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Abstract

A cancer protective effect from plant-derived foods has been found with uncommon consistency in epidemiologic studies. However, it
has been difficult to identify specific components responsible for this effect. Many phytochemicals have been shown to be biologically active
and they may interact to protect against cancer. In recent years, experimental studies have provided growing evidence for the beneficial
action of flavonoids on multiple cancer-related biological pathways (carcinogen bioactivation, cell-signaling, cell cycle regulation,
angiogenesis, oxidative stress, inflammation). Although the epidemiologic data on flavonoids and cancer are still limited and conflicting,
some protective associations have been suggested for flavonoid-rich foods (soy and premenopausal breast cancer; green tea and stomach
cancer; onion and lung cancer). This review focuses on the biological effects of the main flavonoids, as well as the epidemiologic evidence
that support their potential cancer protective properties. © 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

1. Introduction

The scientific evidence that plant-based diets, in particu-
lar those rich in vegetables and fruits, protect against
cancers of various sites has been found to be strong and
consistent by a recent expert panel [1]. This effect may
result from the low energy content of these diets and/or from
their specific constituents. Although plant-derived foods
vary in their nutritional composition profiles, they generally
are good sources of important nutrients (i.e., fiber, caro-
tenoids, vitamin C, folate, minerals) and of many less
well-characterized bioactive compounds (phytochemicals).
Accordingly, public health authorities have uniformly em-
phasized the potential benefits of fruits and vegetables in
their recommendations to the public. Moreover, the identi-
fication of the specific constituents of these foods that are
protective may lead to additional means of prevention, such
as the fortification of the food supply (e.g., folate), the use
of chemopreventive agents in high risk individuals and the
engineering of “designer foods’ enriched in protective
compounds.

However, the identification of the protective constituents
in plant-derived foods can be problematic, as illustrated by
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the chemoprevention research conducted with beta-
carotene. This pro-vitamin A carotenoid has been found to
be inversely associated with cancer risk in epidemiologic
studies and showed promising results in laboratory studies
[2]. Early on, this nutrient was singled out for randomized
chemoprevention trials among individuals at high risk
(smokers, ashestos-exposed workers) or low risk (US phy-
sicians) for lung cancer [3-5]. The results of these large
beta-carotene trial s have been disappointing as they showed
no beneficial effect, and even, in high risk individuals, a
detrimental effect, on lung cancer incidence [3-5]. However,
it has been apparent for some time, that the association with
beta-carotene is difficult to distinguish from that of veg-
etables in observational dietary studies and that, indeed,
similar associations can be demonstrated between cancer
and other phytochemicals. For example, in a case-control
study in Hawaii, we found inverse associations of lung
cancer with total intakes of vegetables and subgroups of
vegetables particularly rich in other phytochemicals (dark
green vegetables, cruciferous vegetables, tomatoes, carrots)
that were stronger than that with beta-carotene [6]. We also
found independent associations of similar magnitude with
other carotenoids (lutein, alpha-carotene) [7]. These various
active components may interact additively or synergistically
to protect against cancer. Thus, it may be more productive to
study the preventive effect of entire foods than that of single
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Table 1
Classification of flavonoids and their food sources
Subclass Flavonoids Food sources
Flavones Apigenin, luteolin Apple skin, celery
Flavonols Quercetin, kaempferol, myricetin Onions, apples, tea
Flavanols Catechin, epicatechin, epigallocatechin gallate ~ Tea
Flavanones Hesperitin, naringenin Citrus fruits, grapefruit
Anthocyanins Cyanidin Berries
|soflavones Genistein, daidzein Soy

nutrients which may, especially at non-physiological dose,
have different properties than when given as part of food
matrix in aregular diet. Indeed, recent experimental studies
have shown that, in some circumstances, beta-carotene may
act as a pro-oxidant [8].

2. Flavonoidsin the diet

Flavonoids are the most common and widely distributed
group of plant phenolics [9]. Over 5000 different flavonoids
have been described to date and they are classified into at
least 10 chemical groups [9]. Among them, flavones,
flavonols, flavanols, flavanones, anthocyanins and isofla
vones are particularly common in the diet. The most-studied
members of these groups areincluded in Table 1, along with
some of their food sources.

Flavonols are the most abundant flavonoids in foods,
with quercetin, kaempferol and myricetin being the three
most common flavonols. Flavanones are mainly found in
citrus fruit and flavones in celery. Catechins are present in
large amounts in green and black tea and in red wine,
whereas anthocyanins are found in strawberries and other
berries. Isoflavones are amost exclusively found in soy
foods.

Flavonoids are heat stable, and losses due to cooking and
frying are relatively low [10]. It is usualy thought that
flavonoids are absorbed by passive diffusion after glycosy-
lated flavonoids are converted to their aglycones. The colon
microflora would play an important role in this conversion.
The bioavailability of flavonoids is only partial with the
proportion of the ingested amount that is absorbed varying
from 0.2% to 0.9% for tea catechins to 20% for quercetin
and isoflavones [11,12]. Thus, a large fraction remains
unabsorbed and the gastrointestinal mucosa is exposed to
particularly high concentrations of these compounds. After
absorption, the flavonoids are conjugated in the liver by
glucuronidation, sulfation or methylation or metabolized to
smaller phenolic compounds [13].

Attempts to assess daily intake of flavonoids in various
populations (based on food composition values for a subset
of flavonoids: quercetin, kaempferol, myricetin, apigenin
and luteolin) has yielded estimates that vary between 3 mg
in Finland to 20 mg in Holland and the United States, and

68 mg in Japan [14]. However, tea drinkers may have a
much greater intake since the average flavonoid intake from
tea alone in the UK has been estimated to be 430 mg/d
(based on a population average consumption of 3.3 cups of
tea per day) [15]. Flavonoid intake is only weakly correlated
with intakes of micronutrients, such as vitamins A and C,
enabling one to study the association of flavonoids and
disease in epidemiological studies without the pitfall of
multicollinearity. However, the flavonoid content of foods
often varies by variety, season, storage condition, method of
preparation, and by part of the plant [16]. Furthermore, the
bioavailability of certain flavonoids differs markedly de-
pending on the food source. For example, the absorption of
guercetin from onions has been shown to be four-fold
greater than from apples or tea [17]. The limited food
composition data available to date do not take these factors
into account and, thus, their use may introduce significant
measurement error in dietary studies. Hence, until food
composition data are substantially improved, it may be
preferable to focus on flavonoid food sources rather than
specific flavonoids when investigating their associations
with disease risk.

3. Effects of flavonoids on cancer-related biological
pathways

A number of flavonoids have been shown to suppress
carcinogenesis in various animal models [18]. There is
currently considerable interest in these compounds as they
appear to exert a beneficial effect on several key mecha
nisms involved in the pathogenesis of cancer. The antioxi-
dant property of flavonoids was the first mechanism of
action studied, in particular with regard to their protective
effect against cardiovascular diseases. Flavonoids have been
shown to be highly effective scavengers of most types of
oxidizing molecules, including singlet oxygen and various
free radicals [13], which are possibly involved in DNA
damage and tumor promation [19].

Flavonoids may aso have a beneficia effect through
their impact on the bioactivation of carcinogens. Most
chemical carcinogens require transformation by phase |
metabolizing enzymes into a more reactive form able to
bind to DNA. If the resulting mutation is not repaired, it
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may initiate or promote the carcinogenesis process. The
reactive chemical group introduced by phase | enzymes (or
the original carcinogen) can be detoxified through conjuga-
tion by phase || metabolizing enzymes into a water-soluble
compound which can then be eliminated from the body. The
flavonols quercetin, kaempferol and galangin, and the fla-
vone apigenin have been shown to inhibit cytochrome P450
enzymes of the CY P1A family [20-23]. These enzymes play
a major role in the activation of a number of suspected
human carcinogens, such as polycyclic hydrocarbons and
heterocyclic amines. Quercetin and naringin have also been
shown to inhibit CYP3A4 and to contribute to the suppres-
sive effect of grapefruit juice on this enzyme [23,24].
CYP3A4 isthe most abundant P450 enzyme in the liver and
metabolizes a significant number of carcinogens and medi-
cations. In addition, animal and in vitro studies have shown
that tea catechins increase the activity of several detoxifying
and antioxidant enzymes, such as glutathione reductase,
glutathione peroxidase, glutathione S-reductase, catalase,
and quinone reductase [25,26].

Various flavonoids (e.g., quercetin, apigenin, tea cat-
echins) have also been shown to have anti-inflammatory
activity by inhibiting cycloxygenase-2 (COX2) and induc-
ible nitric oxide synthase [27,28]. Chronic inflammation is
thought to play an important rolein the etiology of anumber
of cancers and COX-2 inhibitors are being studied as
chemopreventive agents against colorectal cancer.

A growth inhibitory activity has been demonstrated for
various flavonoids on several human cancer cell lines. In
estrogen-dependent tumor cells or animal models, this
anti-proliferative effect has been related to the anti-
estrogenic properties of certain flavonoids (e.g., isofla
vonoids, quercetin) [29]. In other in vitro models, flavonoids
have also been shown to affect cell-signaling and cell cycle
progression. For example, tea flavonoids inhibit signal
transduction pathways mediated by epidermal growth factor
and platelet-derived growth factor, favorably affecting
downstream events such as angiogenesis [15]. Genistein and
guercetin inhibit protein tyrosine kinase which is also
involved in cell proliferation [30,31]. Finaly, apigenin,
luteolin and quercetin have been shown to cause cell cycle
arrest and apoptosis by a p53-dependent mechanism [32].

In summary, multiple mechanisms have been identified
for the anti-neoplastic effects of flavonoids, including anti-
oxidant, anti-inflammatory and anti-proliferative activities,
inhibition of bioactivating enzymes, and induction of
detoxifying enzymes. However, these effects were often
obtained with concentrations which are greater than what
can be achieved in humans through dietary means [18].
Furthermore, these experiments typically used the parent
compounds (unconjugated flavonoids). Only limited data
are available on the biological activities of the conjugated
flavonoids or their downstream metabolites which are more

abundant in the circulation than the parent compounds after
ingestion of flavonoid-rich foods.

4. Evidence for a cancer protective effect of flavonoids
4.1. Soy products and breast cancer

Soy products are the predominant source of isoflavonoids
in the diet. Many animal studies have shown a protective
effect for these foods against mammary tumors [33]. Ad-
ministration of genistein early in life enhances the early
maturation and differentiation of the mammary gland of
rats, which may be an important mechanism for the tumor
inhibiting effect of soy [33]. A high isoflavone diet has also
been shown to inhibit tumorigenesis in several animal
models for prostate cancer [33].

Although Asian countries, such as Japan and China,
differ in many potentially relevant ways from western
countries, their high soy consumption and low incidence for
breast and prostate cancers are consistent with the protective
effect of soy foods against these cancers. Several epidemio-
logical studies have attempted to test these hypotheses more
directly. Case-control studies in Singapore and Japan have
shown a reduced risk of premenopausal breast cancer in
high consumers of soy products [34,35]. However, this
result failed to be replicated in a 1995 case-control study in
China and in a prospective study of Japanese atomic bomb
survivors[36,37]. A decreased risk of breast cancer was also
found in Asian American women who consumed high
amounts of tofu [38]. However, this association was limited
to those women who were born in Asia, suggesting that
exposure during early life may be important. A recent study
conducted in Shanghai examined soy intake retrospectively
during adolescence, as well as in adult life, and found an
inverse association for both [39]. In contrast, the case-
control studies conducted among white North American
women, who on the average have a much lower soy intake,
have not been as suggestive as the Asian studies. Thus,
overall, case-control studies have provided some support to
the hypothesis, especially those conducted among Asian
women. However, it is difficult to make strong inferences
based on case-control studies, since they are particularly
susceptible to selection and recall biases. Also, the effect
observed with soy products could be due to other constitu-
ents of the Asian diet or other lifestyle factors correlated
with soy intake. Additional studies, especially prospective
in design, are clearly needed. Fewer studies are available on
the relationship between soy intake and prostate cancer.
However, frequent consumption of soy milk and tofu has
been associated with lower incidence of prostate cancer in
prospective studies of Seventh Day Adventists and Japa
nese, respectively [40,41].
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4.2. Tea and cancer

Tea is an important source of flavanols and flavonols. A
large number of experimental studies suggest an anti-
neoplastic effect for tea polyphenols [18]. Severa epide-
miological studies conducted in Asia have also shown a
protective effect of green tea on stomach cancer, although a
number of other studies have found no association [42]. In
one of the most carefully conducted studiesto date, Yu et a.
[43] assessed the type of tea, age when tea drinking started,
frequency of new batches of tea leaves per day, number of
cups from each batch, duration per batch, and strength and
temperature of the tea. Risk of stomach cancer in this
Chinese study decreased with increasing number of batches
of green tea prepared per day. In arecent case-control study
reported from Japan, consumption of seven or more cups a
day of green tea was associated with a 31% lower risk of
stomach cancer [44]. Consistent with these data, high green
tea consumption was also found to be associated with a
reduction in risk of precancerous chronic atrophic gastritis
[45]. Black tea was aso found to be inversely associated
with stomach cancer among women in a population-based
case-control study in Poland [46]. However, no association
was found in men in that study [46] and an absence of
association between black tea and cancer was also reported
in two prospective studies, respectively, conducted among
postmenopausal women in lowa [47] and men and women
in the Netherlands [48]. In the latter study, site-specific
analyses showed no association for lung, colorectal, breast
and stomach cancers [48]. Thus, in contrast to the experi-
mental evidence which is relatively strong, the epidemio-
logical evidence for a protective effect of tea against cancer
is weak and inconsistent, with the exception of stomach
cancer for which suggestive findings have been reported.
Additiona studies are needed, preferentially using a pro-
spective design and collecting detailed information on tea
consumption patterns. Studies using intermediate end points
may also contribute helpful data. For example, Shim et al.
[49] have recently reported that the frequency of sister
chromatid exchange in mitogen-stimulated peripheral lym-
phocytes from smokers consuming green tea (2—3 cups/d for
6 months) was comparable to that of non-smokers and
significantly lower than that of smokers.

4.3. Other flavonoid-rich foods and cancer

Only limited epidemiologic data are available on the
potential cancer protective effect of flavonoids other than
from soy and tea. A Dutch cohort study on elderly men
found an inverse association between flavonoid intake from
fruit and vegetable sources and cancers of the respiratory
and alimentary tracts combined [50]. A larger cohort study

of 10,000 Finnish men and women followed for over
20years also found a halving of lung cancer risk for
subjects in the highest compared to the lowest quartile of
flavonoid intake [51]. This association was not due to tea
consumption or to confounding by smoking or intake of
antioxidant vitamins (vitamin E, vitamin C, beta-carotene).
The main source of flavonoids in this population (apples)
was also significantly inversely associated with risk [51].
Early results from another cohort study in the Netherlands,
which followed 120,852 men and women for 3 years, also
were suggestive of an inverse association with onion intake
[52]. However, this association was reduced after adjust-
ment for smoking. In a population-based case-control study
in Hawaii, we observed inverse associations between lung
cancer risk and intakes of onions, apples, and white grape-
fruits, as well as of quercetin [53]. Since no clear associa-
tion was found for garlic, the association with onions did not
appear to be due to their high content in organosulfur
compounds (also present in garlic).

5. Conclusion

The experimental data accumulated, particularly in the
past three years, have demonstrated a wide variety of
biological actions for flavonoids which may be beneficial
against cancer. However, it is not clear whether these effects
would also be present at physiological concentrations and
for the metabolites that are likely to be most relevant to
humans. The epidemiological evidence that would support a
cancer protective effect is still limited and has so far been
quite inconsistent. However, a few relationships have
emerged, such as possible inverse associations between soy
intake (possibly early in life) and premenopausal breast
cancer, green tea consumption and stomach cancer, and
onion and apple intakes and lung cancer. However, much
more data are needed before any of these associations can
be used to support specific health recommendations. Studies
in humans that would particularly be useful include pro-
spective studies testing the association of flavonoid intake
with cancer incidence, as well as biomarker studies testing
the effect of specific flavonoid-rich foods on relevant
biological pathways, such as biotransformation of carcino-
gens, DNA damage, cell proliferation, apoptosis and inflam-
mation.
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