

Dietary CLA inhibits numerous cancer models in experimental animals
(Table 24.1). The role of CLA in modulating carcinogenesis has been understood
by determining the effects on the stages of carcinogenesis known as initiation,
promotion, and progression. The anticarcinogenic property of CLA was first
identified during the initiation stage of the mouse skin multistage carcinogenesis
model,32 where the stages of initiation, promotion, and progression are operation-
ally separable.33 In this initial study a lipid fraction extracted from fried ground
beef was topically applied to mouse skin prior to initiation of 7,12-dimethyl-
benz(a)anthracene.32 CLA (0.5 and 1%) reduces terminal end bud density and
methylnitrosourea-induced rat mammary tumor yields in a dose-dependent man-
ner.34 In addition, CLA inhibited dimethylbenz(a)anthracene-induced tumorigen-
esis of mammary tumors35 and forestomach neoplasia.36

Independent from anti-initiator activity, CLA inhibits carcinogenesis postini-
tiation. The synthetic mixture of CLA isomers inhibits chemically induced skin
tumor promotion as well as mammary and colon tumorigenesis when added to
semisynthetic diet.34,35,37–39 Skin tumor yield (average number of tumors per
mouse) after 16 weeks of promotion with phorbol ester was inhibited by approx-
imately 45% in CLA-fed mice.32 When mice were fed semipurified diets con-
taining various levels of synthetically prepared CLA (5% corn oil plus 0, 0.5, 1,
or 1.5% CLA) after initiation and for the duration of promotion with the phorbol
ester, 12-O-tetradecanolyphorbol-13-acetate for 35 weeks, skin tumor yield was
also inhibited 30% in mice fed 1.5% CLA as compared with mice fed no CLA.37

Although in chemically induced rat mammary carcinogenesis the stages of

TABLE 24.1
Anticarcinogenic Properties of CLA In Vivo

Tissue Physiological Function Ref.

Mammary

 

↓ chemically induced carcinogenesis in rats 35, 39, 58

 

↓ chemically induced carcinogenesis in rats by c9t11-CLA or 
synthetic CLA

34, 59

 

↓ chemically induced carcinogenesis in rats regardless of level of 
fat or esterification of CLA in triglyceride or free fatty acid

40, 41

 

↓ growth of transplantable cancer tumor cells in nude mice 42, 43

 

↔ growth of transplanted cancer tumor cell in mice 47
Prostate

 

↓ growth of transplantable cancer tumor cells in nude mice 44

 

↔ growth of transplanted cancer tumor cell 46
Skin

 

↓ stages of chemically induced tumorigenesis in mice 32, 37
Colon

 

↓ chemically induced carcinogenesis in rats 38, 57, 87

 

↔ carcinogenesis in Min mice and rats 2, 48
Forestomach

 

↓ chemically induced forestomach 36

Note:

 

↓, decreases; 

 

↑, increases; 

 

↔, no effect.



506 Nutrition and Cancer Prevention

initiation and promotion are not readily separable, CLA inhibited carcinogenesis
when fed before or after carcinogen treatment.40,41 Consistent with in vitro studies,
the inhibitory effect of CLA on mammary carcinogenesis is independent of type
or level of fat in the diet and occurs in a dose-dependent manner.35,40

A great deal of evidence demonstrates that dietary CLA inhibits the initiation
and promotion stages of carcinogenesis, but the role of CLA in the progression
stage is not well understood. The growth of mammary42,43 and prostate44 cancer
cell lines after transplantation into nude mice was significantly reduced if animals
were fed a diet with CLA. The inhibition of chemically induced mammary
carcinogenesis occurred whether CLA was fed as a free fatty acid or triglyceride,41

and 9,11-CLA and 10,12-CLA isomers appear to be equally active.45 In addition,
the CLA-responsive chemically induced mammary carcinogenesis model35 is a
model for human cancer ductal carcinomas in situ. This tumorigenesis model is
consistent with the possibility that CLA reduces metastasis resulting from breast
cancer. It is important to investigate how CLA modulates malignant tumor for-
mation and metastasis because the growth of secondary tumors is the major cause
of morbidity and mortality in patients with cancer. Although there is no study
reporting that CLA enhances tumorigenesis, CLA was unable to alter the growth
of transplanted prostate46 and breast47 cancer cells in some studies and did not
reduce tumorigenesis in an intestinal model of colon carcinogenesis using the
Apc Min mouse model.48 In contrast to the effect of CLA on carcinogenesis, the
n-6 and n-3 fatty acids have differential effects (from no effects to potent enhanc-
ing or inhibitory effects) depending on the tumor model and tissue studies.15,49

Thus, CLA’s inhibition of multiple models of carcinogenesis appears to be unique.

24.3 INHIBITORY MECHANISMS OF CLA ON THE 
STAGES OF CARCINOGENESIS

24.3.1 INITIATION

Early studies focused on initiation stages of anticarcinogenic effects of CLA. As
an anti-initiator, CLA may modulate events such as free radical-induced oxida-
tion, carcinogen metabolism, and/or carcinogen-DNA adduct formation in some
tumor models.50 CLA increases the activity of antioxidant-enzymes (superoxide
dismutase, catalase, and glutathione peroxidase) in human breast cancer cells
(MCF-7) and colon cancer cells (SW480), suggesting that CLA may shift the
pro-oxidant/antioxidant balance.22,27 It has been postulated that, due to the con-
jugated structure of CLA, there is more efficient trapping of electrons in its double
bonds than in methylene-interrupted double bonds, and that antioxidant enzymes
are induced as an adaptation of oxidant exposure.50

Isomers and metabolites of CLA are readily incorporated into phospholipid
and neutral lipid fractions of numerous tissues.35,36,40,51,52 When radiolabeled trac-
ers were used to study the kinetics of 14C-CLA uptake into keratinocytes or
hepatoma cells, 14C-CLA was incorporated to the same extent and at a similar
rate as 14C-linoleate, and the levels of incorporation of 14C-CLA and 14C-linoleate
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into epidermal phospholipids and neutral lipid fractions were similar.53 As the
CLA content in the diet increased over a range of 0.5 to 2%, there was a
progressive increase in the CLA content of rat mammary and peritoneal fat pads,
liver, and plasma, and in the level of CLA metabolites represented by 18:3 and
20:3, and a decrease in the linoleic acid metabolites, in particular arachidonic
acid.34 However, another study of rats fed a diet containing CLA-rich butter (and
linoleate) showed that CLA preferentially accumulated in neutral lipids (~79%)
with less incorporation into phosphatidylcholine (~10%), the major phospholipids
of lever cells, while linoleate preferentially accumulated in phosphatidylcholine
(~50%), with less in neutral lipids (~17%).54 This led to the conclusion that CLA
may attenuate lipid peroxidation in neutral lipid-rich tissues by interfering with
the formation of linoleic acid-derived arachidonic acid, a fatty acid that is most
susceptible to lipid oxidation and formation of malondialdehyde. The ability of
CLA to decrease malondialdehyde formation in skeletal muscle and liver
microsomes was recently shown to be a reflection of its ability to decrease levels
of polyenoic fatty acid such as arachidonic acid.55 In addition, adding 1% CLA
to the diet of female rats exposed to dimethylbenz[a]anthracene results in lower
levels of mammary tissue malondialdehyde (an end product of lipid peroxidation),
but fails to change the levels of 8-hydroxydeoxyguanosine (a marker of oxida-
tively damaged DNA),18 Although CLA does not appear to act directly as an
antioxidant, it is not known if a decrease in lipid peroxidation contributes to the
cancer-protective effect of CLA seen in the mammary gland.55 The data suggest
that CLA may have some antioxidant function in vivo in suppressing lipid per-
oxidation, but its anticarcinogenic activity cannot be accounted for by protecting
the target cell DNA against oxidative damage.40 To further weaken the hypothesis
that CLA exerts anticancer effects as a result of lipid peroxidation, dietary CLA
does not increase lipid peroxidation in mice with transplanted metastatic murine
mammary tumors.48 These studies dealing with oxidation have not identified any
oxidation products of CLA. While no definitive conclusions can be made, it is
unlikely that CLA-inducing lipid peroxidation is the sole mechanism of
action.19,21,44

24.3.2 PROMOTION

On the promotion stage, recent studies of the anticarcinogenic mechanisms of
CLA have focused particularly in the mammary and skin carcinogenesis models.41

This stage of carcinogenesis represents a premalignant state in which tumors arise
from cells that have increased cell proliferation, reduced programmed cell death
(or apoptosis), and/or dysregulated differentiation. In cultured cells, CLA reduced
proliferation of mammary tumor cells in vitro25,56 and in vivo.57 Rats initiated
with methylnitrosourea and then fed a diet with CLA (1%) exhibited reduced
proliferation of terminal end bud and lobuloalveolar bud structures of mammary
epithelium.58 The terminal end bud is the site of tumor formation for both rat and
human breast cancer and CLA inhibits proliferation by a reduction in density of
the terminal end bud.58 Ip and colleagues59 demonstrated that CLA- or
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c9,t11-CLA-rich butter fat reduces the incorporation of bromodeoxyuridine and
the expression of cyclins A and D.59 Because these two cyclins regulate the
conversion of the G1→S phase of the cell cycle,59,60 CLA reduces cell proliferation
in terminal end bud structures by regulating the cell cycle in the rat mammary
epithelium59 and in the SGC-7901 cell, with reduced expressions of cyclin A, B,
and D and enhanced expressions of cyclin-dependent kinase inhibitors and p21.61

Furthermore, mammary adenocarcinomas induced by PhlP contained signifi-
cantly fewer proliferating cell nuclear antigen-positive cells in rats fed dietary
CLA (0.1 g/100 g).62 Both studies showed that CLA moderately increased levels
of p16 and p27 proteins.59,62 In MCF-7 breast cancer cells, CLA also inhibited
cell proliferation and enhanced the accumulation of p53 and pRb, although
t10,c12-CLA isomer was more effective than c9,t11-CLA.63 These studies suggest
that CLA modulates molecular signaling events and blocks DNA synthesis that
affects the cell cycle, ultimately regulating cell proliferation.

However, there was no relationship between dietary CLA and markers of cell
proliferation of other models. CLA had no effect on phorbol ester-induced hyper-
plasia, ornithine decarboxylase activity, or c-myc mRNA expression in the mouse
epidermis,64 but increased cell proliferation in diethylnitrosamine-induced focal
lesions in rat livers.15 These data demonstrate that the ability of CLA to reduce
cell proliferation may be tissue-specific and/or tumor-model-specific.

In contrast to proliferation, CLA induced apoptosis in numerous tissues
including mammary,60 liver,15 colon,65 and adipose66 tissues, and in cultured mam-
mary epithelial cells,67 human breast,68 SGC-7901,69,70 and HT-2971 tumor cells.
Although most studies used a mixture of isomers, a 50:50 mixture of c9,t11-CLA
and t10,c12-CLA was more effective than individual isomers at inducing apop-
tosis in breast cancer cell lines.68 In mammary tissue initiated with methylni-
trosourea, CLA (64 μM) or c9,t11-CLA (128 μM) induced apoptosis of cells in
the terminal end bud and premalignant lesions.60 In these studies, CLA induction
of apoptosis was associated with a reduction of Bcl-2. The Bcl-2 gene family is
a signaling protein and has differential effects on apoptosis; for example, Bcl-2
and Bcl-xL suppress apoptosis, whereas others, such as Bax and Bak, promote
apoptosis. Because CLA reduces Bcl-2 and moderately induces Bax, it appears
that CLA elevates apoptosis primarily by reducing the suppressor of apoptosis,
Bcl-2. In 1,2-dimenthylhydrazine-treated colon mucosa, CLA decreases the inci-
dence of colon cancer by decreasing cellular proliferation and inducing apoptosis
of the colonic mucosa by decreased prostaglandin E2 (PGE2) levels and increased
Bax/Bcl-2 ratios.72

CLA has been shown to modulate the protein kinase C (PKC) abun-
dance/activity in membranes from prostate cancer cells (LNCaP) to produce an
apoptotic profile with increased PKC-δ, -α, and -ζ and a decreased PKC-ι,73 but
Ip and colleagues60 did not observe any changes in the isoforms in mammary
tissue for rats in the study. On the other hand, CLA downregulated ErbB3
signaling, the phosphoinositide 3-kinase, and the Akt pathway in human colon
cell line,71 and inhibited the expression of extracellular-mitogen-activated protein
kinase phosphatase-1 protein in a rodent model of forestomach neoplasia.74 These
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data suggest that CLA inhibits tumor promotion by inducing signaling events
leading to enhanced apoptosis.

CLA induces markers of differentiation in the noncancer model adipose
tissue;75,76 it is possible that CLA inhibits carcinogenesis by induction of differ-
entiation. CLA fed during the time of mammary gland development and matu-
ration has long-lasting protective effects on mammary carcinogenesis,41,58 likely
by this very means.

24.3.3 PROGRESSION

Cell adhesion molecules are important ingredients in maintaining cell–cell adhe-
sion and cell–matrix interactions. The abnormality of cell adhesion molecules
closely correlates with neoplastic transformation and metastasis.77 Recent study
has shown that c9,t11-CLA increased the level of expression of E-cadherin and
alpha-catenin, while decreasing the level of intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 in human gastric carcinoma cell
line SGC-7901.78 The levels of the adhesion molecules ICAM-1 and E-selection
also were reduced by 50% in human umbilical vein endothelial cells when
incubated with 10 mM CLA.79 These studies suggest that CLA is involved in
metastatic processes and the invasion of tumor cells.

24.4 CLA MODULATION OF LIPID METABOLISM 
AND GENE EXPRESSION

As previously discussed, diets with CLA result in an accumulation of CLA,
especially the 9,11-CLA isomer in phospholipids of tissues, and modify subse-
quent eicosanoid production (Figure 24.2).1 The role of CLA in reducing cycloox-
ygenase products (e.g., PGE2, PGF2α) has been shown in bone and macro-
phages,80,81 the epidermis of mice,64 rat colons,65 and keratinocytes,82 but not small
intestine tissue of Min mice,48 spleen of rats,81 and MCF-7 cells.26 CLA also
reduced accumulation of the lipoxygenase products leukotriene-B4 and -C4 in
spleen and lung81 but not 14C-hydroxyeicosatetraenoic acid (14C-12-HETE) in
cultured human platelets.83 It suggests that CLA modulation of eicosanoid pro-
duction may be tissue specific, and its inhibition of carcinogenesis in some tissues
may involve the reduction of arachidonate-derived eicosanoids by one of three
mechanisms.

First, CLA may displace arachidonate incorporation into phospholipids as
shown in cultured keratocytes82 and colonic mucosa of rats.65 Dietary CLA dis-
places the arachidonate precursor, linoleate, in a dose-responsive manner in livers
of mice fed various doses of CLA (0.5 to 1.5 g/100 g) in one study51 but not
others.52,82

A second explanation for the reduction of arachidonate-derived eicosanoids
by CLA may be through inhibition of the constitutive enzymes, cyclooxygenases
(COX)-1, and/or the inducible form, COX-2, at the level of mRNA, protein, or
activity.84,85 CLA or elongated and desaturated products from CLA (e.g., conjugates
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of either arachidonate or eicosatetraenoate) may act as antagonists for COX
thereby reducing available enzymes (at the level of expression or activity) for
arachidonate. Using an in vitro activity assay, CLA or individual isomers inhibited
the rate of oxygenation of arachidonate in the presence of COX-184 and COX-2
at the levels of mRNA and protein in a cultured macrophage cell line.85

CLA may modulate lipid metabolism in part by a third mechanism dependent
on the activation of the nuclear hormone receptors, peroxisome proliferator-
activated receptors (PPARs).1 It has been shown that CLA moderates affinity for
binding to and activating PPARγ,86,87 and modulates transcription of genes respon-
sive to PPARγ in adipose tissue in vivo15 and in vitro.85 PPARγ is found in
extrahepatic tissues such as adipose, prostate, colon, and mammary gland, and
is a required factor in adipose tissue differentiation.88 In addition to evidence
showing that CLA may induce PPARγ-responsive genes in vivo, CLA may
increase the level of PPARγ itself.89 Because activators of PPARγ are protective
against cancers arising in the mammary gland, colon, and prostate,18,90 it is
possible that some of the molecular mechanisms of action of CLA on carcino-
genesis are mediated by PPARγ. The ability of PPARγ to mediate effects of CLA
is through increased levels of PPARγ protein89 or through activation of PPARγ
by downstream metabolites of CLA, such as desaturase and elongase products.86

By blocking Δ6 desaturase using synthetic inhibitor SC-26196,91 the ability of
CLA isomers to activate PPARγ was significantly reduced.1 These data suggest
that activation of PPARγ by CLA is increased by the formation of the Δ6 desat-
urated products from CLA, c6,c9,t11-CLA, or c6,t10,c12-CLA, but the activation
of PPARγ by these products is yet to be determined.

FIGURE 24.2 General schematic pathway for eicosanoid synthesis from arachidonic acid.
(From Belury MA. Annu Rev Nutr 2002; 22:505–531. With permission.)
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24.5 CLA INTAKE AND CANCER IN HUMANS

There is limited evidence for a direct association between CLA intake and cancer
in humans. An inverse relationship has been found between milk consumption
and breast cancer risk in women, suggesting that some of this protective effect
may be due to CLA in milk.92 Typical CLA intake has been estimated to be 52
mg/day among young men,93 137 mg/day among women,94 and 227 mg/day
among lactating women14 in the U.S., and 430 and 350 mg/day for German men
and women.95 It has been shown that CLA level in breast adipose tissue was
lower in patients who had localized breast cancer (n = 261, cases) than in those
treated for a benign breast tumor (n = 99, controls; 96). The majority of CLA
was in sn-1 and sn-3 position within the triacylglycerol molecule in both the case
and control population, but the difference was greater in the control than in the
case.96 Because the isomers of CLA in breast adipose tissue were similar to those
found in many food items, differences in the dietary intake of CLA at least
partially explain the differences in breast adipose tissue CLA content between
the cases and controls.96 However, in the Netherlands Cohort Study, estimated
CLA intake was reported to demonstrate a positive (albeit weak) relation with
breast cancer incidence in postmenopausal women.97 Thus, there is insufficient
evidence from epidemiologic studies in humans; future studies are warranted on
the relationship between blood levels of CLA isomers and their metabolites and
breast cancer risk.

24.6 CONCLUSION

CLA inhibits carcinogenesis in numerous animal models and cell cultures at
multiple stages, offering the possibility that several types of cancer in humans
may be prevented with a diet rich in CLA. Extrapolation of dietary CLA con-
centrations that are effective in animal models indicates that equivalent CLA
concentrations in a 70-kg human would be on the order of 3.5 g/day, which is
significantly higher than the estimated consumption in the U.S.

Before any dietary recommendation can be made, limitations of the available
evidence must be recognized. First, there is insufficient evidence based on human
epidemiological data and it is difficult to evaluate from such data the impact of
CLA alone because of its high correlation with fat intake. While case-control
studies implicate a high-fat diet as a risk factor for breast cancer, cohort studies
often show a negative association. Second, although c9,t11-isomer is postulated
as the most biological form of CLA, it is difficult to predict which isomer of
CLA is the putative candidate. Third, the kinetics of CLA incorporation in the
phospholipids and the mechanisms whereby CLA exerts its effects are not well
understood. These three limitations warrant further work to understand the impli-
cations of dietary CLA and the possibility of lowering the risk from human cancer
development.
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25.1 INTRODUCTION

In the past decades, tremendous efforts have been devoted to the development of
cancer treatment strategies. Although some approaches were successful in treating
some types of cancers, the incidence and mortality of other cancers have not
changed accordingly. Therefore, many researchers have focused on strategies to
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prevent cancer. The ideal chemopreventive agent would target tumor cells spe-
cifically, eliciting a different response from transformed than from normal cells.
However, many agents are also highly cytotoxic to nontransformed cells, and
cause severe side effects that limit their application. Because chemopreventive
compounds may have to be administered over long periods of time to high-risk
groups, the administration also needs to be effective, easy, and cost-efficient.
Unlimited cancer cell growth is a result of unlimited proliferation, a reduction of
apoptosis or a combination of both, and reduced differentiation. Sphingolipids
are prominent candidates that warrant investigation as chemopreventive agents
because as lipid second messengers, they regulate processes that are deregulated
in cancer: cell growth, differentiation, and death. Sphingolipids are often growth
inhibitory, cytotoxic to most cancer cell lines, and can induce apoptosis or dif-
ferentiation. Furthermore, they have been shown to inhibit or circumvent multi-
drug resistance, inhibit cell motility, and inhibit angiogenesis. This has been
documented in numerous in vitro studies (reviewed in References 1 to 4). Here,
we summarize reports that identify sphingolipids as potential chemopreventive
agents in vivo and explore the mechanisms of this prevention and possible dif-
ferences between prevention and treatment strategies with sphingolipids.

25.2 SPHINGOLIPID BIOCHEMISTRY

25.2.1 SPHINGOLIPID METABOLISM

Sphingolipids are ubiquitous components of all eukaryotic cells. They are com-
posed of a sphingoid base, which is mostly sphingosine in mammalian cells but
sphingoid bases without double bonds, or double bonds in other positions, or
hydroxylation are often found in sphingolipids of plant or yeast origin. Ceramide
is generated by acylation of the sphingoid base with long-chain fatty acids that
are mostly saturated. A headgroup on position 1 forms more complex sphingolip-
ids (Figure 25.1). Variations in these components make sphingolipids the struc-
turally most diverse class of membrane lipids. Sphingolipids were first described
more than 100 years ago by the physician Thudicum, and for the longest time it
was believed that sphingolipids are only structural components because of their
localization in cell membranes. In 1989, a new concept of sphingolipid metabo-
lites as lipid second messengers mediating the response of cells to exogenous
compounds and events was introduced with the description of the sphingomyelin
cycle.5,6 Today, the generation of ceramide has been demonstrated in many other
cell lines in response to growth factors, cytokines, and stresses such as ultraviolet
(UV) light, 

 

γ-irradiation, serum deprivation, hypoxia, and heat (see recent
reviews7–9). The generation of sphingolipid metabolites is also a common event
after treatment of cancer cells with anticancer drugs such as vincristine, dauno-
rubicin, taxol, doxorubicin, and cisplatin to induce apoptosis in cancer cells. Some
agents generate ceramide by activating the de novo sphingolipid biosynthesis, or
both pathways. Ceramides generated via these two distinctly different pathways
accumulate in the cells and trigger the cellular response that includes growth
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inhibition, induction of senescence, cell death via apoptosis and necrosis, inhi-
bition of migration and induction of differentiation. However, multiple other
enzymes of the sphingolipid metabolism now have been identified as targets and,
accordingly, other sphingolipids and sphingolipid metabolites have been impli-
cated in the regulation of cell behavior. These include sphingosine, several gan-
gliosides, glucosylceramide, lactosylceramide, ceramide-1-phosphate, and sphin-
gosine-1-phosphate. The different metabolites may have opposing effects, such
as sphingosine-1-phosphate, which in contrast to ceramides and sphingoid bases
stimulates cell growth, increases the survival of cells, suppresses apoptosis, affects
cell differentiation, and modulates cytoskeleton organization, adhesion, and cell
motility.10–15 The effects of metabolites such as octadecane-1,2-diol are also
discussed.16 The differential activation of enzymes of sphingolipid metabolism,
and the amount and species of bioactive sphingolipid metabolites — and their
intracellular localization — are therefore crucial determinants of the cellular
response and, thus, may be targets for regulation.

25.2.2 SPHINGOLIPID METABOLISM IN CANCER CELLS

Changes in the sphingolipid metabolism in cancer cells may generate “wrong”
metabolites or cause the depletion of appropriate metabolites, and thereby create
conditions that support unlimited cell growth and that prevent regulation by
exogenous agents. Aberrant enzyme activity or expression that affects sphin-
golipid metabolism has been reported in several cancer systems. A reduced
activity and expression of sphingomyelinases in colonocytes of carcinogen-
treated rats17,18 and in human tumors,19 may result in the failure to generate
ceramide in response to extracellular stimuli, and protect cells from undergoing
apoptosis. This is also the underlying mechanism of the resistance of some tumor
cells to 

 

γ-irradiation20,21 and chemotherapeutic agents.22,23 An overexpression of

FIGURE 25.1 Structure of sphingolipids.
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acid ceramidase in tumor cells has been shown to protect against TNF-

 

α-induced
apoptosis,24 removing cytotoxic ceramide and releasing sphingosine as substrate
for sphingosine kinase. An increase in sphingosine kinase activity with the sub-
sequent accumulation of sphingosine-1-phosphate has been correlated with hyper-
proliferation, transformation, and development of a malignant tumor phenotype.25

Ovarian tumors not only show a significant elevation of sphingosine-1-phosphate
in tumor tissue itself,26 but also secrete sphingosine-1-phosphate into ascites fluid,
affecting cell dissemination and attachment on distal sites.27 Thus, the inhibition
of sphingosine kinase and suppression of the generation of mitotic metabolites
may be effective in these tumor types, and clinical trials testing this hypothesis
are already ongoing.

Another pathway in cancer cells to reduce ceramide accumulation is to
upregulate synthesis of complex sphingolipids, glucosylceramide, and, to a lesser
extent, sphingomyelin. This has been shown to be a critical event in some mul-
tidrug-resistant cells,28 and inhibition of glucosylceramide synthase activity, the
enzyme responsible for the transfer of glucose to the ceramide moiety, has been
the subject of extended investigations; drugs inhibiting this enzyme are being
tested in patients. However, more recent reports demonstrated that transfection
of melanoma cells with a functioning glucosylceramide synthase did not reverse
the multidrug-resistant phenotype.29 Furthermore, the use of more selective glu-
cosylceramide synthase inhibitors did not reverse multidrug resistance, and the
authors hypothesize that the previously used inhibitor PDMP may have effects
in addition to inhibition of glucosylceramide synthase that affect multidrug resis-
tance.30 Given the importance of targeting specific enzymes in cancer cells to
avoid side effects, the role of glucosylceramide synthase in the chemoresistance
of cancer cells clearly needs to be clarified.

The changes in the activity of enzymes in sphingolipid metabolism can
modify the intracellular composition of bioactive sphingolipids. The levels of
ceramide are reportedly reduced in head and neck squamous cell carcinomas,
(specifically C18-ceramide31), colon cancer,32 larynx carcinoma,33 and astrocyto-
mas.34 These low levels were associated with unlimited proliferation, resistance
to apoptosis, and a poor outcome for the patients. A low ceramide content was
also associated with chemoresistance of leukemia cells in vitro and in vivo.35 A
decrease in lactosylceramide, but elevation of glucosylceramide, galactosylcera-
mide, and gangliosides were observed in tumor cells.29,34,36,37 Reversal of these
changes lowered the resistance of cells to treatment38,39 and enhanced vincristine,
doxorubicin, and taxol toxicity35,40–42 and the efficiency of radiation treatment.43

Decreased ganglioside levels suppressed tumor formation and metastasis in a
syngeneic melanoma model.44 In contrast, other laboratories found increases in
the ceramide and dihydroceramide (which lacks the 4,5-trans double bond
required for its biological activity) content in sarcomas, melanomas, and Lewis
lung carcinomas45 and transformed fibroblasts,46 possibly a requisite for the sur-
vival of these tumors.

The changes in the sphingolipid composition in cancer cells may be used for
diagnosis purposes and for treatment decisions and prediction of drug efficacy.
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For example, human glioma cell lines (LN18, LN229, LN319, and T98G) were
analyzed for their sphingolipid composition using a combination of liquid chro-
matography and tandem mass spectrometry. Several cell lines contained elevated
sphingosine-1-phosphate levels47 and may therefore be candidates for treatment
with sphingosine kinase inhibitors.

25.3 ROUTES OF ADMINISTRATION OF 
EXOGENOUS SPHINGOLIPIDS TO PREVENT 
CANCER IN VIVO

The amphiphilic nature of sphingolipid metabolites and their inherent toxicity
makes their site-directed administration in vivo a challenge. However, topical,
intraperitoneal, and intravenous injections and oral administration of complex
sphingolipids and sphingolipid metabolites have been reported.

25.3.1 TOPICAL ADMINISTRATION

Sencar mice were treated with dimethylbenz-[a]-anthracene to induce skin cancer.
Topical application of sphingosine, methylsphingosine, and N-acetylsphingosine
did not inhibit the development of papillomas, and at high doses, the formation
of papillomas was even enhanced.48,49 This was also seen in a follow-up study
measuring the efficacy of sphingosine, N-methylsphingosine, and N-acetylsphin-
gosine; again, the sphingolipids did not change papilloma incidence,50 but both
N-methylsphingosine and N-acetylsphingosine increased cancer-free survival.
Furthermore, weekly application of sphingosine and N-acetylsphingosine for 10
weeks after treatment with phorbol esters suppressed tumor progression.50

Another sphingolipid derivative, safingol, the L-threo isomer of sphinganine,
a potent inhibitor of protein kinase C, was developed to treat dermatoses and
cancer. Topical application of safingol, however, caused liver damage that was
more pronounced in female than in male rats possibly due to insufficient clearance
of safingol by cytochrome P450 isozymes.51

Topical application of a 1% mixture of short-chain ceramides twice per day
to patients with cutaneous breast cancer resulted in a partial response in only 1
of 26 patients, which was found to be not promising enough to conduct further
studies using this approach.52

25.3.2 ADMINISTRATION OF SPHINGOLIPIDS VIA INJECTION

25.3.2.1 Intraperitoneal Injection

To the best of our knowledge, chemopreventive studies with sphingolipids admin-
istered via intraperitoneal (i.p.) injection have not been reported. Some chemo-
therapeutic studies used ceramide analogs that induced apoptosis in vitro also
induced apoptosis in vivo in human colon cancer xenografts, and significantly
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reduced their tumor size.53 However, this study did not mention the toxic side
effects of the successful dose.

25.3.2.2 Intravenous Injection

The systemic delivery of sphingolipids is hindered by their hydrophobicity, their
possible degradation by enzymes, and their toxicity. Single doses of safingol (L-
threo-sphinganine, see above) up to 5 mg/kg body weight did not cause adverse
effects in rats or dogs,54 but repeated injections increased its plasma concentration,
and caused hemolysis and marked renal and hepatoxicity at higher dosages.
Furthermore, safingol caused degeneration and necrosis of the intima of the venes
at the injection sites. In contrast, injection of sphingosine, dimethylsphingosine,
or trimethylsphingosine in mice that have been inoculated with MKN74 human
gastric cancer cells showed a pronounced and sustained inhibition of tumor
growth by the methylated sphingosine derivatives that did not cause side effects.55

The delivery of sphingolipids via liposomes has been shown to be very effective
in cell culture56 and was intended to protect ceramide from degradation or pre-
cipitation, and generate a maximum ceramide increase in cancer cells. Repeated
injections of ceramide-containing liposomes into mice carrying breast tumors
resulted in a significant decrease of tumor size without causing severe toxic side
effects.57 Ceramide liposomes also suppressed ovarian cancer cell dissemination.58

Ceramides dissolved in soybean oil reduced pulmonary metastases derived from
Meth A-T tumor cells.59 However, these are again chemotherapeutic approaches;
whether there are chemopreventive applications of these methods is not known.

25.3.3 ORAL ADMINISTRATION

Topical administration appears to be effective in inhibiting skin cancer progres-
sion, and either route of injection is not ideal for long-term cancer prevention
strategies and, thus, likely is more important in treatment strategies. In contrast,
oral administration is a convenient way to deliver sphingolipids and, therefore,
appears to be a more relevant route in the prevention of colon cancer and possibly
other sites.

25.3.3.1 Natural Sphingolipids

Sphingolipids are minor components of food, but milk and meat products, eggs,
and soybeans are rich in sphingolipids.60 In animal products, the major sphin-
golipid is sphingomyelin, containing a sphingosine backbone and amid-bound
fatty acids that are mostly saturated and contain 16, or 22 to 24 carbons. In plants,
the prominent sphingolipids are cerebrosides, containing a variety of different
sugar headgroups (glucose, galactose, mannose), sphingoid bases, and fatty acids
(see Figure 25.1). Intestinal cells are constantly exposed to bioactive sphingolipid
metabolites when dietary complex sphingolipids are hydrolyzed to ceramide and
sphingosine by intestinal enzymes. Ceramides and sphingoid bases are efficiently
absorbed by small intestinal cells,61 and it seems unlikely that orally administered
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sphingosine could reach the colon in appreciable amounts. However, about 10%
of complex sphingolipids reach the colon intact and can be hydrolyzed by the
colonic microflora to ceramides and sphingoid bases.61 Due to a limited digestion
of complex sphingolipids to ceramide and sphingoid bases,62 even high amounts
of sphingolipids (1% of the diet by weight or 50 to 100 times more than the
estimated average consumption) did not cause side effects in mature rats or their
offspring.63 This indicates that oral administration of complex sphingolipids is a
safe route of delivering bioactive molecules to colonic cells. To test if this is
sufficient to prevent colon tumor formation, complex sphingolipids isolated from
buttermilk (sphingomyelin, glucosylceramide, lactosylceramide, and ganglioside
GD3) were mixed into an essentially sphingolipid-free AIN 76A diet at 0.1% and
fed to carcinogen-treated CF1 mice (Figure 25.2A). The end point of these studies
was the appearance of early morphological changes in colon tumorigenesis, the
aberrant crypt foci (ACF), precursors of adenomas, and adenocarcinomas. All the
tested complex sphingolipids reduced ACF formation by 50 to 70%64–66 (Figure
25.3). This was not unexpected because the same metabolites are released in the
intestinal tract from these complex sphingolipids.66 By using the same study
design, ganglioside GM1 extracted from brain64 or glucosylceramide derived from
soy that contains a sphingoid base with an 8.9-trans double bond also prevented
ACF formation.67 These studies demonstrate that the beneficial effects of orally
administered natural sphingolipids are not specific for those containing certain
headgroups or sphingoid bases, and also not specific for the mouse model since
sphingolipids (sphingomyelin) also reduced chemically induced ACF in rats.68

To confirm that the suppression of early stages of colon cancer indeed trans-
lates into a suppression of colon tumors, CF1 mice were fed sphingomyelin for
52 weeks, beginning before tumor initiation. This reduced the tumor formation
by more than 70%69 (Figure 25.4A). However, administration of sphingolipids
only after tumor initiation, e.g., when the damage to the colonic cells already has
occurred, yielded in the same suppression of tumor formation, suggesting that
there is a “window of opportunity” for the prevention of colon cancer with orally
administered sphingolipids that includes predisposed and premalignant cells. How
long carcinogen-treated cells respond to these doses of sphingolipids, i.e., if this
effect is limited to pre-neoplastic cells (chemopreventive approach) or if the
regulation of already more progressed cells is also possible with these doses
(chemotherapeutic approach) remains to be determined.

Rodent models are available that closely resemble the human disease to assess
the efficacy of orally administered sphingolipids on human colon cancer.
C57/B6JMin/+ mice (multiple intestinal neoplasia, Min mice) carry mutations in
the APC (adenomatous polyposis coli) gene that is found in almost all patients
with familial adenomatous polyposis and 40 to 80% of sporadic colon cancer.70,71

Feeding Min mice with a mixture of complex sphingolipids (70% sphingomyelin,
5% lactosylceramide, 7.5% glucosylceramide, and 7.5% ganglioside GD3) at 0.1%
of the diet for 65 days reduced tumor formation throughout the intestinal tract
by 40%. Adding ceramide to this mixture but maintaining sphingolipids at 0.1%
of the diet increased tumor suppression to 50%.72 Similar results were observed
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after feeding glucosylceramide from soy.67 Because there were no mice that were
completely tumor free, it is possible that orally administered sphingolipids prevent
the tumor formation comparably to the chemically induced colon cancer model,
but were not effective or less effective against tumors that the Min mice already
had developed when they are 5 weeks old.

Although there is no constant elevation of bioactive sphingolipid metabolites
in whole blood after administration of complex sphingolipids over several
weeks,72 sphingolipid metabolites derived from orally administered complex sph-
ingolipids are absorbed into the intestinal cells and transported into the body. A
recent study demonstrated that sphingolipid supplements to the diet significantly
reduced number and size of diethylnitrosamine-induced enzyme-altered foci, pre-
neoplastic lesions in the liver in Sprague-Dawley rats,73 indicating that sufficient
amounts of sphingolipids are indeed reaching the liver to prevent early stages of
carcinogen-induced liver cancer. If this is also true for other sites is currently
unknown. It may depend on the structure of the sphingolipids, as not the uptake
of metabolites per se but their fate in the intestinal cells and, thus, the availability
for transport are altered by structural changes in the sphingoid base.74,75 The use
of synthetic or semisynthetic analogs may therefore be more successful in the
prevention of cancer at distant sites; however, studies to confirm this have yet to
be reported.

FIGURE 25.2 Initiation of colon tumors in CF1 mice. Mice are injected with dimethyl-
hydrazine (DMH) to induce colon tumors. (A) After 4 weeks of feeding the control diet
or sphingolipid supplements, the number of early stages in colon carcinogenesis, the ACF
are evaluated. (B) After 46 weeks, the effect of sphingomyelin or combinations with
calcium on tumor incidence is evaluated.
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25.3.3.2 Synthetic Sphingolipids

Changes in the sphingolipid structure can alter their physicochemical properties,
thereby the metabolism in the cells, and their release into the body. It also can
affect their signaling capacity. There are many reports on sphingolipid analogs,
tested mostly in cell culture. Because these are intended for treatment of cancer,
these reports are not included here.

The use of natural compounds gives rise to the risk that co-isolated contam-
inants alter the response to the treatment. However, synthetic sphingomyelin
administered in the same fashion as the natural compounds (Figure 25.2A) low-
ered the number of ACF to the same degree as sphingomyelin extracted from
buttermilk (Figure 25.3) demonstrating that the chemopreventive effect of the
natural preparation was indeed due to the sphingomyelin in the diet and not
altered by a co-purified contaminant.76 Synthetic sphingomyelin containing a
sphinganine rather than a sphingosine base (lacks the 4,5-trans double bond)
showed a comparable reduction. As ceramides that contain sphinganine (termed
dihydroceramides) are inactive in most biological systems,77 this study suggests
that the most important bioactive metabolites in ACF suppression may be the free

FIGURE 25.3 Reduction of chemically induced ACF in CF1 by orally administered
natural and synthetic sphingolipids.63–67
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sphingoid bases rather than ceramide because there is no difference in the bio-
logical activity of sphingosine and sphinganine. Still, because intracellular sph-
ingolipids are easily interconvertible, an introduction of the double bond after
the uptake of dihydroceramide by a desaturase and an effect of the intracellularly
generated ceramide cannot be ruled out.

Alterations of the sphingolipid components were chosen to design a com-
pound that can specifically target colon cancer. Introduction of a β-glucuronic
acid as headgroup on position 1 of the ceramide moiety was intended to eliminate
hydrolysis and uptake in the small intestine, thereby increasing the amount of
lipids entering the colon and increasing the amount of released bioactive metab-
olites and their beneficial effects. This compound also reduced ACF in carcinogen-
treated CF1 mice (Figure 25.3);78 however, the comparable fast passage through
the mouse colon may have been a limiting factor, and the requirement for hydrol-
ysis should be addressed for the use of “designer sphingolipids” in rodent models.

25.4 COMBINATORIAL TREATMENT

Combinatorial treatment has often shown a higher efficacy against tumor devel-
opment than using a single agent or a single treatment regimen, and is often used
in the treatment of patients. Although some the following studies cannot be

FIGURE 25.4 Suppression of carcinogen-induced colon tumors by (A) sphingomyelin
administered orally either before (SM-E) or after (SM-L) tumor initiation or (B) in
combination with calcium also administered before (B-E) or after (B-L) tumor initiation.
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categorized as chemopreventive studies, they nonetheless can inspire and direct
further research.

25.4.1 COMBINATORIAL TREATMENT — ORAL ADMINISTRATION

The consumption of milk and milk products has been associated with a decreased
risk in colon cancer in some human studies,79 while other studies found no
association.80,81 It is not entirely clear if the protective effects of foods such as
milk and milk products result from the activity of one compound, or are due to
the combination of bioactive compounds in the same food. Milk and milk products
are rich in complex sphingolipids,82 but another major compound in milk, calcium,
has often been implied as effective ingredient in milk to prevent colon cancer.
Therefore, calcium supplements were tested to determine if they enhance the
preventive effect of sphingomyelin supplements on chemically induced colon
cancer in CF1 mice using the same tumor initiation and feeding protocol as shown
in Figure 25.2B. Calcium alone (70 µmol/g diet representing 50% above the
recommended daily allowance, the amount shown to have a protective effect
against colon cancer in humans83) administered orally either before or after tumor
initiation did not significantly reduce ACF formation (Figure 25.4B). The com-
bination of both sphingomyelin at 0.05% and calcium did not enhance the effects
of sphingomyelin alone (Figure 25.4B). A combination of sphingomyelin with
either conjugated linoleic acid or butyrate (also anticancer compounds found in
milk) did not increase the suppression of ACF by sphingomyelin alone.84 It is
not known if this is due to this model and that combinations in other rodent
models may be effective; however, the sphingolipid content in foods needs to be
taken into account for the evaluation of the association of diet and cancer inci-
dence.

25.4.2 SPHINGOLIPIDS IN COMBINATION WITH CHEMOTHERAPY

Immunodeficient nude mice are a widely used model to study the effect of drugs
and treatment regimens on human cancer cells. Xenografts of prostate cancer
cells were grown in nude mice to a volume of 500 mm2. Then, the mice were
injected subcutaneously every 3 days for 28 days with a ceramide analog that
induced apoptosis in vitro. This reduced the growth of the tumors when compared
to untreated controls, but the combination with γ-irradiation completely blocked
tumor growth but did not induce tumor shrinkage.85 In another study, injection
of sphingomyelin (i.v.) alone did not affect the growth of human colon cancer
xenografts; however, in combination with 5FU, a drug often used to treat colon
cancer, there was a significant reduction of tumor size, which may be associated
with the increase of apoptosis in the xenografts.86

Interestingly, a combination of short-chain sphingomyelin in nontoxic doses
with doxorubicin enhanced the uptake of the drug and its toxicity in cancer cells,
but less in primary endothelial cells.87 Although it is not known if this is possible
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in vivo, it is a potential important concept for cancer therapy that needs to be
explored further.

25.5 MECHANISMS OF CANCER PREVENTION BY 
EXOGENOUS SPHINGOLIPIDS

The effects of exogenous sphingolipids have been well documented in many in
vitro studies, but the mechanisms of how sphingolipid metabolites suppress tumor
formation in vivo are less defined. A somewhat simplified concept of chemopre-
vention with sphingolipids is the hypothesis that exogenous sphingolipids can
provide the bioactive sphingolipid metabolites lacking in cancer cells that have
a defect in the generation of bioactive metabolites due to reduced sphingomyeli-
nase activity or enhanced removal of bioactive metabolites. This is based on many
in vitro observations demonstrating that cell-permeable sphingolipid metabolites
mimic the effect of endogenously generated metabolites and therefore could
reverse the unlimited growth capacity of cancer cells. However, the molecular
diversity of tumor cells even in the same patient and the number of already
identified intracellular targets of sphingolipids that are involved in some aspects
of carcinogenesis suggest that there are likely more pathways of how exogenous
sphingolipids prevent tumor formation.

In our studies using orally administered sphingolipids to prevent chemically
induced colon cancer in CF1 mice, we found that a reversal of carcinogen-induced
increase of proliferation and reduced rate of apoptosis rather than the induction
of apoptosis per se may be the important event.66,67,72 This reversal was not limited
to a specific structure of sphingolipids but was seen after administration of all
complex sphingolipids from milk and soy. To determine how sphingolipids cause
this “growth normalization,” we evaluated the effect of sphingolipids on one of
the earliest events in colon carcinogenesis, the dysregulation of β-catenin. β-
Catenin is a cell adhesion protein that connects E-cadherin or other membrane
proteins to the actin cytoskeleton via α-catenin.88 β-Catenin also functions as a
signaling molecule in developmental systems,89 and in the cellular response to
growth stimulation through the Wnt pathway or activated growth factor recep-
tors.88,90 Stabilized β-catenin accumulates in the cytosol, translocates to the
nucleus, and activates transcription of genes that are involved in proliferation,
adhesion, and migration such as cyclin D1, c-myc, and E-cadherin (see www.stan-
ford.edu/~rnusse/wntwindow.html for an updated list of targets). β-Catenin
metabolism is regulated by the adenomatous polyposis coli (APC) gene product
that is mutated in 40 to 80% of sporadic colon cancer.70,71 APC mutations seem
to be crucial for the development of dysplastic ACF that will progress toward
adenoma and adenocarcinoma both in humans and in chemically induced colon
cancer in rodents,91 rather than regress as most of the hyperplastic ACF. All cells
in Min mice are heterozygous for APC and tumor formation is preceded by the
loss of the APC wild-type allele, and the deregulation of β-catenin. The dysreg-
ulation of β-catenin is therefore a critical early event, common in all our rodent
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models, and also important in human colon cancer, identifying β-catenin as target
for chemopreventive drugs. However, β-catenin may not necessarily be critical
in later stages after the addition of further mutations render β-catenin superfluous.

In Min mice that were fed the control AIN 76A diet alone and developed a
large number of intestinal tumors, we found a high expression of cytosolic β-
catenin in intestinal sections as determined by fluorescence immunohisto-
chemistry. Min mice that were fed sphingolipid supplements and that had devel-
oped only a small number of tumors displayed mostly membrane-associated β-
catenin. This is the localization found in the genetic background mice, suggesting
a reversal of aberrant β-catenin expression by sphingolipids.72 The same effect
of exogenous sphingolipids could be seen in vitro in human colon cancer cell
lines that also carry an APC mutation, and stably overexpress cytosolic β-catenin.
Both sphingosine and ceramides in nontoxic concentrations reduced cytosolic
and nuclear β-catenin.72 This is a critical step in cancer prevention because
removal of cytosolic and nuclear β-catenin has been shown to reverse the trans-
formed properties of cells92 and suggests that the reversal of critical early changes
in colon carcinogenesis may be the key event in cancer prevention. In Figure
25.5, the central role for β-catenin and its regulation are depicted. Interestingly,
key proteins that regulate β-catenin metabolism such as Akt, GSK-3β, EGFR,
and PKC isozymes are directly or indirectly regulated by sphingolipid metabo-
lites. Although it is possible, even likely, that this is not the only mechanism by
which sphingolipids prevent cancer, given the importance of increased cytosolic
β-catenin not only in the etiology of colon cancer but also in breast, skin, prostate,
and kidney cancer, the determination of the mechanisms how sphingolipids reg-
ulate β-catenin and its role in cancer prevention and possible use as a marker for
sphingolipid efficacy both in vitro and in vivo is warranted.

25.6 FUTURE DIRECTIONS OF SPHINGOLIPIDS IN 
CANCER PREVENTION AND TREATMENT

The efficacy of sphingolipids in cancer treatment is evaluated by their capacity
to induce apoptosis in cancer cells. Because nontransformed cells also undergo
apoptosis after treatment with sphingolipids, this seems not to be the mechanism
of choice for prevention strategies. The serious side effects not only will limit
the beneficial effects, but also reduce the compliance with the treatment, and the
quality of life for the patients. The regulation of aberrant signaling pathways to
remove growth advantages and inhibit progression of cancer cells rather than to
directly induce apoptosis is a challenging concept of prevention that may require
different concentrations of bioactive metabolites and exposure times than treat-
ment of cancer. The targets of nontoxic doses of sphingolipids in the prevention
of cancer in addition to β-catenin — such as cell cycle regulators, adhesion
molecules, growth factor receptors, etc. — in colon cancer have to be identified
and evaluated as marker for sphingolipid efficacy and for their impact on the
outcome of the prevention regimen. Nonetheless, the in vivo studies conducted
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in our laboratories and others show clearly a beneficial effect of orally adminis-
tered sphingolipids in the prevention of colon cancer without toxic side effects.
However, more research is necessary to determine the effective in vivo doses,
delivery methods to distant sites, limitations of usefulness, and possible interac-
tions with other drugs to design a safe and effective prevention strategy with
sphingolipids.
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FIGURE 25.5 Regulation of β-catenin by exogenous sphingolipids. All targets that can
be regulated by sphingolipids are in gray.
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26.1 INTRODUCTION

Obesity results from a chronic excess of energy intake over energy expenditure.1

Several measurements are used to define obesity: body mass index (BMI) (weight
in kilograms divided by height in meters squared), waist circumference (measured
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in centimeters at the midpoint between the lower border of the ribs and the upper
border of the pelvis), skinfold thickness (measured in centimeters with callipers),
bioimpedance (measurement of resistance to a weak current applied across
extremities).2 BMI is the most frequently used formula in epidemiological studies.
The World Health Organization (WHO) has proposed a definition of overweight
as BMI 25.0 to 29.9 kg/m2 and obesity as BMI 

 

≥30.0 kg/m2, which apply to both
sexes and to all adult age groups.3

26.2 PREVALENCE OF OVERWEIGHT AND OBESITY

The prevalence of obesity has increased rapidly over the past two decades,
reaching epidemic levels in many parts of the world.3 Currently worldwide, more
than 1 billion adults are overweight and at least 300 million of them are obese.3

Present levels of obesity vary from less than 5% in China, Japan, and certain
African nations, to over 75% in urban Samoa.3 Recent data from Europe found
that the prevalence of obesity varied from 8 to 40% in men and from 5 to 53%
in women, with high prevalence (>25%) in Spain, Greece, Ragusa and Naples
(Italy), and the lowest prevalence (<10%) in France.4 Obesity is more common
in Eastern Europe than in other parts of Europe, especially among women.5

Obesity prevalence remains at 1 to 5% in most populations in sub-Saharan Africa;
however, it has risen to 8% in men and to 34% in women in some areas of South
Africa and in neighboring countries.6 Obesity is becoming a problem in some
urban areas of developing countries, especially in those undergoing economic
transition,7 and the rates are almost 20% in some cities.3

The prevalence of obesity (BMI 

 

≥30 kg/m2) in the U.S. adult population rose
from 15% in 1976–1980 to 22.9% in 1988–1994 and 30.5% in 1999–2000, and
excess weight (BMI 

 

≥ 25 kg/m2) rose from 55.9% in 1988–1994 to 64.5% in
1999–2000; the increases occurred for both men and women in all age groups
and for non-Hispanic whites, non-Hispanic blacks, and Mexican Americans.8 A
Canadian survey in 2000/2001, which used self-reported data, showed that about
half of adult Canadians are overweight (56% in men and 39% in women) and
15% of them are obese (16% in men and 14% in women);9 however, the true rate
could be higher because of a tendency for individuals to underreport their weight.

Childhood obesity is epidemic in some areas of the world and increasing
rapidly in others.3,10 Worldwide, about 17.6 million children under 5 are estimated
to be overweight.3 The highest prevalences of overweight among children are in
the U.S., Ireland, Greece, and Portugal.11 The prevalence of overweight among
U.S. children is increasing: in 1999–2000, 15.5% of 12- to 19-year-olds were
overweight, 15.3% of 6- to 11-year-olds, and 10.4% of 2- to 5-year-olds, com-
pared with 10.5, 11.3, and 7.2%, respectively, in 1988–1994.12 In Canada, between
1981 and 1996–1997, the excess weight rate increased from 11 to 33% in 7- to
13-year-old boys and from 13 to 27% in girls, and the obesity rate rose from 2
to 10% in boys and from 2 to 9% in girls.13 In a relatively short period of time
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(1994–1995 to 1998–1999), the proportion of 2- to 11-year-olds who were over-
weight (including obese) rose from 34 to 37% and the obesity rate rose from 16
to 18%.14

26.3 HEALTH AND ECONOMIC IMPACT OF OBESITY

Obesity is now known to be a major contributor to the global burden of disease.3

Obesity is associated not only with some nonfatal but debilitating health problems,
such as respiratory difficulties, chronic musculoskeletal problems, skin problems,
infertility, sleep apnea, and poor mental health, but also more life-threatening
problems, including hypertension, type 2 diabetes, heart disease, stroke, some
types of cancer.3,15 Obese people have higher mortality from all causes;16–19 more
than 280,000 deaths annually have been attributed to obesity among U.S. adults.20

In Europe, this number is at least 279,000 deaths, of which 175,000 are attribut-
able to obesity and 104,000 to overweight.21 Furthermore, a large decrease in life
expectancy is observed among obese individuals, especially among younger
adults.22,23 Severely obese children and adolescents have lower health-related
quality of life24 and early-onset obesity has been suggested as a risk factor for
morbidity and mortality later in life.25,26

Obesity is also associated significantly with excess medical costs.3,27,28 It is
estimated that obesity accounts for 2 to 6% of total health care costs in several
industrialized countries3 and for an even higher percentage in the U.S. where
obesity-related health problems consume about 7 to 8% of the U.S. health care
budget in direct medical costs.29,30 The total cost (direct and indirect) for obesity-
related health problems is around $117 billion annually in the U.S.31 The total
direct costs of obesity in Canada have been estimated at $1.8 billion, or 2.4% of
total health care expenditures for all diseases in 1997.32

26.4 OBESITY AND CANCER

This chapter focuses on the epidemiological evidence of obesity as a risk factor
for various cancers. Most studies used BMI as an indicator of overall obesity,
and some had other measures as well, such as waist circumference or waist-to-
hip ratio (WHR) (an indicator of body fat distribution) to examine whether central
obesity is a risk factor for cancer. Different cut points for BMI, waist circumfer-
ence, and WHR were used in various studies. We identified studies published
between 1966 and 2004 via the MEDLINE database. Included in this chapter are
published reviews and meta-analyses as well as individual studies published since
the reviews. For individual studies, only those with at least 100 cases were
included; however, all identified studies were included for less common cancers.
When several articles were published from the same study, only the most recent
is included.
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26.4.1 COLORECTAL CANCER

Most of the cohort and case-control studies, included in three published reviews,
as well as studies published subsequently33–48 consistently demonstrated a positive
association between the risk of colorectal cancer and body fatness, as indicated
by BMI or WHR or waist circumference. Most studies found nearly a doubling
of risk in those with BMI 

 

≥30.0 kg/m2 compared with those having BMI <23
kg/m2.33 A trend of increasing risk with increasing BMI across a wide range was
also indicated in most investigations, with no clear evidence of a threshold effect.33

Only three studies49–51 showed no association of colorectal cancer and body
fatness in both sexes.

The observed association between obesity and colorectal cancer is generally
more consistent and stronger for men than for women and for colon cancer than
for rectal cancer.33 Some studies found that WHR is a strong predictor (of the
same strength as BMI) of colorectal cancer risk, especially for women.36,42,44,52–55

The association is also generally stronger and more consistent for cancer of the
distal colon than the proximal colon.36,39,40,52,54–58 A meta-analysis of 13 studies
on BMI and colon cancer found that the observed associations were of similar
strength for cohort and case-control studies, and that the pooled estimates were
statistically significant for both male and female but larger for men than for
women.34 Excess weight early in life appears to be at least as important as recent
excess weight in relation to colorectal cancer risk.40,45,54,56,58 One large population-
based case-control study found that estrogen modifies the association between
BMI and colon cancer risk; i.e., obese women who were estrogen-positive (pre-
menopausal women or women who used hormone replacement therapy) experi-
enced a greater than twofold increase in risk, whereas obese women who were
estrogen-negative (postmenopausal women not taking hormone replacement ther-
apy) did not.48

A positive association of similar magnitude to the association with colorectal
cancer was also observed between body fatness and colorectal adenomas,50,53,59–66

which suggests that obesity may affect progression from adenoma to cancer. One
study demonstrated the association in both sexes combined,61 others found it for
men only,64,65 while another observed no association in either sex.67 Studies also
identified a stronger effect of BMI, WHR, or waist circumference on large
adenomas than on small adenomas or an effect restricted to large ade-
nomas.53,50,62,64,65

Although some studies suggest that weight gain between early adult ages and
later adult ages increases the risks of developing colorectal cancer56,57 and col-
orectal adenomas.60,61 the findings have not been substantiated by other stud-
ies.45,58,62

26.4.2 BREAST CANCER

The relationship between breast cancer risk and various measures of body size
at different periods of life and adult weight gain has been extensively explored
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in many epidemiological studies. Because the associations differ between pre-
menopausal and postmenopausal women, we reviewed the literature separately
for the two groups.

26.4.2.1 Premenopausal Breast Cancer

In general, obesity does not relate to or is inversely associated with premenopausal
breast cancer risk, as demonstrated in four reviews and studies published after
the reviews.33–35,47,68–72 However, there were also studies that reported increased
risk.73–77 Two of these were studies of non-Caucasian women.74,77

Both race and the distribution of body fat, rather than obesity per se may be
important factors. Increased risk with higher WHR but not with higher BMI has
been reported,78–80 as has decreased risk with higher BMI but not with higher
WHR,81–83 decreased risk with higher BMI and increased risk with higher WHR
among white women, but increased risk with higher WHR and no change with
BMI among black women,84 and no change in risk with both higher BMI and
higher WHR.85

Among the limited data on weight gain and premenopausal breast cancer
risk, no association was observed in some case-control studies78,82,86 and a
decreased risk was reported in one cohort study87 and several case-control stud-
ies.76,88–90 One study found that adult weight gain was associated with increased
risk among Hispanic white women but not among non-Hispanic white women.77

26.4.2.2 Postmenopausal Breast Cancer

Convincing evidence exists for an association between obesity and postmeno-
pausal breast cancer.33–35 The association remains after adjusting for various
reproductive and lifestyle factors including physical activity. Most prospective
cohort studies showed a significant increase in risk associated with recent obe-
sity.33–35,68–70,79,85,91–95 Various degrees of increased risk (from 10% to more than
twofold) were reported in many case-control studies.33–35,47,71,72,74,77,78,80,83,86,96–101

However, the increase is more modest in cohort studies than case-control studies.
No increase in risk has also been found.33,34

Most studies suggested that obesity in young adulthood (at the age of 18 to
25 years) was either not associated with breast cancer risk76,77,91,96,99,100,102 or was
associated with a 10 to 30% decrease in risk.69,84,86,90,93,95,103

Adult weight gain appeared to be the strongest and most consistent predictor
of increased postmenopausal breast cancer risk, in both cohort studies 69,87,92,103,104

and case-control studies.33,74,77,78,86,90,96,98–100,102,105–108

Family history of breast cancer, hormone replacement therapy (HRT) use,
estrogen receptor status, tumor morphology, and age at diagnosis may modify
the association between obesity/weight gain and postmenopausal breast cancer
risk. Studies have found a stronger association with obesity for women with a
family history of breast cancer than for those without.75,95,96 Some studies also
suggested that the association was restricted to non-HRT users73,87,91,93,100,108 or
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stronger among women who had never used HRT;72,92,106,109 however, one large
case-control study observed a stronger association among women who had used
estrogen replacement therapy.76 Two studies have observed the association of
breast cancer with weight gain among women who never used HRT but not among
current HRT users.91,93

A study that examined breast cancer risk by estrogen receptor (ER) and
progesterone receptor (PR) status102 found that, among postmenopausal women,
BMI-related risk was increased only among those with ER-/PR-positive tumors
and not increased among those either with ER-/PR-negative tumors or among
premenopausal women with any ER/PR subgroup. A Japanese study71 demon-
strated that among postmenopausal women, obesity-related risk increase was
stronger for ER-positive than ER-negative tumors and for PR-positive than PR-
negative tumors. Another study indicated an increased risk of breast cancer with
weight gain among Hispanic and postmenopausal non-Hispanic white women
with ER-/PR-positive tumors, but not those with ER-/PR-negative tumors.77 How-
ever, one study suggested that the association between WHR and breast cancer
is independent of ER status.80 Furthermore, one case-control study found that
obesity was more strongly associated with elevated risk of invasive ductal carci-
noma than invasive lobular carcinoma.97

Age at diagnosis appears to modify obesity-related breast cancer risk. Among
studies that examined the association stratified by age at diagnosis, the risk
appeared to increase with age at diagnosis, from 1.1 to 1.3 for women younger
than 60 years to 1.6 to 2.9 for women older than 65 years.69,76,82,86,94,100,101 However,
one cohort study of non-HRT users found that the effect of obesity was more
pronounced among younger postmenopausal women (aged 50 to 69 years) than
older women (aged 70 to 79 years).93

26.4.2.3 Stage of Breast Cancer at Diagnosis

Several studies have shown obesity to be associated with an increased risk of a
more advanced stage of breast cancer at diagnosis.110–114 However, obese women
are less likely to be screened with mammography,115 more likely to present late
to a health-care professional,116 and have lower socioeconomic status.117,118 These
factors are associated with delay in diagnosis of breast cancer and therefore may
contribute to the more advanced stage at diagnosis for obese women.

26.4.2.4 Breast Cancer Prognosis

The literature suggests a modest negative effect of greater body size on breast
cancer prognosis in both pre- and postmenopausal women even after adjustment
for other prognostic factors.94,119–121 However, some studies found no statistically
significant difference in overall and disease-free survival between obese and non-
obese women.119,122,123 Some studies also found that the influence of obesity on
prognosis was limited to or was stronger among women with negative nodes,
ER- and PR-positive status, and early disease stages (I and II).33
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26.4.3 ENDOMETRIAL CANCER

The evidence for a positive association between obesity and endometrial cancer
risk is also convincing.33–35 Obesity has been found consistently to be associated
with a two- to fivefold increase in endometrial cancer risk in both pre- and
postmenopausal women in a majority of cohort and case-control studies con-
ducted in various countries.33–35,37,41,44,69,124–131 Only two case-control studies
observed no association.132,133 Obesity has been estimated to account for 39% of
endometrial cancer in European women.35 Most studies observed a linear increase
in risk with increasing BMI,33 and the association was independent of other known
risk factors in most studies. The association for older women was generally similar
to124,134,135 or somewhat stronger than for younger women.70,129 However, one study
observed an association only among older women (>60 years old).136 One study
identified a greater obesity-related risk increase among nonsmokers than among
current smokers.130 Several studies that assessed WHR, waist-to-thigh circumfer-
ence ratio (WTR), and skinfold thickness also indicated a positive associa-
tion.129,137–140 Although some studies suggested that WHR or WTR influenced the
risk independent of BMI,129,138 other studies found that the association disappeared
once the results were adjusted for BMI.137,139,140 Large body weight among post-
menopausal women was also found to increase the risk of hyperplasia of the
endometrium.126

Body weight at early adulthood was not, or just weakly, associated with
endometrial cancer risk.129,134,136,138,139,141–143 However, one study found a similar
magnitude of association as at late adulthood.125 Weight gain during adult life
substantially increased endometrial cancer risk in most studies that assessed adult
weight gain125,129,134,136,138,139,141,142 with a linear dose-dependent pattern.33 How-
ever, studies that presented both crude and adjusted results showed that the
association of risk with weight gain disappeared or became much weaker after
adjusting for recent BMI or weight.125,134 One study showed no increase in
unadjusted risk.143

26.4.4 KIDNEY CANCER

Obesity has been consistently associated with an increased risk of renal cell
cancer.33–35 Of all the cohort and case-control studies37,41,46,47 and reviews33,34,144

examined, all but one study145 demonstrated a more than twofold increase in
renal-cell cancer risk among obese men and women compared with those of
normal weight, with a dose–response effect. However, no association has been
observed for cancer of the renal pelvis.146,147 These studies were conducted on
various populations in North America, northern and southern Europe, Asia, and
Australia. The summary relative risk estimate from 14 studies on each sex in a
meta-analysis was 1.07 (95% confidence interval 1.04 to 1.09) for men and 1.07
(95% confidence interval 1.05 to 1.09) for women per unit of increase of BMI.144

It is estimated that 27% of the renal cell cancer cases among American men and
29% among women could be related to overweight and obesity.144



548 Nutrition and Cancer Prevention

Some studies reported a stronger association among women than men;148–153

however, the meta-analysis of 14 studies on each sex revealed no evidence of
effect modification by sex, and BMI is equally strongly associated with the risk
of renal cell cancer among men and women.144 The meta-analyses also found
comparable strengths of association of obesity with renal cell cancer between
cohort studies and case-control studies, between small and large studies, between
studies conducted in the U.S. and in other countries, and between studies adjusted
and not adjusted for smoking.144

26.4.5 PROSTATE CANCER

The evidence of a link between prostate cancer incidence and obesity is insuffi-
cient: 13 cohort studies reported a small or modest positive association37,43,44,154–163

and 12 other cohort studies, 6 of which were included in the three reviews, did
not.33–35,41,46,69,164–166 For case-control studies, only 4 studies observed a modest
increase in prostate cancer risk associated with BMI47,167–169 and others found no
association with BMI;33–35 one study found an inverse association with BMI.170

Among the studies reporting a positive association with obesity, the association
is stronger for, or restricted to, fatal or more aggressive tumors or is stronger with
mortality than with incidence.156–158,160,162 One meta-analysis of 6 studies of inci-
dent cases produced a modest relative risk of 1.01 (95% confidence interval 1.00
to 1.02) per unit of increase in BMI.35 Two studies suggested that the larger effect
found in men aged 50 to 59 years than in other age groups154 and the increased
risk only among those who never drank alcohol47 might partly explain the incon-
sistent findings among studies.

Only a few studies examined the influence of abdominal obesity on prostate
cancer risk. One case-control study conducted in China found no association with
usual adult BMI, but an excess risk with high levels of WHR171 and another study
observed a nonsignificant increase in metastatic prostate cancer risk.172

Although epidemiological studies have not consistently shown that obesity
is a risk factor for prostate cancer incidence, studies of mortality from prostate
cancer have more clearly reported a positive association.37,155,157,160,161 Some stud-
ies also suggested that a higher BMI has been associated with higher-grade
prostate tumors, non-organ-confined disease, disease progression,174 and poor
prognosis.173

26.4.6 ADENOCARCINOMA OF THE ESOPHAGUS AND GASTRIC

CARDIA

A limited number of cohort44,175 and case-control studies176–182 have consistently
linked obesity with increased risk of adenocarcinoma of the esophagus and gastric
cardia. Two case-control studies reported no association,183,184 and one case-
control study in Northern China suggested an inverse association between BMI
and risk.185
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The association between BMI and risk of adenocarcinoma of the esophagus
and cardia is strong, as indicated by the 2.7 relative risk summary estimate of a
meta-analysis34 of seven studies.175–181,184 The observed association seems not to
be explained by bias and confounding.33 The association also seems stronger for
adenocarcinoma of the esophagus than of the cardia.177,178,181 However, no associ-
ation with BMI was reported for esophageal squamous cell carcinoma.175,177,178,181

26.4.7 OVARIAN CANCER

Results for the association between obesity and ovarian cancer risk are inconsis-
tent.33 However, a systematic review of 13 hospital case-control studies, 11
population case-control studies, and 5 cohort studies published through 2001
concluded that the evidence supports a small to moderate positive association
between high BMI and ovarian cancer risk.186 Seven cohort studies37,69,187–191 and
five case-control studies47,192–195 were published later. Two cohort studies of
mortality37,187 and one cohort study of incidence188 observed an increased risk
with higher adult BMI. One cohort study identified a higher risk of ovarian cancer
with higher WHR.189

The timing of overweight may be a risk modifier and may account for some
of the inconsistent results. The Iowa Women’s Health study found that higher
BMI in early adulthood (but not current BMI) increased the risk of ovarian
cancer.189 An increased risk associated with higher BMI in adolescence and young
adulthood but not in older women was also indicated in a large Norwegian cohort
study.190 A significantly increased risk associated with higher BMI at age 18 and
for most of adult life, but not with change of weight between age 18 and adult
life, was shown in one large case-control study with 1269 cases.192 Two cohort
studies found no association between recent BMI and ovarian cancer risk.69,191

Although one case-control study indicated a positive association with recent
BMI,47 two others found no association with recent BMI for the overall group193,194

but a significant positive association among premenopausal women193 with BMI
at age 30194 and with higher WHR.194

High BMI was strongly related to risk of serous borderline ovarian cancer in
three case-control studies,186,193,195 especially among premenopausal women.193

However, one nested case-control study suggested an inverse relation of risk with
BMI.196

Among studies that examined BMI-related risk of ovarian cancer by meno-
pause separately, a positive association was found among premenopausal women
only in two studies191,193 and among both groups in one study.186 One study of
mortality found that the increased risk with obesity was limited to women who
had never used postmenopausal estrogen and was not seen among ever users.187

26.4.8 PANCREATIC CANCER

Although there have been limited studies published on this issue, a meta-analysis
of six case-control studies and eight cohort studies provided evidence that obesity
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may be weakly associated with the risk of pancreatic cancer.197 This meta-analysis
observed a summary relative risk per unit increase in BMI of 1.02 (95% confi-
dence interval 1.01 to 1.03). The estimates were slightly higher for studies that
had adjusted for smoking and for case-control studies that had not used proxy
respondents.197 Of the four studies that were not included in the meta-analysis,
both cohort studies41,44 and one case-control study47 suggested a positive associ-
ation, whereas one case-control study conducted in China indicated a nonsignif-
icant positive association.198

Although some studies found that the associations were of similar magnitude
for men and women,44,47,198–200 others suggested a larger effect of obesity on risk
among men than among women.41,201 One study observed a similar effect of
obesity among white and black.200

26.4.9 LUNG CANCER

Most cohort37,43,202–205 and case-control studies 47,206,207 have observed an inverse
association between BMI and lung cancer risk. Three cohort studies41,44,46 found
no association and one case-control study208 a positive relation. The inverse
association may be explained by weight loss due to preclinical disease43,202,204 or
a residual confounding effect of smoking.37,47,202,204,207 However, inconsistent
results have been reported: the inverse relation with BMI was stronger among
never-smokers in one cohort study205 and among never-smoking women in another
study,207 and the positive association was found among both never-smokers and
former-smokers.208 The issue of whether BMI is related to lung cancer risk is still
controversial.

26.4.10 OTHER CANCER SITES

One cohort study and seven case-control studies, including those studies reviewed
by the IARC Handbook, suggested that overweight or obesity is not significantly
associated with testicular cancer risk.33,47,209,210 A significant positive association
with obesity was observed for non-Hodgkin’s lymphoma,37,41,47 multiple
myeloma,37,47,211 and leukemia.37,44,47 Very few studies have been published on
other cancer sites. There are too few studies on these cancer sites to allow a firm
conclusion to be drawn.

26.4.11 ALL CANCERS COMBINED

The results from several studies suggest that overweight and obesity are associated
with the risk of incidence41,46,47 and death37,212 from all types of cancer combined.
Overweight and obesity may account for 7.7% of all cancer in Canada47 and 5%
in Europe,35 and in the U.S., for as high as 14% of all deaths from cancer in men
and 20% in women.37



Obesity as a Cancer Risk Factor: Epidemiology 551

26.5 CONCLUSION

Epidemiological studies provide sufficient evidence that obesity is a risk factor
for both cancer incidence and mortality. The evidence supports strong associations
of obesity with the risk of cancers of the colon and rectum, breast (in postmeno-
pausal women), endometrium, kidney, esophagus and gastric cardia, as well as
weak associations with cancers of the pancreas, ovary, and prostate.
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27.1 INTRODUCTION

Obesity is an operationally defined stage in a disease process characterized by
the accumulation of body fat due to an excess of energy intake relative to energy
expenditure (Figure 27.1A).1 Accumulation of energy in the body is referred to
as positive energy balance (PEB). In the adult, a lifestyle characterized by chronic
PEB leads to the development of obesity.

The prevalence of obesity is increasing at an unprecedented rate,2,3 and the
occurrence of this disorder in humans is reported to be associated with an
increased risk for a number of chronic diseases including several types of cancer.4
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FIGURE 27.1 (A) When energy intake (EI) is greater than energy expenditure (EE), a
condition of positive energy balance (PEB) exists. (B) Animals in PEB grow at rates
proportional to the magnitude of PEB. (C) EE is held relatively constant in most preclinical
experiments using rodents. When this is the case, the magnitude of PEB (low, L, to high,
H) is proportional to the level of caloric intake. During the course of an experiment, the
levels of caloric intake and PEB are proportional to total carcass energy.
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This chapter reviews mechanisms that may account for the perceived risk for
cancer associated with obesity based on data drawn from preclinical models for
cancer.

27.2 OBESITY: A MISDIRECTED FOCUS OF 
ATTENTION?

Although there is a natural tendency to focus on the relationship between obesity
per se and the development of cancer, the designation of the obese state is
arbitrary, i.e., an operational definition, and indicates only that a particular mag-
nitude of excess energy accumulation, frequently measured as body weight rel-
ative to height, has been attained in a disease process that in most cases has been
ongoing for many years. The thesis presented in this chapter is that the cause-
and-effect relationship between energy accumulation in the body and cancer risk
is initiated at an early stage in the misregulation of energy balance resulting in
obesity. Moreover, while there may be effects of the obese state on the manifes-
tations of clinically detectable cancer or cancer treatment outcomes,4 the extrap-
olation of such effects to understanding how chronic PEB affects cancer risk may
obscure critical relationships and/or generate false leads about candidate mech-
anisms that relate to cancer risk. Consistent with this viewpoint is the report of
an expert panel on the role of weight control and physical activity in cancer
prevention; it was concluded that adult weight gain in excess of 5 kg is associated
with an increased risk for cancer.4 For individuals that have maintained a body
mass index below 25 as they enter adulthood, this margin of excess weight gain
would not be sufficient to qualify an individual as obese. Moreover, while the
number of preclinical studies in which experimental models for obesity and cancer
have been combined to investigate the obesity–cancer risk hypothesis is limited,
the results of those studies designed to investigate the role of body fat, i.e., obesity
per se, failed to support a direct relationship between body fatness and the
occurrence of cancer in the model systems investigated.5–8 Thus, rather than
proposing that a relationship exists between obesity per se and cancer risk, both
the preclinical and clinical data argue that a more appropriate statement of the
relationship is that cancer risk is associated with PEB.

27.3 REVISITING A MISUNDERSTOOD PARADIGM 
AND A NEW WORKING HYPOTHESIS

There is a substantial body of preclinical literature that has a direct bearing on
the PEB–cancer risk hypothesis, but the existence of this evidence is obscured
by misconception. As noted in two recent reviews,9,10 dietary energy restriction
(DER) is a powerful physiological approach to the prevention of cancer and DER
also reduces the risk for other chronic diseases and is associated with increased
longevity and de-acceleration of the process of aging. However, there is an
understandable perception that DER is a model for starvation, famine, and/or
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profound undernutrition. While the scientific literature, particularly prior to 1980,
is replete with examples of experiments in which it can legitimately be argued
that this was the case, there also is a body of preclinical data on DER in which
experiments have been carefully designed so that the magnitude of PEB is altered
by regulating the amount of energy ingested while providing animals the same
amounts of all other dietary components.11 Moreover, in some experiments this
approach has been refined by introducing the concept of meal feeding all animals
in an experiment.12 While experimental approaches in which meal feeding is used
are not novel, the application of this approach in cancer research is limited. Most
investigators conducting DER–cancer studies provide food to restricted animals
once per day whereas ad libitum fed animals that serve as the control group are
given unlimited access to food. Using this traditional approach, ad libitum fed
animals will eat throughout a 24-hour period, the so-called nibbling pattern of
food intake, whereas energy-restricted animals consume most of their diet soon
after it is delivered to the food cup. The time in which the food provided is eaten
varies, depending on the magnitude of energy restriction, but for an animal given
60% of ad libitum intake, which is the most common level of restriction inves-
tigated, the food is consumed within 2 hours. After the day’s allotment of food
is eaten, the animals then remain fasted until the next daily feeding. On the other
hand, by meal feeding both ad libitum and restricted-fed animals the same number
of meals per day for the same duration, the potential effects of differential patterns
of eating are minimized and the pattern of food intake better reflects the meal
feeding behavior typical in human populations.

Given the observations put forward in the preceding paragraph, the working
hypothesis formulated for this discussion of mechanisms is that studies of DER,
when they use dietary formulations as defined in Reference 12, and particularly
when patterns of meal feeding are standardized among experimental groups,
actually provide a model for identifying the consequences of PEB that, if left
unchecked, will result in overweight and obesity. As with most concepts, a variant
of this idea was actually advanced in 1987.13,14 However, this idea is not reflected
in current reports on DER or obesity and cancer risk; it is hoped that this
restatement of the concept will promote a new analysis and consideration of its
tenets.

27.4 A SPECIFIC MODEL FOR ENERGY BALANCE, 
WEIGHT GAIN, AND CANCER RISK

Given that the risk for breast cancer in women has been reported to have a
significant association with obesity,4 and that the majority of preclinical studies
of the PEB–cancer risk hypothesis have been conducted using experimental
models for breast cancer,10 the review of mechanisms presented in this chapter
is based on studies of experimentally induced breast cancer. Nonetheless, the
mechanisms discussed are likely to be applicable to cancer at organ sites other
than the breast because the underlying mechanism or mechanisms responsible
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for the energy balance–cancer linkage appear unlikely to be driven by effects on
the metabolism of sex steroid hormones.15–17 Rather, available data indicate that
such effects are secondary and may serve to amplify the primary effects of
different states of energy balance on chemical mediators that modulate cancer
risk depending on the responsiveness to these hormones of the target tissue of
interest.

As reported in References 11 and 12, female rats fed 60 to 90% of the number
of calories consumed by their counterparts allowed to eat ad libitum for the same
number of meals and same duration of time each day do not lose weight (Figure
27.1B). Rather, they are in PEB and grow at a constant, albeit slower, rate
depending on the number of calories consumed per day. Animals with slower
rates of growth also experience a lower rate of other chronic diseases and live
markedly longer. Animals in these different states are being maintained on dif-
ferent planes of PEB. For this discussion, animals that consume 40% fewer
calories than animals fed ad libitum are referred to as having a low PEB (LPEB)
and provide a model to identify and study mechanisms that may be operative in
individuals that limit weight gain resulting in the accumulation of body fat by
monitoring their caloric intake and balancing it with energy expenditure. On the
other hand, animals eating ad libitum experience a high PEB (HPEB) providing
a model to identify and study mechanisms relevant to the effects of increased
energy availability on the carcinogenic process. In subsequent paragraphs, the
candidate mechanisms being reported to account for the effects of different levels
of PEB on carcinogenesis are presented with the goal of identifying how PEB
affects the process of tissue size homeostasis, the failure of which is a prerequisite
for the development of cancer.

27.5 CELLULAR PROCESSES AND CARCINOGENESIS

Carcinogenesis is characterized by a failure in the regulation of tissue size homeo-
stasis in which a clone of transformed cells achieves growth advantage due to an
increased rate of cell proliferation and/or a decreased rate of cell death in com-
parison to neighboring populations of cells.18,19 The development of a carcinoma
can be considered a failure of tissue size regulation attributed to the formation,
selection, expansion, and progression of clones of transformed cells.18 In addition,
it appears that a co-requisite event in the progression of premalignant clones of
cells to those diagnosed as malignant is the induction of vascularization.19 Evi-
dence is now presented that excessive caloric intake (HPEB) creates a permissive
environment in which normal controls to cellular proliferation are abrogated, the
checks on cell number accumulation by apoptosis are diminished, and restraints
on the vascular system to increase blood supply are relaxed (Figure 27.2). Can-
didate molecular mechanisms and chemical mediators of these cellular conditions
also are discussed.
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27.6 CELL PROLIFERATION

Rates of cell proliferation are generally low in populations of mammary epithelial
cells at low risk for the development of cancer, but during premalignant and
malignant stages of this disease process, cell proliferation is markedly increased.20

In animals maintained on LPEB, rates of cell proliferation remain low despite
that cells harbor the genetic defects requisite for the development of cancer. On
the other hand, HPEB is associated with increased rates of cell proliferation.20,21

Emerging evidence indicates that LPEB results in the arrest of the cycle cell at
the G1/S transition.22 Mammary carcinomas that emerge in LPEB-treated rats are
only 15% the size of age-matched carcinomas that occur in animals receiving
HPEB. By using these carcinomas to mirror the effects of LPEB on the carcino-
genic process, levels of phosphorylated Rb and E2F-1 were observed to be
significantly reduced by LPEB.23 Reductions in CDK2 and CDK4 kinase activity
in LPEB carcinomas were likely to account for the observed effects on Rb and
E2F-1. Both Cip1/p21 and Kip1/p27 and levels of these proteins complexed with
CDK2 were significantly elevated in LPEB carcinomas, and levels of cyclin E
were reduced. On the other hand, regulation of CDK4 kinase activity by LPEB
was likely due to a reduction in cyclin D1 protein as well as increased binding
of P16 and P19 to CDK4. The majority of changes induced were reported to be
reversed when animals were changed to HPEB. Thus, it appears that HPEB is
permissive to increases in levels of cyclin D and E and to lower levels of proteins
in the Kip/Cip and p16 families of CKIs; these effects work in concert to promote
higher levels of activity of the cyclin D–CDK4 and cyclin E–CDK2 complexes.
Such changes result in the phosphorylation of the Rb protein and the release of
E2F and related transcription factors, all of which support the sustained increase
in cell proliferation that is considered a prerequisite for the development of cancer.

FIGURE 27.2 The level of positive energy balance has differential effects on three cellular
processes, the misregulation of which are involved in the carcinogenic process. The relative
effects of level of positive energy balance, low (L) to high (H) on these processes, are shown.
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These observations are consistent with the hypothesis that HPEB, which
unchecked will lead to overweight and obesity, increases cancer risk by perpet-
uating an environment permissive to the deregulation of the cell cycle that is
characteristic of carcinogenesis.

27.7 APOPTOSIS

Apoptosis is a critical process in the regulation of tissue size, and defects in this
cell death pathway are a prerequisite for the clinical manifestation of cancer.19

Available data indicate that LPEB favors the maintenance of constraints on the
expansion of cell populations through the upregulation of cellular machinery that
facilitates the activation of caspases and the suppression of caspase inhibitors.
LPEB has been reported to induce apoptosis in both premalignant and malignant
mammary gland pathologies,20 and the pathway by which cell death was induced
has been investigated24 using the experimental approach reported in Reference
25. By using caspase activity assays, it was shown that the activities of caspases
9 and 3 were elevated approximately twofold in carcinomas from LPEB rats
compared to carcinomas from animals receiving HPEB, whereas caspase 8 activ-
ity was similar in carcinomas from both groups. This finding implies that LPEB
induces the mitochondrial pathway of apoptosis activation, and is consistent with
the finding that levels of Bcl-2 and Bcl-XL protein were significantly lower and
levels of Bax and Apaf-1 were elevated in carcinomas from LPEB vs. HPEB
treated animals. Expression levels of transcripts for IAP1, IAP2, X-linked IAP,
and survivin, proteins that can block the activity of activated caspases, were also
found to be significantly lower in mammary carcinomas from LPEB vs. HPEB
animals. Thus, HPEB favors a growth environment that is permissive to the
expansion of both nontransformed and transformed cell populations within a
tissue. Given that HPEB is permissive to suppression of apoptotic pathways and
the relaxation of cell cycle restraints observed in transformed cell populations, it
is not surprising that the magnitude of the PEB has been reported to be propor-
tional to the magnitude of the carcinogenic response.12

27.8 VASCULARIZATION

Spatial limitations on the diffusion of nutrients and metabolic wastes between
the vascular system and the cells that it supplies impose restraints on the growth
of both nontransformed and transformed cell populations.19 Vascular supply to a
tissue and its component cells can be induced via the expansion in size of existing
blood vessels and/or the formation of new vessels. As reported in Reference 26,
premalignant mammary pathologies (PMMP) and mammary adenocarcinomas
(AC) from LPEB vs. HPEB maintained animals were assessed for pathology
associated differences in vascularity. The density of blood vessels associated with
premalignant mammary pathologies, as well as the density of blood vessels in
immediate proximity to mammary carcinomas, was lower in animals maintained
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on LPEB vs. HPEB, although PEB had no effect on intratumoral vascular density.
However, it remains unclear whether these differences in vascular density were
due to differences in concentrations of growth factors required for maintenance
or growth of blood vessels or to the inability of endothelial cells to respond to
growth factors when LPEB is maintained. Efforts to identify effects of PEB on
the expression of an array of genes involved in vascularization were inconclusive,
although the evidence suggested involvement of signaling pathways of which
vascular endothelial growth factor (VEGF) is a component.26 Based on the effects
of PEB on vascular density, it can be inferred that LPEB imposes limitations on
the supply of nutrients to and elimination of wastes from developing pathologies;
these limitations could exert direct effects on cell proliferation and apoptosis in
transformed epithelial cell populations undergoing clonal selection and expan-
sion. HPEB appears to relax restraints to vascularization thereby maintaining an
environment conducive to the expansion of cell populations. This effect is con-
sistent with a positive association between energy balance and the risk for cancer.

27.9 CANDIDATE CHEMICAL MEDIATORS

For a comprehensive review of potential chemical mediators of the effects of
energy balance on carcinogenesis, the reader is referred to References 4 and 27.
In this section, discussion is limited to one prominent mechanism that could
account, at least in part, for the effects of PEB on cell proliferation, apoptosis,
and vascularization that were summarized in preceding sections.

Available energy in the form of high-energy phosphate bonds is essential for
life and a primary source of energy-rich compounds formed during metabolism
is glucose. There are well established but frequently overlooked effects of PEB
on glucose homeostasis. In general, LPEB reduces dietary carbohydrate avail-
ability, whereas HPEB is associated with dietary carbohydrate available in
amounts in excess of that needed to support basal metabolic rate. For glucose
homeostasis to be maintained under different PEBs, there are marked differences
in circulating levels of insulin, insulin-like growth factors (IGFs), and adrenal
cortical steroids in LPEB vs. HPEB. The following evidence indicates that these
differences in part may account for the effects of PEB on cancer risk.

27.9.1 ADRENAL CORTICAL STEROIDS

As early as 1949, a role was hypothesized for the adrenal gland in accounting
for the effects of LPEB in preventing tumor development,28 and as reported in
Reference 12 in comparison to HPEB, LPEB has been shown to increase urinary
excretion of immunoreactive adrenal cortical steroids and levels of urinary
corticosteroids were reported to be inversely associated with mammary carcinoma
multiplicity. These observations were followed by a series of reports by the same
laboratory.22,29,30 Briefly, it was shown both in vivo22,29 and in vitro30 that provision
of supplemental corticosterone has effects on cell proliferation but not apoptosis
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that are similar to those observed in response to LPEB. In particular, corticoster-
one induced higher levels of the CKI p27 and lower levels of cyclin D1, effects
that would be expected to occur when cell cycle progression is arrested at the
G1/S transition. However, two recently published observations from this labora-
tory raise questions about the degree to which increased adrenal cortical steroid
activity alone accounts for the protective effects of LPEB against mammary
carcinogenesis.31,32 They are (1) in an animal study in which dietary corticosterone
was fed to rats at a concentration that increased plasma corticosterone to levels
comparable to those observed in animals that were LPEB, mammary carcinogen-
esis was inhibited, but the degree of inhibition was markedly less than observed
in response to LPEB; and (2) unlike observations reported in Reference 33,
adrenalectomy failed to negate the inhibitory activity of LPEB against mammary
carcinogenesis.

27.9.2 INSULIN AND INSULIN-LIKE GROWTH FACTORS

Studies in rodents have shown that HPEB accelerates DMBA-induced mammary
tumorigenesis in proportion to the magnitude of PEB. In those studies, HPEB
was associated with higher plasma insulin levels again in proportion to the
magnitude of PEB maintained.34,35 The relevance of these observations is based
in part on reports that the development of DMBA-induced mammary tumors was
inhibited by alloxan-induced diabetes and that alloxan- or streptozotocin-induced
diabetes in rats caused a regression of 60 to 90% of DMBA-induced mammary
tumors.36–39 Tumor growth was restored and tumor latency reduced upon insulin
administration to diabetic rats.

The effects of different PEB that modulate mammary carcinoma development
on IGF metabolism have been investigated. In a number of model systems, LPEB
is associated with a decrease in circulating levels of IGF-1. For example, Ruggeri
and co-workers34 reported that PEBs that inhibited DMBA-induced mammary
tumorigenesis were associated with reduced circulating levels of insulin and IGF-
1, but not IGF-II. A causal role of IGF-1 in mediating the protective effects of
LPEB was hypothesized; in that paradigm, the effects of PEB were hypothesized
to be mediated via a change in the availability of IGF-1, which in turn modulated
tissue size homeostasis by decreasing cell proliferation and increasing the rate
of apoptosis.40 Zhu and co-workers have recently reported that protection against
cancer is lost, and plasma IGF-1 levels are restored to control values when animals
are switched from LPEB to HPEB also supporting a causal role of IGF-1 in
accounting for the effects of PEB on the carcinogenic response. However, in a
recent work, those investigators found that infusion of recombinant human IGF-
1 to LPEB treated animals failed to mimic the effects on the carcinogenic response
of switching animals from LPEB to HPEB. Collectively, these data imply a
permissive but not obligatory role of insulin and its related growth factors in
accounting for the effects of PEB on the carcinogenic response.
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27.10 SUMMARY

The thesis presented in this chapter is that chronic PEB results in the accumulation
of body energy and over time to the development of overweight and obesity.
Consequently, efforts to elucidate the linkage between obesity and cancer risk
should actually be focused on how energy balance influences the carcinogenic
process. The following working hypotheses summarize what is currently known
about the mechanisms underlying the role of PEB in the modulation of cancer
risk. It is hoped that this will provide a coherent framework upon which to
formulate new research initiatives.

HPEB promotes the development of the cancer phenotype by fostering con-
ditions favorable to the clonal expansion of transformed cell populations. It does
this by promoting cells to leave the G0 (quiescent) phase of the cell cycle. For
cells that enter the cell cycle, HPEB favors cell cycle progression due to its effects
on the phosphorylation of Rb and the release of E2F1 from its binding to Rb.
Increased phosphorylation of Rb is a consequence of the effects of HPEB on the
activity of CDK-4 and CDK-2 per the mechanisms described earlier. In addition,
HPEB promotes the maintenance of the cellular anti-apoptotic machinery by
inducing changes in the metabolism of the Bcl-2 and IAP families of proteins.
It is speculated that the effects of HPEB on cell proliferation and apoptosis affect
not only the expansion of transformed clones of mammary epithelial cells, but
also the ability of endothelial cells to respond to growth factors that induce
vascular expansion. The coordinated regulation of proliferation, apoptosis, and
vascularization are responsible for the promotional activity of HPEB on the
carcinogenic process.

That the activity of three cellular processes is coordinately regulated suggests
that a common molecular mechanism is at work. Again, the hypothesis advanced
is that a primary consequence of PEB is its effect on glucose homeostasis. In
response to reduced glucose availability, levels of insulin and IGF-1 are reduced
and levels of glucocorticoids are increased. One outcome of these changes is the
limitation within a tissue of intracellular growth and survival factors. Thus, it is
hypothesized that the ultimate regulation of carcinogenesis by PEB can be linked
directly to glucose availability. The effects of glucose homeostasis on cancer risk
have received only limited attention but clearly merit in-depth investigation.

ACKNOWLEDGMENTS

The excellent technical assistance of John McGinley in the preparation of this
manuscript is greatly appreciated. This work was supported by PHS Grants
CA52626 and CA100693 from the National Cancer Institute.



Obesity as a Cancer Risk Factor: Potential Mechanisms of Action 575

REFERENCES

1. Clinical Guidelines on the Identification, Evaluation, and Treatment of Overweight
and Obesity in Adults. NIH Publication 98-4083; 1998.

2. Mokdad AH, Bowman BA, Ford ES, Vinicor F, Marks JS, Koplan JP. The con-
tinuing epidemics of obesity and diabetes in the United States. J Am Med Assoc
2001; 286:1195–1200.

3. Statistics Related to Overweight and Obesity. NIH Publication 03-4158,
http://www.niddk.nih.gov/health/nutrit/pubs/statobes.htm; 2003.

4. IARC. Weight Control and Physical Activity. Lyon: IARC Press; 2002.
5. Klurfeld DM, Lloyd LM, Welch CB, Davis MJ, Tulp OL, Kritchevsky D. Reduc-

tion of enhanced mammary carcinogenesis in LA/N-cp (corpulent) rats by energy
restriction. Proc Soc Exp Biol Med 1991; 196:381–384.

6. Lee WM, Lu S, Medline A, Archer MC. Susceptibility of lean and obese Zucker
rats to tumorigenesis induced by N-methyl-N-nitrosourea. Cancer Lett 2001;
162:155–160.

7. Cleary MP, Phillips FC, Getzin SC, Jacobson TL, Jacobson MK, Christensen TA,
Juneja SC, Grande JP, Maihle NJ. Genetically obese MMTV-TGF-
alpha/Lep(ob)Lep(ob) female mice do not develop mammary tumors. Breast Can-
cer Res Treat 2003; 77:205–215.

8. Cleary MP, Juneja SC, Phillips FC, Hu X, Grande JP, Maihle NJ. Leptin receptor-
deficient MMTV-TGF-alpha/Lepr(db)Lepr(db) female mice do not develop onco-
gene-induced mammary tumors. Exp Biol Med (Maywood) 2004; 229:182–193.

9. Hursting SD, Lavigne JA, Berrigan D, Perkins SN, Barrett JC. Calorie restriction,
aging, and cancer prevention: mechanisms of action and applicability to humans.
Annu Rev Med 2003; 54:131–152.

10. Thompson HJ, Zhu Z, Jiang W. Dietary energy restriction in breast cancer pre-
vention. J Mammary Gland Biol Neoplasia 2003; 8:133–142.

11. Thompson HJ, Zhu Z, Jiang W. Protection against cancer by energy restriction:
all experimental approaches are not equal. J Nutr 2002; 132:1047–1049.

12. Zhu Z, Haegele AD, Thompson HJ. Effect of caloric restriction on pre-malignant
and malignant stages of mammary carcinogenesis. Carcinogenesis 1997;
18:1007–1012.

13. Pariza MW, Boutwell RK. Historical perspective: calories and energy expenditure
in carcinogenesis. Am J Clin Nutr 1987; 45:151–156.

14. Pariza MW. Dietary fat, calorie restriction, ad libitum feeding, and cancer risk.
Nutr Rev 1987; 45:1–7.

15. Sylvester PW, Aylsworth CF, Meites J. Relationship of hormones to inhibition of
mammary tumor development by underfeeding during the “critical period” after
carcinogen administration. Cancer Res 1981; 41:1384–1388.

16. Sarkar NH, Fernandes G, Telang NT, Kourides IA, Good RA. Low-calorie diet
prevents the development of mammary tumors in C3H mice and reduces circu-
lating prolactin level, murine mammary tumor virus expression, and proliferation
of mammary alveolar cells. Proc Natl Acad Sci USA 1982; 79:7758–7762.

17. Sinha DK, Gebhard RL, Pazik JE. Inhibition of mammary carcinogenesis in rats
by dietary restriction. Cancer Lett 1988; 40:133–141.

18. Thompson HJ, Strange R, Schedin PJ. Apoptosis in the genesis and prevention of
cancer. Cancer Epidemiol Biomarkers Prev 1992; 1:597–602.



576 Nutrition and Cancer Prevention

19. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000; 100:57–70.
20. Zhu Z, Jiang W, Thompson HJ. Effect of energy restriction on tissue size regulation

during chemically induced mammary carcinogenesis. Carcinogenesis 1999;
20:1721–1726.

21. Lok E, Scott FW, Mongeau R, Nera EA, Malcolm S, Clayson DB. Calorie
restriction and cellular proliferation in various tissues of the female Swiss Webster
mouse. Cancer Lett 1990; 51:67–73.

22. Zhu Z, Jiang W, Thompson HJ. Effect of energy restriction on the expression of
cyclin D1 and p27 during premalignant and malignant stages of chemically
induced mammary carcinogenesis. Mol Carcinog 1999; 24:241–245.

23. Jiang W, Zhu Z, Thompson HJ. Effect of energy restriction on cell cycle machinery
in 1-methyl-1-nitrosourea-induced mammary carcinomas in rats. Cancer Res
2003; 63:1228–1234.

24. Thompson HJ, Zhu Z, Jiang W. Identification of the apoptosis activation cascade
induced in mammary carcinomas by energy restriction. Cancer Res 2004;
64:1541–1545.

25. Zhu Z, Jiang W, Thompson HJ. An experimental paradigm for studying the cellular
and molecular mechanisms of cancer inhibition by energy restriction. Mol Car-
cinog 2002; 35:51–56.

26. Thompson HJ, McGinley JN, Spoelstra NS, Jiang W, Zhu Z, Wolfe P. Effect of
dietary energy restriction on vascular density during mammary carcinogenesis.
Cancer Res 2004; 64:5643–5650.

27. Hursting SD, Kari FW. The anti-carcinogenic effects of dietary restriction: mech-
anisms and future directions. Mutat Res 1999; 443:235–249.

28. Boutwell RK, Brush MK, Rusch HP. The stimulating effect of dietary fat on
carcinogenesis. Cancer Res 1949; 9:741–746.

29. Zhu Z, Jiang W, Thompson HJ. Effect of corticosterone administration on mam-
mary gland development and p27 expression and their relationship to the effects
of energy restriction on mammary carcinogenesis. Carcinogenesis 1998;
19:2101–2106.

30. Jiang W, Zhu Z, Bhatia N, Agarwal R, Thompson HJ. Mechanisms of energy
restriction: effects of corticosterone on cell growth, cell cycle machinery, and
apoptosis. Cancer Res 2002; 62:5280–5287.

31. Jiang W, Zhu Z, McGinley JN, Thompson HJ. Adrenalectomy does not block the
inhibition of mammary carcinogenesis by dietary energy restriction in rats. J Nutr
2004; 134:1152–1156.

32. Zhu Z, Jiang W, Thompson HJ. Mechanisms by which energy restriction inhibits
rat mammary carcinogenesis: in vivo effects of corticosterone on cell cycle
machinery in mammary carcinomas. Carcinogenesis 2003; 24:1225–1231.

33. Pashko LL, Schwartz AG. Reversal of food restriction-induced inhibition of mouse
skin tumor promotion by adrenalectomy. Carcinogenesis 1992; 13:1925–1928.

34. Ruggeri BA, Klurfeld DM, Kritchevsky D, Furlanetto RW. Caloric restriction and
7,12-dimethylbenz(a)anthracene-induced mammary tumor growth in rats: alter-
ations in circulating insulin, insulin-like growth factors I and II, and epidermal
growth factor. Cancer Res 1989; 49:4130–4134.

35. Klurfeld DM, Welch CB, Davis MJ, Kritchevsky D. Determination of degree of
energy restriction necessary to reduce DMBA-induced mammary tumorigenesis
in rats during the promotion phase. J Nutr 1989; 119:286–291.



Obesity as a Cancer Risk Factor: Potential Mechanisms of Action 577

36. Heuson JC, Legros N. Influence of insulin deprivation on growth of the 7,12-
dimethylbenz(a)anthracene-induced mammary carcinoma in rats subjected to
alloxan diabetes and food restriction. Cancer Res 1972; 32:226–232.

37. Cohen ND, Hilf R. Influence of insulin on growth and metabolism of 7,12-
dimethylbenz(alpha)anthracene-induced mammary tumors. Cancer Res 1974;
34:3245–3252.

38. Hilf R, Hissin PJ, Shafie SM. Regulatory interrelationships for insulin and estrogen
action in mammary tumors. Cancer Res 1978; 38:4076–4085.

39. Gibson SL, Hilf R. Regulation of estrogen-binding capacity by insulin in 7,12-
dimethylbenz(a)anthracene-induced mammary tumors in rats. Cancer Res 1980;
40:2343–2348.

40. Kari FW, Dunn SE, French JE, Barrett JC. Roles for insulin-like growth factor-1
in mediating the anti-carcinogenic effects of caloric restriction. J Nutr Health
Aging 1999; 3:92–101.



 



579

28 Alcohol and Cancer: 
Cellular Mechanisms 
of Action

Xiang-Dong Wang and Hiroko Inoue-Fruehauf

CONTENTS

28.1 Introduction ............................................................................................579
28.2 Multiple Mechanisms Involved in Alcohol-Associated 

Carcinogenesis .......................................................................................580
28.2.1 Increased Generation of Acetaldehyde....................................580
28.2.2 Induction of Cytochrome P4502E1 and Activation of 

Chemical Procarcinogens ........................................................582
28.2.3 Generation of Reactive Free Radicals That Cause DNA 

Damage ....................................................................................584
28.2.4 Impairment of Immune Function ............................................585
28.2.5 Induction of Cell Hyperproliferation That Promotes 

Genomic Instability .................................................................586
28.2.6 Deregulation of Apoptosis and Promotion of 

Tumorigenesis ..........................................................................587
28.2.7 Impaired Nutritional Status .....................................................588

28.2.7.1 Folate and Vitamin B6 (pyridoxal-5

 

′-phosphate).....588
28.2.7.2 Selenium and Zinc ...................................................589
28.2.7.3 Vitamin A.................................................................589

28.3 Summary ................................................................................................590
Acknowledgment...............................................................................................590
References .........................................................................................................590

28.1 INTRODUCTION

A number of epidemiological studies have indicated that long-term and excessive
alcohol consumption is a significant risk factor for upper aerodigestive tract
cancers (oropharynx, larynx, esophagus, stomach) and liver cancer.1,2 High alco-
hol consumption also increases the risk for other types of cancer, such as col-
orectal, lung, and breast.1 In examining the role of alcohol in cancer development,
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effects of both alcohol and its metabolites have to be considered, as well as other
nutritional and lifestyle factors associated with alcoholism.3 Several mechanisms
have been proposed to explain the contribution of chronic alcohol consumption
to the alcohol-associated carcinogenesis (Figure 28.1), but these mechanisms
need to be further defined at cellular and molecular levels. While alcohol is not
considered to be a direct carcinogen, the metabolite acetaldehyde is mutagenic
and carcinogenic.4 More importantly, chronic alcohol intake can induce a number
of biochemical and molecular alterations, thereby providing a promoting envi-
ronment for carcinogenesis. The purpose of this chapter is to summarize the
available evidence and hypotheses that address the carcinogenic effects of alcohol
and its mechanisms (Figure 28.1).

28.2 MULTIPLE MECHANISMS INVOLVED IN 
ALCOHOL-ASSOCIATED CARCINOGENESIS

28.2.1 INCREASED GENERATION OF ACETALDEHYDE

Acetaldehyde is probably the most important single mechanism through which
alcohol contributes to increased cancer risk.4 Acetaldehyde is produced as a
metabolite from ethanol by the action of cellular alcohol dehydrogenase (ADH),
mainly in the liver, but also in peripheral tissues and through the action of bacterial
ADH in the colon and saliva.5 Acetaldehyde is highly reactive and binds rapidly
to cellular proteins as well as to DNA, resulting in protein malfunction and
formation of stable DNA adducts.6 It can induce cross-links between DNA mol-
ecules and between DNA and proteins. Alterations to DNA by acetaldehyde
increase the risk of replication errors and mutations, and trigger replication errors
and/or mutations of oncogenes and tumor suppressor genes.6 Acetaldehyde also
exerts direct mutagenic effects on mammalian DNA by causing point mutations,
sister chromatid exchanges, and chromosomal aberrations, as demonstrated by
in vitro experiments.7,8 Furthermore, acetaldehyde interferes with DNA repair
machinery by inhibiting O6-methyl-guanyltransferase, an enzyme responsible for
the removal of DNA adducts.9

High levels of acetaldehyde in saliva have been proposed to contribute to
carcinogenesis.10–12 Even in volunteers who consumed moderate amounts of alco-
hol, a substantial production of acetaldehyde was detected in their saliva at
concentrations (19 to 143 

 

μM) which could cause mutagenic damage.10–12 In
addition, acetaldehyde contributes significantly to the development of autoimmu-
nity in alcoholic patients through the formation of protein adducts to enzymes,
collagen, albumin, hemoglobin, and microtubules.13 These acetaldehyde-protein
adducts can act as autoantigens and mediate inflammatory responses with
increases immunoglobulin levels and cellular cytotoxicity, resulting in tissue
damage.

The important role for acetaldehyde as a mediator of increased cancer risk
in alcoholic individuals is further highlighted by the fact that patients with
deficient acetaldehyde metabolism (e.g., through mutations in acetaldehyde



A
lco

h
o

l an
d

 C
an

cer: C
ellu

lar M
ech

an
ism

s o
f A

ctio
n

581

FIGURE 28.1 Simplified schematic illustration of possible mechanisms for excessive ethanol effects on carcinogenesis. (See the text for more detail.)
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dehydrogenase 2, ALDH2, gene) have significantly elevated acetaldehyde levels
and increased risk of cancer.14–16 Inactivating polymorphisms of ALDH2 lead to
significantly slowed acetaldehyde metabolism and are strongly associated with
esophageal squamous cell carcinoma in Asian drinkers.14 Patients with ALDH2
polymorphisms also have a higher risk for multiple cancers, especially of the
oropharynx and stomach. When the ALDH2 polymorphism occurs in combination
with a less active form of ADH2, this risk is further increased.17 For Caucasians,
ADH1 polymorphisms (ADH1C*1) resulting in increased enzyme activity and
increased acetaldehyde production lead to higher risk of upper aerodigestive tract
and liver cancer in heavy alcohol drinkers.18 It should be mentioned that ADH
plays a role in the oxidation of vitamin A (retinol) to retinoic acid.19 In the
presence of alcohol, the reaction velocity for retinal formation from retinol, the
rate-limiting step in the synthesis of retinoic acid, is dramatically reduced through
competitive inhibition.20 Han et al.21 showed that the retinol-oxidizing activity of
ADH1 was 90% inhibited by 5 mM ethanol (blood ethanol levels of 5 to 20 mM
are usually reached after social drinking), and the retinol-oxidizing activity of
some forms of ADH2 and ADH3 was 60 to 80% inhibited by 20 or 50 mM
ethanol (only seen in heavy drinking). Kedishvili et al.22 showed that the contri-
bution of ADH isozymes to retinoic acid biosynthesis depends on the amount of
free retinol in cells, and that physiological levels of ethanol can substantially
inhibit the oxidation of retinol by human ADHs. These earlier observations have
been substantiated by the demonstration that biosynthesis of retinoic acid follow-
ing a dose of retinol was reduced by 82% in ADH null mutant mice (ADH1–/–).23

This reduction was similar in magnitude to the inhibition in retinoic acid biosyn-
thesis seen in wild-type mice treated with ethanol (87% decrease). In addition,
it has been reported that ethanol inhibits the oxidation of retinol into retinoic acid
in the human gastric and esophageal mucosa and rat colon mucosa24 and the
acetaldehyde inhibits the generation of retinoic acid in human prenatal tissue.25

The importance of the ADH system for the oxidation of retinol to retinoic acid
is supported by the observation that retinol oxidation is inhibited to a similar
degree in ADH–/– mice as it is after ethanol pretreatment.20 These studies clearly
demonstrate that retinoic acid biosynthesis can be impaired by ethanol via com-
petition for ADH and ALDH, which may contribute to the increased risk of
developing certain alcohol-related cancers. This has been shown for the liver and
colon, two primary organs affected by cancer in alcoholic patients.26–28 It has
been reported that the presence of an inactivating ADH2 polymorphism leads to
slower metabolism of alcohol to acetaldehyde;16 however, whether the presence
of inactivating ADH and ALDH polymorphisms lead to slower conversion of
retinol to retinal and, further, to retinoic acid is currently unknown.

28.2.2 INDUCTION OF CYTOCHROME P4502E1 AND

ACTIVATION OF CHEMICAL PROCARCINOGENS

Chronic alcohol consumption induces cytochrome P450 isoform 2E1 (CYP2E1)
in the liver and, to a lesser degree, in other target organs such as the lungs and
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the mucosal layers of the esophagus and lower gastrointestinal tract.1 This
enzyme, a microsomal cytochrome oxidase, catalyses the conversion of ethanol
into acetaldehyde, and is able to metabolize a wide variety of xenobiotics.29,30

After ethanol consumption, the activity of CYP2E1 is increased to four- to tenfold
levels in the liver, with a high rate of individual variation.31 Activation of CYP2E1
activity can be observed after 1 week at relatively low levels of alcohol intake
(40 g/day).31 It is assumed that CYP2E1 induction after ethanol consumption
occurs through two distinct pathways, post-translational mechanisms at low eth-
anol concentrations, and increased mRNA transcription at high ethanol concen-
trations.32 The activation of CYP2E1 may be modulated by hormones and growth
factors, but the details regarding this regulation are not yet understood.

The important role for CYP2E1 induction as a link between alcohol abuse
and cancer is highlighted by the fact that high CYP2E1 expression has been found
in the liver and in peripheral tissues (oral cavity, esophagus, colon, and rectum),
which are known from epidemiological studies to have increased risk of cancer
formation associated with chronic alcohol consumption.1,30 In the presence of
alcohol, the hepatic first-pass metabolism is reduced for many carcinogens,
including nitrosamines. This leads to higher peripheral tissue levels of nitro-
samines, which are then activated by mucosal CYP2E1. Inducible expression of
CYP2E1 exposes the liver and peripheral tissues to a range of pathogenic and
potentially carcinogenic substances due to this enzyme’s low substrate specific-
ity.29 Inducible expression of CYP2E1 leads to generation of reactive and harmful
acetaldehyde in peripheral tissues, along with increased oxidative stress.1 It also
exposes the peripheral epithelium to activated carcinogenic metabolites from
procarcinogens such as nitrosamines, alkanes, aflatoxin, vinylchloride, and aro-
matic hydrocarbons, which would otherwise be metabolized in the liver. CYP2E1
induction by alcohol leads to accelerated metabolism of a multitude of therapeutic
drugs, thereby leading to increased toxicity in some (e.g., acetaminophen) and
decreased therapeutic effect in others (e.g., inhalation anesthetics), a fact that
should be considered when drugs are prescribed.31 For example, chronic ethanol
intake increases catabolism of vitamin A (retinol and retinoic acid) into more
polar metabolites in the liver.33–35 Recent studies have shown that the enhanced
catabolism of retinol and retinoic acid in ethanol-fed rats can be inhibited by
chlormethiazole (an inhibitor of CYP2E1) in vitro and in vivo,34,35 indicating that
CYP2E1 is the major enzyme responsible for the ethanol-enhanced catabolism
of retinoic acid in hepatic tissue after exposure to alcohol. It is possible that
CYP2E1 enzyme induction in chronic intermittent drinking could continue to be
a factor mediating oxidative stress and destroying retinol and retinoic acid, even
after alcohol is cleared. This may provide one explanation for why chronic and
excessive alcohol intake is a risk not only for hepatic, but also for extra-hepatic
cell proliferation and carcinogenesis, as it has been reported that CYP2E1 is also
present and inducible by alcohol in the esophagus, forestomach, and surface
epithelium of the proximal colon.36 It has been shown that treatment with CYP2E1
inhibitors (e.g., chlormethiazole) protects against ethanol-induced liver injury.37–39

The restoration of hepatic vitamin A status in ethanol-fed rats by chlormethiazole
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may provide a possible mechanism for the protective effect of chlormethiazole
on ethanol-induced liver injury.35

28.2.3 GENERATION OF REACTIVE FREE RADICALS THAT CAUSE

DNA DAMAGE

Oxidative stress is caused by an imbalance in protective cellular antioxidant
systems and generation of free radicals and their metabolites. Reactive oxygen
species can interact with membrane lipids to form lipid peroxides and reactive
aldehydes, such as hydroxynonenal and malondialdehyde, and form DNA
adducts, which increase the risk of mutations during mitosis. The formation of
DNA adducts is one of the earliest events in the multistage development of cancer.
Chronic alcohol consumption has been shown to increase oxidative stress on
cellular and systemic levels.40 Markers of oxidative stress are increased in heavy
drinkers and experimental animals, and reduced levels of plasma and tissue
antioxidants have been reported.40

Several cellular mechanisms contribute to the increased generation of free
radicals after acute or chronic alcohol intake. Cellular induction of the microsomal
cytochrome P450 enzymes, especially the inducible isoform CYP2E1, results in
a surplus formation of oxygen-derived free radicals and hydrogen peroxide (H2O2)
within the microsomes. This enzyme has a high redox potential and was found
to produce H2O2 even in the absence of hydroxylable substrates. Under in vitro
conditions, cells overexpressing CYP2E1 can only survive when adequate levels
of antioxidant substances (e.g., glutathione) are provided, highlighting the poten-
tial of this enzyme to increase oxidative stress.41 Independent of CYP2E1 induc-
tion, other alcohol-induced changes can result in a net increase in oxidative stress.
For example, in the presence of ethanol, hydroxyethyl radicals can be formed,
which have a more toxic potential than hydroxyl radicals. They interact freely
with lipids and proteins, have a longer lifespan compared to hydroxyl radicals,
and are able to diffuse through membrane barriers more easily based on their
more hydrophobic structure. Chronic alcohol consumption also leads to alter-
ations in mitochondrial respiratory chain enzymes, with resulting disturbances in
the electron transfer from flavinmononucleotide of complex I to complex III.42

The subsequent accumulation of semiquinones is thought to contribute to
increased formation of reactive oxygen species.42

In the early stages of alcohol-induced liver damage, proinflammatory cyto-
kines such as tumor necrosis factor-alpha (TNF-

 

α), interleukin 1 beta (IL-1

 

β),
and IL-6 are released by neutrophils and macrophages and mediate a pronounced
inflammatory reaction within the hepatic parenchyma. Hepatocytes react to these
inflammatory signals by increased intracellular formation of reactive oxygen
species and reactive nitrogen species. On the other hand, chronic alcohol treatment
decreases glutathione peroxidase-1 levels and leads to a disturbance of the glu-
tathione-based intracellular antioxidative system. This results in decreased clear-
ance of free radicals and increased oxidative stress. Further mechanisms include
vitamin E (tocopherol) depletion and alterations in the mitochondrial respiratory
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chain enzymes. Vitamin E is one of the most important intracellular antioxidants
within the lipophilic compartment of the cell. Chronic alcohol consumption leads
to lower tocopherol levels in experimental animals, independent of the level of
dietary vitamin E, and increases oxidative stress. Eskelson43 has demonstrated
that free radicals produced during ethanol metabolism promote tumor formation
in the esophagus, whereas diets supplemented with high levels of vitamin E inhibit
ethanol-induced free radical activity and suppress the promotion of cancer by
ethanol. A recent study also showed that alcohol-associated colorectal hyperpro-
liferation can be prevented by supplementation with 

 

α-tocopherol.44

28.2.4 IMPAIRMENT OF IMMUNE FUNCTION

Both chronic and acute alcohol consumption lead to a change in the overall
immune system function, thereby reducing the individual’s defenses against
pathogenic stimuli.45 Clinically, this compromised immune system is reflected in
higher rates of pneumonia and other bacterial infections. It is plausible that a
compromised immune defense also leaves the organism more susceptible to
cancer development. Several mechanisms contribute to the reduction of the indi-
vidual’s immune function, indicating direct effects of ethanol and its metabolites
and indirect effects through deficient nutrient supply in alcoholic individuals.46

General changes to the immune system that can be observed in alcoholic
individuals and experimental animals include atrophy of lymphoid organs, loss
or redistribution of peripheral blood leukocytes, diminished hormonal and cell-
mediated immune response, and impaired epithelial barrier function, especially
in the gastrointestinal tract.47 Alcohol displays an inhibitory effect on the function
of natural killer (NK) cells in alcohol-fed animals as well as in alcohol consuming
patients.48–52 It is assumed that ethanol or its metabolites has an inhibiting effect
on NK cell calcium-dependent programming and signal transduction. After long-
term alcohol exposure, numerical reduction in NK cells and circulating lympho-
cytes also contributes to a loss in NK cell function.53 Neutrophils, circulating
blood cells with a key function in the defense against bacteria, show functional
changes in the presence of alcohol, such as impaired migration to inflammatory
foci and reduced capability to kill bacteria. Alcohol interferes with the cell–cell
interactions of different immune cells, including interactions between monocytes
and T lymphocytes.45 After pretreatment with alcohol, human monocytes are less
able to present a pathogenic antigen to T lymphocytes, leading to reduced antigen-
specific T-cell response and proliferation.54

Chronic alcoholism leads to a shift in immune cytokine signaling resulting
in a reduction of cellular and increase of hormonal responses. Frequently,
increases in proinflammatory cytokines IL-1, IL-6, IL-8, and TNF-

 

α have been
observed and are attributed to oversecretion by monocytes. These changes are
also likely to contribute to the inflammatory response within the liver, resulting
in the formation of fibrosis. Frequently an increased level of immunoglobulins
can be found in alcoholic individuals, even in a situation of immunodeficiency.
Some of this immunoglobulin increase is attributable to autoimmunity arising
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from antibody formation against protein adducts formed under the influence of
highly reactive acetaldehyde.

28.2.5 INDUCTION OF CELL HYPERPROLIFERATION THAT

PROMOTES GENOMIC INSTABILITY

Chronic alcohol intake leads to increased cellular proliferation in various tissues,
such as liver, colon, and rectum.26,27,55 Such hyperproliferation predisposes devel-
opment of genetic instability and cancer development by increasing the number
of cellular divisions. Several mechanisms contribute to increased cellular turnover
after acute and chronic ethanol intake.56 One of the effects of ethanol on prolif-
erative signaling pathways within the cells includes alteration of the mitogen-
activated protein kinase (MAPK including Jun N-terminal kinase, JNK, extra-
cellular signal-regulated kinase, ERK, and p38 kinase) pathway and its down-
stream cascades (e.g., C-jun is phosphorylated by JNKs, resulting in increased
AP-1 transcriptional activity; Figure 28.2). Products of the two proto-oncogenes,
c-Jun and c-Fos, form a complex in the nucleus, termed AP-1, that binds to a
DNA sequence motif referred to as the AP-1 response element (AP-1 RE). Recent
evidence has accumulated supporting a role for ethanol in the regulation of AP-
1 gene expression. It has been shown that components of AP-1 are important in
modulating carcinogenesis, and transactivation of AP-1-dependent genes is
required for tumor promotion.57

We have observed that chronic ethanol intake in rats significantly increases
hepatic c-Jun and c-Fos protein levels, as compared with control animals.58 AP-
1 plays a key role in regulating proliferative target gene expression. It mediates
signals from a variety of sources of proliferative stimuli, including growth factors,
cytokines, oxidative stress, and others. One of its key target genes is the cell cycle
regulating gene, cyclin D1, which controls progression from G1 to S phase during
mitosis. In the livers of chronically ethanol fed rats, phosphorylation of c-jun and
also of JNKs is significantly increased, resulting in increased AP-1-mediated
transcription and cellular proliferation.27,59 In transformed hepatocytes, alcohol
administration leads to activation of ERK and increased DNA synthesis, and
enhances the MAPK activation after G protein signaling.60 Increased ERK acti-
vation is also found in human cancers related to alcohol, such as hepatocellular
carcinoma and breast cancer.

Antiproliferative and antioncogenic effects of retinoids may be mediated by
inhibiting AP-1 activity.61 We have shown that the retinoic acid treatment in
ethanol-fed rats dramatically inhibited the ethanol-induced overexpression of c-
Jun and cyclin D1, AP-1 DNA binding activities, as well as the ethanol-induced
proliferating cellular nuclear antigen-positive hepatocytes.27 Because transactiva-
tion of AP-1-dependent genes is required for tumor promotion57 and cyclin D1
plays an important role in tumorigenesis and tumor progression in hepatocellular
carcinoma,62 the identification of c-Jun and cyclin D1 as two potential targets of
retinoic acid action in ethanol-fed rats indicates that retinoids play an important
role in preventing certain types of ethanol-promoted cancer. Furthermore, we have
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observed that all-trans-retinoic acid supplementation in ethanol-fed rats greatly
attenuated the ethanol-induced phosphorylation of JNK and increased the levels
of mitogen-activated kinase phosphatase-1 (MKP-1) in liver tissue.59 It has been
shown that JNK is required for tumorigenesis using a multistep carcinogenesis
model in mice lacking the JNK2 gene.63 These studies support our notion that JNK
signaling may mediate ethanol-promoted hepatocyte proliferation and oncogenic
transformation, due to alcohol-impaired retinoic acid action, and “cross talk” with
the JNK signaling pathway. Retinoic acid is involved in the checkpoint function
at the G1/S phase transition and helps delay the progress of damaged cells into S
phase during mitosis. This leaves more time for repair of damaged DNA or the
initiation of apoptosis, thereby reducing the risk of malignant development.

28.2.6 DEREGULATION OF APOPTOSIS AND PROMOTION OF

TUMORIGENESIS

Apoptosis is an important regulating mechanism in an organism’s defense against
cancer. Especially in a setting of increased tissue proliferation and frequent

FIGURE 28.2 Simplified schematic illustration of possible interactions of ethanol (open
arrows) with retinoic acid (closed arrows) MAPK (including JNK, ERK, and p38 kinase)
pathway and AP-1 (c-Jun and c-Fos) nuclear complex in ethanol-promoted carcinogenesis;
see text for more detail. (Adapted from Wang XD. J Nutr 2003; 133:287S–290S.)
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mitosis, the risk of genetic instability is increased, making more important the
self-regulating function of apoptosis, which eliminates malfunctioning or mutated
cells to prevent harm to the organism. Chronic alcohol intake can lead to a
reduction in apoptosis, as demonstrated in the liver of alcohol-fed rats where
decreased apoptosis coincides with increased proliferation.27,59 Retinoids have
been implicated in the induction of cell death in many tumor-derived cultured
cell systems in retinoid receptor-dependent or receptor-independent manners.64

It is possible that under certain risk conditions, such as diminished hepatic retinoid
signaling due to prolonged alcohol intake, apoptosis may become deregulated,
thereby promoting genomic instability and neoplasia. Recently, we investigated
whether hepatocellular apoptosis can be regulated by either ethanol feeding or
retinoic acid supplementation. We showed that ethanol feeding in rats for a 1-
month period (subacute phase) significantly increased apoptosis; however, after
6 months of ethanol feeding, hepatic apoptosis decreased significantly relative to
controls.27,59 Interestingly, retinoic acid supplementation increased apoptosis four-
fold in ethanol-fed rats, as compared with ethanol treatment alone.27,59 Although
the mechanism is not well defined, these data indicate that retinoic acid plays an
important role in preventing ethanol-promoted carcinogenesis by inducing apop-
tosis.

28.2.7 IMPAIRED NUTRITIONAL STATUS

28.2.7.1 Folate and Vitamin B6 (pyridoxal-5′′′′-phosphate)

Folate and vitamin B6 are important nutrients required for methylation reactions.
Chronic alcohol intake interferes with one carbon metabolism, in which folate
functions as a methyl donor for DNA methylation and nucleotide synthesis.65

Folate deficiency leads to hypomethylation of DNA, which might contribute to
increased cancer risk.66 Alcoholic patients are at increased risk of folate deficiency
due to a general pattern of micronutrient deficiency in chronic alcoholism. High
acetaldehyde levels have been shown to lead to destruction of folic acid in vitro,67

suggesting acetaldehyde can further contribute to the deterioration of folate levels
in specific tissues. While systemic acetaldehyde levels are kept usually very low,
bacterial degradation of ethanol within the lumen of the colon leads to very high
local levels of acetaldehyde. This in turn leads to a significant reduction in tissue
folic acid levels in the colonic mucosa and might contribute to the increased risk
of colon cancer in alcoholic individuals.12 Epidemiologic studies show an
increased risk of colon cancer in alcoholic patients with a low folate diet, but
high folic acid intake seems to alleviate this risk, giving further support for the
hypothesis that local depletion of folic acid is a contributing factor in colon
carcinogenesis in chronic alcohol users.12 Chronic alcohol intake also affects both
absorption and metabolism of vitamin B6, resulting in impaired methyl group
synthesis and transfer.68–70
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28.2.7.2 Selenium and Zinc

The deficiency of selenium and zinc may contribute to cancer development.1

Selenium is an important nutrient for the cellular antioxidant defense based on
its essential role in the enzyme glutathione-peroxidase. Selenium deficiency is
associated with increased oxidative stress and epidemiologic studies suggest that
low selenium intake is related to an increased risk of cancer. Selenium supple-
mentation is able to reduce cancer incidence and cancer mortality for many types
of cancer, including colon cancer.71 Selenium was shown to prevent experimental
colon carcinogenesis induced by aromatic amines in a rat model.72 Alcohol
consumption does not seem to interfere with selenium uptake or utilization, but
intake studies demonstrate that insufficient selenium intake is present in nearly
all alcoholic patients,73 and this nutritional deficiency might significantly contrib-
ute to the increased cancer risk in such patients. Zinc levels are also frequently
decreased in chronic alcohol users through a combination of low absorption and
increased excretion. Zinc deficiency and environmental exposure to nitrosamines
are associated with esophageal carcinoma.74 Zinc treatment at the time of ethanol
exposure reduced the incidence of fetal abnormalities to basal levels.75

28.2.7.3 Vitamin A

Retinoids (vitamin A and its derivatives) are known to exert profound effects on
cellular growth, differentiation, and apoptosis, thereby controlling carcinogene-
sis.76 Retinoic acid receptors (RARs) and retinoid X receptors (RXRs) function
as ligand-dependent transcription factors, thereby transcriptionally activating a
series of genes with distinct antiproliferative activity and tumor suppressor func-
tion. Lower hepatic vitamin A levels have been well documented in chronic
alcohol users.77 Our previous animal studies have shown that long-term and
excessive alcohol intake results in decreased hepatic retinoic acid,58 the most
active derivative of vitamin A and a ligand for both RARs and RXRs. It has been
reported that the expression of the RARβ gene, a tumor suppressor, was down-
regulated by ethanol, even in the presence of retinol78 as well as in tumorigenic
hepatoma cell lines.79,80 Substantial research has recently been done regarding
the mechanisms by which excessive alcohol interferes with retinoid metabo-
lism.56,81 Specifically, alcohol (1) acts as a competitive inhibitor of vitamin A
oxidation to retinoic acid involving ADHs and ALDHs; (2) enhances catabolism
of vitamin A and retinoic acid by inducing cytochrome P450 enzymes, particularly
CYP2E1, which contributes greatly to alcohol-related disease; and (3) alters
retinoid homeostasis by increasing vitamin A mobilization from liver to extra-
hepatic tissues. This alcohol-impaired retinoic acid homeostasis (Figure 28.2)
interferes with retinoic acid signaling (e.g., diminishes RARs binding activity to
retinoic acid responsive elements (RAREs) and downstream target gene expres-
sion); and retinoic acid “cross talk” with the MAPK signaling cascade, which
plays an essential role in cellular proliferation, apoptosis, stress, inflammatory
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response, and carcinogenesis. Furthermore, we have shown that restoration of
retinoic acid homeostasis by retinoic acid supplementation restored the normal
status of both JNK and IGF-I signal transduction pathways and maintained normal
cell proliferation and apoptosis in the liver of ethanol-fed rats.59,82 The implica-
tions for the prevention of ethanol-promoted liver (and peripheral tissue) carcino-
genesis are clear. However, a better understanding of the retinoid–alcohol inter-
action and the molecular mechanism or mechanisms involved are needed before
pursuing retinoids in the prevention of alcohol-related carcinogenesis in humans.
This is particularly important in terms of the toxicity of retinoids in alcoholic
individuals.24,83

28.3 SUMMARY

Carcinogenesis is a multistage process consisting of initiation, promotion, and
progression. Initiation is rapid and occurs with high frequency (e.g., with exposure
to a carcinogen, such as high levels of acetaldehyde from excessive alcohol
intake), whereas promotion is a long-term process that requires chronic exposure
to a tumor promoter (e.g., both biochemical and molecular alterations and nutri-
tional deficiencies induced by chronic alcohol consumption). Although the exact
process by which chronic alcohol intake promotes carcinogenesis needs further
investigation, current evidence supports the following general mechanisms: (1)
Increased generation of mutagenic acetaldehyde from alcohol, particularly related
with ALDH/ADH genetic polymorphisms; (2) induction of cytochrome P450
enzymes that activate chemical procarcinogens and enhance degradation of ret-
inoids; (3) generation of reactive free radicals that cause DNA damage and lipid
peroxidation; (4) altered and deficient immune responses; (5) interaction with
cell growth signaling and induction of cell hyperproliferation that promotes
genomic instability; (6) dysregulation of apoptosis that allows cloning of trans-
formed cells; and (7) impaired nutritional status. These multiple mechanisms may
act together to play a role in carcinogenesis at both the initiation and promotion
stages. A greater understanding of these molecular mechanisms is needed for the
prevention and treatment of alcohol-related carcinogenesis.
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and inflammation, 423
and resveratrol, 375

Cyclooxygenase-2 (COX-2), 371, 492
as biomarker, 141
CLA modulation of, 509–510
in colon carcinogenesis, 494
in colon tumors, 489–490
and inflammation, 423
and resveratrol, 375

Cyclooxygenase-2 (COX-2) inhibitors
and colorectal cancer, 16
long-term safety of, 45

Cyclooxygenases, CLA modulation of, 
509–510

CYP2E1, induced after ethanol consumption, 
583

Cytochrome P-450 (CYP), ITC inhibition of, 
444–445

Cytochrome P450 isoform 2E1 (CYP2E1), in 
chronic alcohol consumption, 
582–584

D

Daidzein, 296
Dallas Heart Study, 234
Daunomycin (DNM), 439
Death-receptor apoptosis pathway, 373–374
Delphinidin

antitumor promoting effects of, 420–421
estrogenic activity of, 421

Deltanoids
as anticancer agents, 101, 103
combined with anticancer agents, 102

Deoxynucleotide (dNTP), in folate deficiency, 
163

DHEA, and chemoprevention, 37
Diabetes, and colorectal cancer risk, 17
Sn-1,2-diacylglycerol (DAG), 376, 377

Dietary components
bioactive, 29–32
chemopreventive action of, 35–48

Dietary energy restriction (DER), 567–568
Dietary supplements, antineoplastic, 111, 112
Diets

cancer, 412
and cancer, 28–29
and carcinogenesis, 38
with CLA, 509
and colorectal cancer, 16
fatty acids in, 493
HFML, 494
high-fat fish oil, 494
interaction with environment of, 51
ITCs in, 437
molecular analysis of, 51
and prostate cancer risk, 14
soy products in, 296
Western, 490, 492

Differentiation
abnormal pathway in, 181, 182
cell adhesions and, 178–179
induction of, 40–41, 178, 180
reduced, 520

Differentiation-inducing agents, 177
Dihydrobrassicasterol, and colon cancer, 257
1

 

α,25-dihydroxyvitamin D3 (1

 

α,25(OH)2D3).
See also Vitamin D

anticarcinogenic activity of, 48
antiproliferative properties of, 48

1,2-dimethylhydrazine (DMH), 50
4,4-dimethylsterol, 225, 226
Disease, flavonoid intake and, 413
DNA damage

in cell cycle, 37
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oxidative, 44
DNA methylation, alterations in patterns of, 47
DNA radicals, and catechins in, 357
DNA repair, selenium and, 203
DNA synthesis

in folate deficiency, 165–166
folates in, 156

Docetaxel, 301
Docosahexaenoic acid (DHA), 488, 491

and carcinogenesis, 45
and cell proliferation, 493
colon cancer inhibited by, 495
and differentiation promotion, 41
inhibition of colon carcinogenesis by, 493

Doxorubicin, 522, 529
Drug metabolizing enzymes (DMEs), 46

E

EB 1089 (deltanoid)
and breast tumor cells, 101–102
treatment with, 102

E-Cadherin, 179
Eggs, sphingolipids in, 524
Eicosanoid synthesis, from arachidonic acid, 

509–510
Eicosapentaenoic acid (EPA), 491–492

and carcinogenesis, 45
and cell proliferation, 493
and differentiation promotion, 41

Endometrial cancer
and consumption of soy foods, 318
and obesity, 547

Energy balance, chemical mediators of effects 
of, 572–574. See also Positive 
energy balance

Enterocyte membrane proteins, and sterol 
absorption, 236

Enterodiol (END)
structure of, 386
transcriptional activation potential of, 403

Enterolactone (ENL)
structure of, 386
transcriptional activation potential of, 403

Environment, and breast cancer risk, 6
Enzymes, and carcinogens, 46
Epicatechin (EC), 328
Epicatechin gallate (ECG), 328
Epidemiology

of alcohol and cancer, 579–580, 590
of cancer, 3–5, 296
of colorectal cancer, 15–16, 17, 488–489
of female breast cancer, 6

of folate deficiency, 159–160
of folate status and cancer, 161–162
of isoflavones, 304
of lignans and breast cancer, 387
of lycopene, 80–81
of obesity and cancer risk, 551
of phytosterol and cancer, 253–255
of phytosterol concentrations, 233
of prostate cancer, 12–13, 298
of selenium and cancer, 192–193
of selenium intake, 189–190
of tea drinking with cancer incidence, 355
usefulness of, 5
of vitamin E and cancer risk, 115, 116

Epidermal growth factor (EGF)
and breast cancer risk, 404
and cell proliferation, 39

Epidermal growth factor (EGF)-receptor, 
EGCG inhibition of, 359

Epigallocatechin (EGC), 328
Epigallocatechin gallate (EGCG), 44, 328, 329

antiangiogenic activity of, 338
anticancer-promoting effects of, 359
apoptotic inducing effects of, 358
and carcinogenesis, 45
and chemoprevention, 36, 37
growth inhibitory effect of, 358
pro-oxidant effects of, 357
and telomerase activity, 42
TPA-induced transformation inhibited by, 

358
Epstein-Barr virus, 82
Equol, chemical structure of, 314
Ergocalciferol, 89, 90 See also Vitamin D
Ergosterol, 227
ER signaling pathway, 303
Esophageal dysplasia, in selenium studies, 194
Esophagus, adenocarcinoma of, 548–549
17 β-Estradiol, chemical structure of, 314
Estrogenic actions, of phytosterols, 263–264
Estrogen-receptor (ER), and resveratrol, 376
Estrogen receptor status, and postmenopausal 

breast cancer, 545, 546
Estrogen response elements (EREs), and 

resveratrol, 376
Estrogens

bioavailability of, 400–401
and breast cancer risk, 8–9
chemical structure of, 313, 314
effect of lignans on metabolism of, 400, 

402–403
and prostate cancer risk, 13–14
synthesis of altered by lignans, 401–402

Etretinate, and cutaneous T-cell lymphomas, 69



604 Nutrition and Cancer Prevention

European Prospective Investigation into Cancer 
and Nutrition (EPIC) study, 392

Extracellular matrix (ECM), 146, 178
Ezetimibe (Zetia), 251

F

Familial adenomatous polyposis (FAP), 16
Familial factors, in colorectal cancer, 16
Fas-associated death domain (FADD), 259
Fats, dietary

animal, 489
and cancer risk, 28
in colon cancer, 487–488
and colon tumor development, 490
phytosterols in, 229
plant sterols in, 230

Fatty acids, 31
and carcinogenesis, 45
and cell proliferation, 493
and differentiation promotion, 41
omega (see Omega fatty acids)
tumor-promoting effects of saturated, 490

Fatty acid synthase, EGCG inhibition of, 360
Fenretinide

as chemopreventive agent, 69–70
and prostate cancer, 67

Fiber, and cancer risk, 28
Fibroblast growth factor (FGF), and cell 

proliferation, 39
Fibroblast growth factor (FGF)-receptor, 

EGCG inhibition of, 359
Fibrosarcoma

and polyphenols, 333
and soy isoflavones, 335

Fibrous foods, and colorectal cancer, 496
Finland, breast cancer study in, 389, 391, 393
Fish oils, 488, 490, 491

and colon tumors, 490
high-fat diet with, 494

5-a-Day Program, 32
5FU, for colon cancer, 529
Flavanols

chemical structure of, 276
colonic-derived metabolites of, 283
in foods, 277
formation of hippuric acid from, 284

Flavan-3-ols, 283
Flavanones

chemical structure of, 275, 276, 327
in foods, 277
sources of, 274

Flavans, chemical structure of, 327

Flavones, 30
chemical structure of, 327
in foods, 277

Flavonoids
absorption of, 277–280
and angiogenesis, 337–338
antimetastatic effects of, 328, 329–331
antioxidant potential of, 278
apoptosis induced by, 42
beneficial properties of, 273
bioavailable metabolites of, 286
biosynthesis of, 275
and cancer, 412–413
and cancer cell adhesion, 341–342
cellular uptake of, 286
chemical structure of, 274, 275, 282, 326, 

327, 413
circulating metabolites of, 282
as classical antioxidants, 276, 277
classification of, 274, 326, 327
and colon cancer, 317
conjugation of, 284
and differentiation promotion, 41
in foods, 277
formation of metabolites and conjugates of, 

285
and infant leukemia, 318
interactive effects of, 344
metabolism of, 280–284
and MMPs, 339
O-methylation of, 281
properties of, 413
sources of, 274, 326, 327
and tumor metastasis, 342–344

Flavonols, 30
chemical structure of, 275, 276
in foods, 277
sources of, 274

Flavonones, 30
Flaxseed (FS)

anticancer effects of, 313
beneficial effects of, 405
and breast cancer treatment, 397
and carcinogenesis, 319
in carcinogen-treated rat model, 397
disease risk-reducing capabilities of, 385, 

386
experimental studies with, 394–400
lignans of, 313–314
and tumor initiation and promotion, 396
and tumor proliferation, 400

Folate
beneficial effects of, 412
in chronic alcohol intake, 588
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and DNA methylation, 47
protective effect of, 161

Folate antagonists, in cancer chemotherapy, 156
Folate deficiency

and cancer, 159–160
in cancer treatment, 156
and childhood leukemia, 161
and colorectal cancer, 160
defining, 157
and DNA damage, 158
functional, 157
genomic instability in, 164
mechanisms of carcinogenesis through, 

162–164
Folates

and cancer prevention, 156–167
in cancer therapy, 156
intracellular, 154
metabolism of, 153
supplementation with, 166

Folate status, determining, 159
Folic acid, 30

chemical structure of, 153, 154
and chemoprevention, 37
supplementation with, 166, 167

Food frequency questionnaires (FFQs), 392
Food intake, nibbling pattern of, 568
Foods. See also Diets

flavonoid-containing, 277
functional, 76
infant, 45

Free radicals, cellular injuries induced by, 139. 
See also Oxidative stress

Fruits
antioxidant capacities of, 31, 45
and cancer incidence, 412, 435
and cancer risk, 28
and colorectal cancer, 496
DOA recommendations for, 139
evaluation of, 344
flavonoids in, 274
phytosterols in, 229

Fucoxanthin, 82
Functional foods, 76

G

Gap-junction intercellular communication 
(GJIC), 140

and carcinogenicity, 145
homeostatic balance maintained by, 141

Garlic
apoptosis induced by, 42

selenium-enriched, 206
Garlic/onion, and chemoprevention, 36
Gastric cancer

and polyphenols, 333
protective effect of soy intake on, 318

Gastric cardia, adenocarcinoma of, 548–549
Gastrointestinal (GI) tract

flavonoid absorption in, 278–279
flavonoid metabolism in, 281
saponins in, 462

GEN, and tumor growth, 399
Gene-environment interaction, 5
Gene-nutrient interactions, 51
Generally recognized as safe (GRAS), 

phytosterol esters as, 233
Genes

associated with breast cancer, 11
oncogenes, 32
p53, 33, 48

Genetic defects, and cancer cell production, 
32–33, 34. See also Mutations

Genetics, of prostate cancer, 14
Genistein, 296, 298, 330

and Akt pathway, 302
antiangiogenic activity of, 338, 339
anti-angiogenic effects of, 303–304
anti-metastatic effects of, 303–304
and AR signaling pathway, 302–303
cell cycle arrest induced by, 300
cellular growth inhibited by, 39–40
and colon cancer, 317
and ER pathway, 303
and estrogen receptors, 39, 40
metastasis inhibited by, 335
and MMP activities, 341

Genomics
in clinically relevant animal models, 344
of ginsenosides, 463–464
increased stability in, 44
nutritional, 51

Germany, breast cancer study in, 389, 392
Ginseng, 458

anticancer activity of, 462–463
antioxidant properties of, 460–461
cancer preventative properties of, 459–471
and cancer risk, 471
effect on cultured cancer cells of, 463–466
effect on membrane homolysis of, 467–468
immune-stimulating properties of, 461–462
types of, 460

Ginseng extracts
and cellular immunity, 461–462
and cultured cancer cells, 463
standardized, 461



606 Nutrition and Cancer Prevention

Ginsenosides
anticancer activity of, 462–463
cancer preventative properties of, 459–471
chemical structure of, 458, 459
cytotoxic effects of, 469
effect on cultured cancer cells of, 463–466
effect on membrane homolysis of, 467–468
genomic effects of, 463–464
and membrane function, 467
in plants, 459

Glioblastoma, and soy isoflavones, 335
Glioma cell lines, sphingolipid composition in, 

523
Glucose homeostasis, and cancer risk, 574
Glucose metabolism, and breast cancer risk, 9
Glucosinolates, 46
Glutathione peroxidase (GPX), 191, 198–199
Glutathione-S-transferases (GSTs)

detoxification with, 46, 47
ITCs catalyzed by, 438

Glycoside processing, flavonoid, 279
Glycosylation, and antioxidant capacity, 

416–417
Golden hamsters, vitamin A depletion in, 66. 

See also Rodent models
Grains, 320

and cancer risk, 28
phytosterols in, 229

Grapes, 369, 370
Green tea, 44, 329

benefits of, 352
cancer-prevention effect of, 328
and onset of cancer, 356

Green tea catechins, 328, 357
Green tea polyphenols (GTPs), 333
Growth factors

effects of lignans on, 404–405
fibroblast, 39, 359
insulin-like, 9–10, 14, 404, 573
platelet derived, 39, 359

Growth hormone (GH), and prostate cancer, 14

H

Head and neck cancer, and soy isoflavones, 335
Health, and obesity, 543
Helicobacter pylori, 28
Hemolysis, protective effect of ginsenosides on, 

467
Hepatitis, viral, 28
Hepatocarcinoma, and isotretinoin, 71. See also

Liver carcinogenesis
Hepatocytes, effects of soyasaponins on, 476

Hepatomas
and methyl-deficient diet, 47
and polyphenols, 333

Herbal medicines, traditional, 29
Herbal supplements, 437
Hereditary factors, in colorectal cancer, 16
Hereditary nonpolyposis colorectal cancer 

(HNPCC) syndrome, 16
Heterocyclic amines, 46
High-fat fish oil (HFO) diet, 494
High-fat mixed lipid (HFML) diet, 494
High PEB (HPEB), 569
Hippuric acid, 284
Histopathology, of neoplastic progression, 33
HIV patients, ginseng for, 462
Honeybee propolis, apoptosis induced by, 42
Hormone-independent cancers, and isoflavones, 

299
Hormone-related cancers, and isoflavones, 299. 

See also Breast cancer; Prostate 
cancer

Hormone replacement therapy (HRT), 6
and breast cancer risk, 11
and postmenopausal breast cancer, 545–546

Hormones
and breast cancer risk, 8–10, 10–11
and cancer development, 421

H-ras oncogene, in phytoene-producing cells, 
85

17-hydroxysteroid dehydrogenase (HSD), in 
estrogen synthesis, 401

25-hydroxyvitamin D3 (25-(OH)2D3), 90, 91
anticancer properties of, 103
and cancer risk, 95
and colon cancer, 96–97
differentiation-promoting effect of, 49
in treatment of cancer, 100–103

Hyperglycemia, and colorectal cancer, 16
Hyperinsulinemia, and colorectal cancer, 16
Hypermethylation, 47
Hyperoxia, and anthocyanins, 420
Hypomethylation, 47
Hypotheses, testing, 5

I

IGF-1 receptors, and colorectal cancer, 16
I

 

κB kinase (IKK), and cell signaling pathways, 
301

Ileum, and flavonoids, 285
Immune system

in chronic alcohol consumption, 585–586
effects of dietary phytosterols on, 232, 263
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effects of ginseng on, 461
effects of selenium on, 200
and soyasaponins, 474

Incidence
for colorectal cancer, 15
defined, 4
of female breast cancer, 6
for prostate cancer, 12–13

Inducible nitric oxide synthase (iNOS)
in colon tumors, 489–490, 492–493
inflammatory processes mediated by, 141
and tea polyphenols, 359

Infant food, antioxidant capacities of, 45
Inflammation, 141

and arachidonic acid metabolism, 422–423
and carcinogenesis, 45, 424
and colorectal cancer, 16
effect of phytosterols on, 232
inhibition of, 141
oxidative stress in, 143
process of, 422
ROS in, 145
and vitamin C, 147

Initiation, 370, 506, 590
flaxseed and lignans and, 396
role of CLA in, 506–507
role of NO in, 492–493
sphingolipid suppression of, 528

Insulin
and colorectal cancer, 16
and energy balance, 573

Insulin-like growth factors (IGFs)
and breast cancer risk, 9–10, 404
and energy balance, 573
and prostate cancer, 14

Insulin resistance, and breast cancer risk, 9
Integrins, 178
Intercellular adhesion molecule 1 (ICAM), 

231–232
Interferon

 

γ  (IFN

 

γ ), and dietary phytosterols, 
263

Interleukins
in alcohol-induced liver damage, 584
in chronic alcoholism, 585
and dietary phytosterols, 263

International Prostate Symptoms scores, in BPH 
studies, 254

Invasion. See also Metastasis
effects of apigenin on, 336–337
effects of tea polyphenols on, 333
and quercetin on, 336–337
soy isoflavones and, 335

Iowa Women’s Health Study, 29, 549
Isoflavones, 30, 320

anticancer effects of, 313
as antioxidants, 304
bioavailability of, 297
and cancer, 297–300, 304–305
chemical structure of, 275, 276, 313, 327
as estrogens, 314
in foods, 277
and hormone-independent cancers, 299–300
and hormone-related cancers, 296, 299
and melanoma, 335
metabolism of, 296–297
molecular mechanisms of action of, 

300–304
sources of, 296
and tumor metastasis, 330

Isoflavone supplements, lifelong intake of, 320
Isolariciresinol, 386
Isothiocyanates (ITCs), 31, 435

absorption of, 437
anticarcinogenic activities of

clinical studies, 442, 444
in vivo, 441–442, 443

bioavailability of, 438
chemical structures of, 436
development of analogues of, 448
in diet, 437
excretion of, 438
formation of, 436
phase I enzymes inhibited by, 444–446
phase II enzymes inducted by, 446–447
in vitro cytotoxic effects of, 439

Isotretinoin
chemopreventive properties of, 70, 71
and cutaneous T-cell lymphomas, 69

Italy, breast cancer study in, 391

J

Jejunum, flavonoids in, 285
Jun N-terminal kinase (JNK), 586

K

Kaposi’s sarcoma, and isotretinoin, 71
Kidney cancer, and obesity, 547–548
K-ras, in colorectal cancer, 33

L

Lactation, and breast cancer risk, 7
Legumes, 320. See also Vegetables
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Leukemia, 161
AML, 374
and ginsenosides, 463
infant, 318
and obesity, 550
and resveratrol-induced apoptosis, 373

Leukoplakia, oral, 71
Leukotrienes

in inflammatory processes, 423
as mediators of inflammation, 423

LGD1069 (Targretin®), 77
Lifespans, resveratrol extension of, 371
Life Span Study, in Hiroshima and Nagasaki, 

316
Lifestyle factors

and breast cancer risk, 6, 7–8
and carcinogenesis, 28
diet nutrition, 265

Lignans, 30, 320
absorption and metabolism of, 386
anticancer effects of, 313
in athymic nude mice model, 397–400
and breast cancer

prevention of, 394
risk of, 387, 405
treatment for, 397

in carcinogen-treated rat model, 397
estimating intake of, 392–393
as estrogens, 314
estrogen synthesis altered by, 400–403
in flaxseed, 386
and mammary gland development, 394–396
non-ER-mediated mechanism of, 403–405
serum, 393–394
and tumor initiation and promotion, 396

Limonene, and chemoprevention, 36
Linoleic acid (LA). See also Conjugated linoleic 

acid
chemical structure of, 488
and colon carcinogenesis, 491–492

Linum usitatissimum, 385. See also Flaxseed
Linxian 1 study, 78
Lipid metabolism, CLA modulation of, 

509–511
Lipid peroxidation, and tumorigenesis, 84
Lipoproteins, ginseng protection of, 460
Lipoxygenases, in inflammatory processes, 423
Lithocholic acid (LCA), 50
Liver, flavonoid absorption in, 279
Liver cancer, and selenium, 193–194
Liver carcinogenesis

and lycopene treatment, 81
ß-Carotene in, 79
and treatment with zeaxanthin, 80

Liver injury, ethanol-induced, 583–584
Lung cancer

and cruciferous intake, 444
and lycopene, 81
obesity and, 550
and retinoids, 70
and selenium supplementation, 195, 196
and soy isoflavones, 335

Lung cancer risk, and flavonoids, 412
Lung tumor, lutein treatment for, 80
Lutein, 30

anticarcinogenic activity of, 79–80
antitumor-promoting activity of, 80

Lycopene, 30, 76
anticarcinogenic activity of, 80–82
apoptosis induced by, 42
and chemoprevention, 36

Lymphoma, and obesity, 550

M

Macronutrients, cancer-preventive properties of, 
29. See also specific
macronutrients

Malignant cells, and differentiation-inducing 
agents, 177

Mammary carcinogenesis, CLA in, 506. See
also Breast cancer

Mammary glands
developing, 319
and exposure to phytoestrogens, 394–396

Mammary tumors, efficacy of selenocompounds 
on, 204–205

Mammographic density
interpretation of, 315–316
as predictor of breast cancer, 12

Matairsinol (MAT), 386, 392–393
Matrix metalloproteinases (MMPs), 337

effects of soy isoflavones on, 340–341
effects of tea polyphenols on, 340
inhibition of, 339
in tumor promotion, 140, 142, 146
upregulation of, 44

MDR1, 469
Meal feeding, experiments with, 568
Meat consumption, and colon adenomas in 

Japan, 488
Meat products, sphingolipids in, 524
Mediterranean diet, 489
Medulloblastoma cells, and polyphenols, 333
Melanoma

effects of soy isoflavones on, 335
effects of tea polyphenols on, 332
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and

 

α-TOS, 120, 122
Melatonin, and breast cancer risk, 10
Membrane-bound enzymes activities, effect of 

phytosterols on, 262
Membrane-bound folate binding proteins 

(FBPs), 154
Membranes, effects of phytosterols on, 235, 264
Menarche, and breast cancer incidence, 6–7
Menopause, and breast cancer incidence, 7
Mesotheliomas, and α-TOS, 120, 122, 126
Metabolism, and antioxidant activity, 417–418
Metals, carcinogenic properties of, 46
Metastasis. See also Carcinogenesis

and apigenin, 336–337
effect of genistein on, 303–304
effect on soy isoflavones on, 334
effects of flavonoids on, 329–331, 342–344
effects of phytosterols on, 262–263
effects of soy isoflavones on, 335
effects of tea polyphenols on, 333
flavonoid inhibition of, 337–342
inhibition of, 43–44
lignans and, 403–404
protective effect of phytosterols against, 

257–258
quercetin and, 336–337
treatment of, 326

Methionine
biosynthesis, 157
and DNA methylation, 47
and folate deficiency, 165

Methotrexate (MTX)
in chemotherapy protocols, 156
and folate deficiency, 159

Methylation
DNA, 47
in folate deficiency, 164

Methyl group synthesis, in chronic alcohol 
intake, 588

N-methylnitrosourea (MNU), ACF induced by, 
79–80, 81

Methylselenenic acid, and inhibition of cell 
proliferation, 201

Micronutrients, and cancer risk, 28. See also
specific micronutrients

Migrant studies, cancer incidence in, 12
Milk products

and colon cancer, 529
sphingolipids in, 524

Minerals, effects on cancer of, 194. See also
specific minerals

Min mice, 531. See also Rodent models
Mitogen-activated kinase kinase 1 (MEKK1), 

and cell signaling pathways, 301

Mitogen-activated kinase phosphatase-1 (MKP-
1), 587

4-monomethylsterol, 225, 226
Mortality

of colorectal cancer, 15
metastasis and, 43
and vitamin D synthesis, 90

Multicarotenoids, 82–83
Multiple myeloma, and obesity, 550
Mutations

ABCG8, 252
and carcinogenesis, 32
and folate deficiency, 158
Ras, 39
with ras-p21, 494–495
and VE analogs, 123–124

Mycotoxins, 46
Myricetin, and colon cancer, 317

N

NAC, and chemoprevention, 36
Naphthyl ITC (NITC), 437
Naringin, and lung cancer risk, 412
National Cancer Institute (NCI), 29, 32
National Cholesterol Education Program 

(NCEP III) guidelines, 240
National Health and Nutritional Survey, Third 

(NHANES III), 92
Neoplasia. See also Tumors

chemopreventive effect of retinoids on, 67
nature of, 112
progression of, 33, 34 (see also Progression)

Netherlands, breast cancer study in, 388–389, 
389, 392, 393

Netherlands Cohort Study on Diet and Cancer, 
254–255, 511

Neural tube defects, and folate supplementation, 
166

Neuroblastoma
effect of α-TOS on, 123
and isotretinoin, 71

NF-B DNA binding activity, and isoflavone 
supplementation, 304

Niemann-Pick C1 like 1 (NPC1L1) protein, 
236, 251

N-nitrosoamines, 46
Nonsteroidal anti-inflammatory drugs 

(NSAIDs)
and cancer risk, 45
and colorectal cancer, 16

N-3 PUFAs
beneficial effects of, 495



610 Nutrition and Cancer Prevention

and cancer risk, 489
colon carcinogenesis inhibited by, 492, 493
consumption of, 496
dietary, 491
in fish oils, 488

N-6 PUFAs
and colon cancer, 492
tumor-promoting effects of, 490
in vegetable oils, 488

Nuclear factor ΚB (NFΚB), 352, 356
blocked by EGCG, 359
resveratrol suppression of, 374
and role of genistein, 301

Nude mice, ginseng saponins in, 471
Nutrients

and cancer prevention, 52
epigenetic events in, 47–48
micronutrients, 28
nuclear acting, 41
pleiotropic actions of, 48–50

Nuts
antioxidant capacities of, 45
phytosterols in, 229, 252

O

Obesity, 6
and cancer, 543–550
and cancer risk, 28, 568
and carcinogenesis, 38
causes of, 541
childhood, 542–543
defined, 565, 567
economic impact of, 543
prevalence of, 542–543, 565
and prognosis, 546

Olive oil, and colon cancer, 490
Omega fatty acids, chemical structure of, 488. 

See also N-3 PUFAs; N-6 PUFAs
Oncogenes

defined, 32
Ras, 489, 494–495

Oral carcinoma cells, and polyphenols, 333
Oral contraceptive agents (OCAs), 10, 162
Oral leukoplakia, 71
Oral squamous cell carcinoma, and soy 

isoflavones, 335
Organ transplant patients, and chemopreventive 

effect of acitretin, 69
Ornithine decarboxylase (ODC), 372
Ovarian cancer

and fenretinide, 70
obesity and, 549

and phytochemical intake, 255
and vitamin E, 120

Ovarian tumors, sphingosines in, 522
Overweight, prevalence of, 542–543
Oxidation

and carcinogenesis, 424
and vitamin C, 147

Oxidative stress
carcinogenic effects of, 142
and role of isoflavones, 304
vitamin C protection of, 140

P

Panax, 460
Pancreatic cancer

effect of genistein on, 335
incidence of, 320, 321
and obesity, 549–550
and polyphenols, 333

Parity, and breast cancer risk, 7
PCR-RFLP analysis, 98
Peanuts, 369, 370
PEB-cancer risk hypothesis, 567, 568
PEITC

and chemoprevention, 36
clinical trial for, 448
effects on cancer of, 443
lung carcinogens blocked by, 445–446
pharmacokinetics of, 437
phase II enzyme induction by, 446
time profile of, 438
in vitro cytotoxic effects of, 439

Pelargonidin, estrogenic activity of, 421
Perillyl alcohol, and chemoprevention, 36
Peroxisome proliferator-activated receptors 

(PPARs), in lipid metabolism, 510
Pesticides, 46
Petunidin, antitumor promoting effects of, 

420–421
P53 gene

in colorectal cancer, 33
mRNA, 48

P53 pathway, loss of function of, 40
pH, and antioxidant activity, 418
Phenethyl isothiocyanate (PEITC), 437
Phenolic acids, 283
Phospholipase C, effects of beta-sitosterol on, 

260
Phospholipids, CLA incorporation in, 509, 511
Physical activity

and cancer risk, 28
and carcinogenesis, 38
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Phytochemicals
anticancer activity of, 68
beneficial effects of, 412
chemopreventive, 29
in vegetables, 31

Phytoene, 76, 82
antioxidative activity of, 84
in mammalian cells, 84–85
synthesis, 85

Phytoestrogens
action of, 387
cancer and, 315–318
chemical structure of, 313
effects of, 403
lignans as, 387
and tumor inhibition, 319

Phytopolyphenolics, in food, 354
Phytostanols, 224
Phytosterols, 30. See also Sterols

absorption of, 235–237
anti-atherogenic effects of, 231–232
anti-inflammatory effects of, 232
antioxidant activity of, 232
apoptosis-promoting activity of, 259–260
atherogenic studies with, 234
and cancer, 265

animal experimentation studies, 
255–258

epidemiological studies, 253–255
mechanism of action in, 258–265

chemical structure of, 224–225
cholesterol-lowering effect of, 224, 230–231
classification of, 225, 239–241
commercial sources of, 228–230
4-desmethylsterol class, 225
dietary, 230, 251–253
effect on cholesterol absorption of, 237–238
effects on cholesterol biosynthesis of, 261
effects on membrane-bound enzymes of, 

262
excretion of, 239
food sources of, 228, 229
in human studies, 254
metabolism of, 235–239
in NCEP guidelines, 240
optimal daily dose of, 231
in plants, 226–228
positive health effects of, 240
post-absorptive fate of, 238–239
properties of, 223
protective role of, 265
safety studies on, 233
and tumor metastasis, 262–263

Piceid, 370, 379

Pickling, and cancer risk, 28
Pinoresinol, 386
Plant stanols, metabolic fate of, 239
Plant sterols. See also Phytosterols

beneficial effects of, 224
forms of, 226–228
pharmacology of, 230

Platelet derived growth factor (PDGF), and cell 
proliferation, 39

Platelet derived growth factor (PDGF)-receptor, 
EGCG inhibition of, 359

Pleiotropic actions
of bioactive compounds, 35
of nutrients, 48–50

Polycyclic aromatic hydrocarbons, 46
Polyphenolic compounds, antioxidant capacity 

of, 416
Polyphenols. See also specific polyphenols

absorption of, 281, 283
dietary sources for, 30

Polyprenoic acid, 71
Polyps, and colorectal cancer, 16
Positive energy balance (PEB), 565, 566

chronic, 574
effects on carcinogenic response of, 573
high, 569
low, 569
and mammary carcinoma development, 573

Postmenopausal women, and breast cancer 
incidence, 11

Pregnancy
and breast cancer risk, 7
vitamin deficiency in, 161

Prevalence, defined, 4
Prevention studies, for colon cancer, 496. See

also Cancer prevention
Proapoptotic effect, of VE analogs, 116, 117. 

See also Apoptosis
Procyanidins

affinity for proteins of, 281
flavanols and, 278

Progression, 370, 590
effects of CLA on, 509
histopathology of, 33
inhibition through suppressing EGFR 

signaling, 358
and isoflavones, 304–305
role of NO in, 492–493
and sphingolipid administration, 523

Prolactin, and breast cancer risk, 10
Proliferation

and chronic alcohol intake, 586
CLA inhibition of, 507–508
effect of catechins on, 354



612 Nutrition and Cancer Prevention

effect of ginseng on, 462–463
effect of lignans on, 405
and flaxseed treatment, 400
inhibition through suppressing EGFR 

signaling, 358
and PEB, 570–571, 574
phytosterol inhibition of, 259
protective effect of phytosterols against, 

257–258
unlimited, 520

Promotion, 370, 590
CLA inhibition of, 506, 507–509
flaxseed and lignans and, 396
role of NO in, 492–493

Prostaglandins (PGs)
and carcinogenesis, 45
as mediators of inflammation, 423
and tumor growth, 493, 494

Prostate cancer
CLA in, 506
demographic factors in, 12–13
effect on soy isoflavones on, 334–335
effects of tea polyphenols on, 332–333
endocrine factors in, 13
familial types of, 14
and fenretinide, 67
incidence of, 12, 320, 321
isoflavones and, 298–299
and obesity, 548
and phytosterol diet, 257–258
and selenium supplementation, 195, 196
and soy consumption, 317
and vitamin A, 68
and vitamin B levels, 99–100
and vitamin D3 status, 103

Prostatic hyperplasia, effects of phytosterols on, 
232–233

Prostatic specific antigen (PSA) scores, 99
Protease inhibitors, and chemoprevention, 37
Proteasome, 20S (700-kDa), 361
Protein kinase C (PKC)

CLA modulation of, 508–509
and colon cancer, 492
effects of beta-sitosterol on, 260
and n-6 PUFAs, 494
regulated by selenium, 202
resveratrol inhibition of, 376–377

Proteins, proteasomal degradation of, 362
Protein tyrosine kinase (PTK) inhibitor, 

genistein as, 40
Proteolytic enzymes, and tumor metastasis, 339
Proteomics, 344
Proto-oncogenes, 32

in growth regulation, 39

K-ras, 33
and Vitamin D, 49
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