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Health benefits of fruit and vegetables are from additive and
synergistic combinations of phytochemicals'™*

Rui Hai Liu

ABSTRACT Cardiovascular disease and cancer are ranked
as the first and second leading causes of death in the United
States and in most industrialized countries. Regular consumption
of fruit and vegetables is associated with reduced risks of cancer,
cardiovascular disease, stroke, Alzheimer disease, cataracts, and
some of the functional declines associated with aging. Prevention
is a more effective strategy than is treatment of chronic diseases.
Functional foods that contain significant amounts of bioactive
components may provide desirable health benefits beyond basic
nutrition and play important roles in the prevention of chronic
diseases. The key question is whether a purified phytochemical
has the same health benefit as does the whole food or mixture of
foods in which the phytochemical is present. Our group found,
for example, that the vitamin C in apples with skin accounts for
only 0.4% of the total antioxidant activity, suggesting that most
of the antioxidant activity of fruit and vegetables may come from
phenolics and flavonoids in apples. We propose that the additive
and synergistic effects of phytochemicals in fruit and vegetables
are responsible for their potent antioxidant and anticancer activ-
ities, and that the benefit of a diet rich in fruit and vegetables is
attributed to the complex mixture of phytochemicals present in
whole foods. Am J Clin Nutr 2003;78(suppl):5175-20S.
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INTRODUCTION

Food provides not only essential nutrients needed for life but
also other bioactive compounds for health promotion and dis-
ease prevention. Previous epidemiologic studies have consis-
tently shown that diet plays a crucial role in the prevention of
chronic diseases (1, 2). Consumption of fruit and vegetables, as
well as grains, has been strongly associated with reduced risk of
cardiovascular disease, cancer, diabetes, Alzheimer disease,
cataracts, and age-related functional decline (1-3). Heart dis-
ease, cancer, and stroke are the top 3 leading causes of death in
the United States and most industrialized countries. It is esti-
mated that one third of all cancer deaths in the United States
could be avoided through appropriate dietary modification (3,
4). This convincing evidence suggests that a change in dietary
behavior such as increasing consumption of fruit, vegetables,
and grains is a practical strategy for significantly reducing the
incidence of chronic diseases.

In its 1982 report on diet and cancer, the National Academy of
Sciences included guidelines emphasizing the importance of fruit

and vegetables in the diet (5). The value of adding citrus fruit,
carotene-rich fruit and vegetables, and cruciferous vegetables to
the diet for reducing the risk of cancer was specifically high-
lighted. In 1989, a National Academy of Sciences report on diet
and health recommended consuming 5 or more servings of fruit
and vegetables daily for reducing the risk of both cancer and heart
disease (6). The 5-a-Day program was developed as a tool to
increase public awareness of the health benefits of fruit and veg-
etable consumption and promote adequate intake of known vita-
mins. Prevention is a more effective strategy than treatment of
chronic diseases. Plant-based foods, such as fruit, vegetables, and
whole grains, which contain significant amounts of bioactive phy-
tochemicals, may provide desirable health benefits beyond basic
nutrition to reduce the risk of chronic diseases.

HEALTH BENEFITS OF PHYTOCHEMICALS

Phytochemicals—the bioactive nonnutrient plant compounds
in fruit, vegetables, grains, and other plant foods—have been
linked to reductions in the risk of major chronic diseases. It is
estimated that more than 5000 phytochemicals have been identi-
fied, but a large percentage still remain unknown (7) and need to
be identified before their health benefits are fully understood.
However, more and more convincing evidence suggests that the
benefits of phytochemicals in fruit and vegetables may be even
greater than is currently understood because oxidative stress
induced by free radicals is involved in the etiology of a wide
range of chronic diseases (8).

Cells in humans and other organisms are constantly exposed to
a variety of oxidizing agents, some of which are necessary for life.
These agents may be present in air, food, and water, or they may
be produced by metabolic activities within cells. The key factor is
to maintain a balance between oxidants and antioxidants to sustain
optimal physiologic conditions in the body. Overproduction of
oxidants can cause an imbalance, leading to oxidative stress, espe-
cially in chronic bacterial, viral, and parasitic infections (9).
Oxidative stress can cause oxidative damage to large biomolecules

! From the Department of Food Science and the Institute of Comparative
and Environmental Toxicology, Cornell University, Ithaca, NY.

2Presented at the Fourth International Congress on Vegetarian Nutrition,
held in Loma Linda, CA, April 8-11, 2002.

3 Supported by USDA Federal Formula Funds.

4 Address reprint requests to RH Liu, Department of Food Science, Stocking
Hall, Cornell University, Ithaca, NY 14853-7201. E-mail: r123 @cornell.edu.

Am J Clin Nutr 2003;78(suppl):517S-20S. Printed in USA. © 2003 American Society for Clinical Nutrition 517S

/T0Z ‘s Arenuer uo 1sanb Aq Bio uonuinu-uafe wolj papeojumoq


http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

518S

such as proteins, DNA, and lipids, resulting in an increased risk
for cancer and cardiovascular disease (8, 10). To prevent or slow
down the oxidative stress induced by free radicals, sufficient
amounts of antioxidants need to be consumed. Fruit and vegeta-
bles contain a wide variety of antioxidant compounds (phyto-
chemicals) such as phenolics and carotenoids that may help pro-
tect cellular systems from oxidative damage and lower the risk of
chronic diseases.

Role of phytochemicals in the prevention of cancer

Evidence suggests that dietary antioxidants can reduce cancer
risk. Block et al (11) established this in an epidemiologic review
of =200 studies that examined the relationship between fruit and
vegetable intake and cancers of the lung, colon, breast, cervix,
esophagus, oral cavity, stomach, bladder, pancreas, and ovary. In
128 of 156 dietary studies, the consumption of fruit and vegetables
was found to have a significant protective effect. The risk of can-
cer for most cancer sites was twice as high in persons whose
intake of fruit and vegetables was low compared with those with
high intake. Significant protection was found in 24 of 25 studies
for lung cancer. Fruit was significantly protective in cancers of the
esophagus, oral cavity, and larynx. In 26 of 30 studies, there was
a protective effect of fruit and vegetable intake with respect to can-
cers of the pancreas and stomach and in 23 of 38 studies for colo-
rectal and bladder cancers.

A prospective study involving 9959 men and women (age
15-99 y) in Finland showed an inverse association between the
intake of flavonoids and the incidence of all sites of cancer com-
bined (12). After a 24-y follow-up, the risk of lung cancer was
reduced to 50% in the highest quartile of flavonol intake. Con-
sumption of quercetin in onions and apples was found to be
inversely associated with lung cancer risk in Hawaii (13). The
effect of onions was particularly strong against squamous cell car-
cinoma. Boyle et al (14) showed that increased plasma levels of
quercetin following a meal of onions were accompanied by
increased resistance to strand breakage by lymphocyte DNA and
decreased levels of some oxidative metabolites in the urine.

Carcinogenesis is a multistep process, and oxidative damage is
linked to formation of tumors through several mechanisms (9, 10).
Oxidative stresses induced by free radicals cause DNA damage,
which, when left unrepaired, can lead to base mutation, single and
double strand breaks, DNA cross-linking, and chromosomal
breakage and rearrangement. This potentially cancer-inducing
oxidative damage might be prevented or limited by dietary antiox-
idants found in fruit and vegetables. Studies to date have demon-
strated that phytochemicals in common fruit and vegetables can
have complementary and overlapping mechanisms of action,
including modulation of detoxification enzymes, scavenging of
oxidative agents, stimulation of the immune system, regulation of
gene expression in cell proliferation and apoptosis, hormone
metabolism, and antibacterial and antiviral effects (15, 16).

Role of phytochemicals in the prevention of cardiovascular disease

Numerous investigations have been undertaken that suggest
a strong link between dietary intake of phytochemicals and
reduced risk of cardiovascular disease. Dietary flavonoid
intake was significantly inversely associated with mortality
from coronary artery disease and inversely related (more
weakly but still significantly) with incidence of myocardial
infarction (17). In a study in Finland, intake of apples and onions, both
high in quercetin, was inversely correlated with total mortality and

coronary mortality (18). In a recent Japanese study, the total
intake of flavonoids (quercetin, myricetin, kaempferol, luteolin,
and ficetin) was inversely correlated with the plasma total cho-
lesterol and low-density lipoprotein (LDL) cholesterol concen-
trations (19). Intake of quercetin alone was inversely related to
total cholesterol and LDL plasma levels. Joshipura et al (20)
reported that total fruit intake and total vegetable intake were
both individually associated with decreased risk for coronary
artery disease; the inverse association between total consumption
of fruit and vegetables and coronary artery disease was observed
when the dietary intake was >4 servings/d.

Mechanisms for the prevention of arteriosclerosis by antioxi-
dants have been proposed. In the LDL oxidation hypothesis, oxi-
dized LDL cholesterol has been suggested as the atherogenic fac-
tor that contributes to heart disease (21, 22). Oxidized LDL is
typically taken up by macrophage scavenger receptors, thus pro-
moting cholesterol ester accumulation and foam cell formation,
which promotes atherosclerotic disease. Dietary antioxidants that
are incorporated in LDL are themselves oxidized when these LDL
are exposed to prooxidative conditions before any extensive oxi-
dation can occur in the sterol or polyunsaturated fatty acids (23).
In addition, phytochemicals have been shown to have roles in the
reduction of platelet aggregation, modulation of cholesterol syn-
thesis and absorption, and reduction of blood pressure. Recently,
C-reactive protein, a marker of systemic inflammation, has been
reported to be a stronger predictor of cardiovascular disease than
LDL cholesterol (24), suggesting that inflammation is a critical
factor in cardiovascular disease. Inflammation not only promotes
initiation and progression of atherosclerosis but also causes acute
thrombotic complications of atherosclerosis. Therefore, the anti-
inflammatory activity of phytochemicals may play an important
role in the prevention of cardiovascular disease.

WHOLE FOODS OR DIETARY SUPPLEMENTS?

The hypothesis that dietary antioxidants lower the risk of
chronic disease has been developed from epidemiologic studies
that consistently show that consumption of whole foods, such as
fruit and vegetables, is strongly associated with reduced risk of
chronic diseases. Therefore, it is reasonable for scientists to iden-
tify the bioactive compounds responsible and hope to find the
“magic bullet” to prevent those chronic diseases. The key ques-
tion here is whether a purified phytochemical has the same health
benefit as the phytochemical present in whole food or a mixture of
foods. It is now believed that dietary supplements do not have the
same health benefits as a diet rich in fruit and vegetables because,
taken alone, the individual antioxidants studied in clinical trials
do not appear to have consistent preventive effects. The isolated
pure compound either loses its bioactivity or may not behave the
same way as the compound in whole foods. For example, numer-
ous investigations have shown that the risk of cancer is inversely
related to the consumption of green and yellow vegetables and
fruit. Because 3-carotene is present in abundance in these veg-
etables and fruit, it has been extensively investigated as a possible
cancer-preventive agent. However, the role of carotenoids as anti-
cancer supplements has recently been questioned as a result of
several clinical studies (25-28). In one study, the incidence of
nonmelanoma skin cancer was unchanged in patients receiving a
3-carotene supplement (25). In other studies, smokers gained no
benefit from supplemental (3-carotene (26) with respect to lung
cancer incidence and possibly even suffered a deleterious effect,
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with a significant increase in lung cancer and total mortality (27,
28). Vitamin C supplementation also has been shown not to lower
the incidence of cancer and heart disease (29, 30).

We recently reported that phytochemical extracts from fruit
have strong antioxidant and antiproliferative effects and proposed
that the combination of phytochemicals in fruit and vegetables is
critical to powerful antioxidant and anticancer activity (31-33).
For example, the total antioxidant activity of phytochemicals in
1 g of apples with skin is equivalent to 83.3 pmol vitamin C
equivalents—that is, the antioxidant value of 100 g apples is
equivalent to 1500 mg of vitamin C. This is much higher than the
total antioxidant activity of 0.057 mg of vitamin C (the amount of
vitamin C in 1 g of apples with skin). In other words, vitamin C
in apples contributed only <0.4% of total antioxidant activity (31).
Thus, most of the antioxidant activity comes from phytochemi-
cals, not vitamin C. The natural combination of phytochemicals
in fruit and vegetables is responsible for their potent antioxidant
activity. Apple extracts also contain bioactive compounds that
inhibit tumor cell growth in vitro. Phytochemicals in 50 mg apple
with skin per milliliter (on a wet basis) inhibit tumor cell prolif-
eration by 42%. Phytochemicals in 50 mg apple without skin per
milliliter inhibit tumor cell proliferation by 23%. The apple
extracts with skin significantly reduced the tumor cell prolifera-
tion when compared with the apple extracts without skin.

We also studied the total antioxidant activity and synergy rela-
tionships between different fruit combinations, with results show-
ing that plums had the highest antioxidant activity and that com-
binations of fruit resulted in greater antioxidant activity that was
additive and synergistic. We proposed that the additive and syn-
ergistic effects of phytochemicals in fruit and vegetables are
responsible for their potent antioxidant and anticancer activities,
and that the benefit of a diet rich in fruit and vegetables is attrib-
uted to the complex mixture of phytochemicals present in whole
foods (31-33). This partially explains why no single antioxidant
can replace the combination of natural phytochemicals in fruit
and vegetables in achieving the health benefits. There are =8000
phytochemicals present in whole foods. These compounds differ
in molecular size, polarity, and solubility, and these differences
may affect the bioavailability and distribution of each phyto-
chemical in different macromolecules, subcellular organelles,
cells, organs, and tissues. Pills or tablets simply cannot mimic this
balanced natural combination of phytochemicals present in fruit
and vegetables.

Our work suggests that to improve their nutrition and health,
consumers should be getting antioxidants from a diverse diet and
not from expensive nutritional supplements, which do not contain
the balanced combination of phytochemicals found in fruit and
vegetables and other whole foods. More important, obtaining
antioxidants from dietary intake by consuming a wide variety of
foods is unlikely to result in consumption of toxic quantities
because foods originating from plants contain many diverse types
of phytochemicals in varying quantities. Furthermore, the health
benefits of the consumption of fruit and vegetables extend beyond
lowering the risk of developing cancers and cardiovascular dis-
eases; this consumption also has preventive effects on other
chronic diseases such as cataracts, age-related macular degenera-
tion, central neurodegenerative diseases, and diabetes.

Dose issues related to dietary supplements

Research progress in antioxidant and bioactive compounds
has boosted the dietary supplement and nutraceutical industries.

The use of dietary supplements is growing, especially among
baby boomers. However, many of these dietary supplements
have been developed based on the results from chemical analy-
sis, in vitro studies, and animal experiments, without human
intervention studies. For a thorough understanding of the effi-
cacy and long-term safety of many dietary supplements, further
investigation is needed.

What dose of a single antioxidant should be used as a dietary
supplement? Natural phytochemicals at the low levels present in
fruit and vegetables offer health benefits, but these compounds
may not be effective or safe when consumed at higher doses,
even in a pure dietary supplement form. Generally speaking, tak-
ing higher doses increases the risk of toxicity. The basic princi-
ple of toxicology is that any compound can be toxic if the dose
is high enough. Dietary supplements are no exception to this
basic principle.

It is also important to differentiate the pharmacologic dose from
the physiologic (or nutritional) dose. Pharmacologic doses are
used clinically to treat specific diseases and need a doctor’s pre-
scription; physiologic (or nutritional) doses are used to improve
or maintain optimal health, such as in dietary supplements. In the
case of antioxidant nutrients, the proper physiologic dose should
follow the recommended dietary allowance (RDA) (34). The phar-
macologic dose is not equal to the physiologic dose and in some
cases can be toxic. In a human study, 30 healthy individuals whose
diets were supplemented with 500 mg vitamin C/d showed an
increase of oxidative damage in the DNA isolated from lympho-
cytes (35). This study suggests that vitamin C at a high dose
(500 mg) may act as a prooxidant in the body. We do not have an
RDA for phytochemicals. Therefore, it is not wise to take mega-
doses of purified phytochemicals as supplements before strong
scientific evidence supports doing so.

CONCLUSIONS

Increasing the consumption of fruit and vegetables, whole
grains, and soy is a practical strategy for consumers to optimize
their health and to reduce the risk of chronic diseases. Use of
dietary supplements, functional foods, and nutraceuticals is
increasing as industry is responding to consumers’ demands.
However, there is a need for more information about the health
benefits and possible risks to ensure the efficacy and safety of
dietary supplements. It is recommended that consumers follow
the US Department of Agriculture dietary guidelines to meet
their nutrient requirements for health improvement and disease
prevention. We believe that the evidence suggests that antioxi-
dants are best acquired through whole-food consumption, not as
a pill or an extract.
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