Health benefits of fruit and vegetables are from additive and
synergistic combinations of phytochemicals1–4
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INTRODUCTION
Food provides not only essential nutrients needed for life but
also other bioactive compounds for health promotion and disease prevention. Previous epidemiologic studies have consistently 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 disease, cancer, and stroke are the top 3 leading causes of death in
the United States and most industrialized countries. It is estimated 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 highlighted. 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 vegetable consumption and promote adequate intake of known vitamins. 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 phytochemicals, 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 identified, 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, especially in chronic bacterial, viral, and parasitic infections (9).
Oxidative stress can cause oxidative damage to large biomolecules
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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 activities, and that the benefit of a diet rich in fruit and vegetables is
attributed to the complex mixture of phytochemicals present in
whole foods.
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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 vegetables contain a wide variety of antioxidant compounds (phytochemicals) such as phenolics and carotenoids that may help protect cellular systems from oxidative damage and lower the risk of
chronic diseases.
Role of phytochemicals in the prevention of cancer

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 cholesterol and low-density lipoprotein (LDL) cholesterol concentrations (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 antioxidants have been proposed. In the LDL oxidation hypothesis, oxidized LDL cholesterol has been suggested as the atherogenic factor that contributes to heart disease (21, 22). Oxidized LDL is
typically taken up by macrophage scavenger receptors, thus promoting 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 oxidation 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 synthesis 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 antiinflammatory 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 identify the bioactive compounds responsible and hope to find the
“magic bullet” to prevent those chronic diseases. The key question 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, numerous investigations have shown that the risk of cancer is inversely
related to the consumption of green and yellow vegetables and
fruit. Because -carotene is present in abundance in these vegetables and fruit, it has been extensively investigated as a possible
cancer-preventive agent. However, the role of carotenoids as anticancer 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
-carotene supplement (25). In other studies, smokers gained no
benefit from supplemental -carotene (26) with respect to lung
cancer incidence and possibly even suffered a deleterious effect,
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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 cancer 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 cancers of the pancreas and stomach and in 23 of 38 studies for colorectal 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 combined (12). After a 24-y follow-up, the risk of lung cancer was
reduced to 50% in the highest quartile of flavonol intake. Consumption 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 carcinoma. 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 antioxidants found in fruit and vegetables. Studies to date have demonstrated 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).
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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 analysis, in vitro studies, and animal experiments, without human
intervention studies. For a thorough understanding of the efficacy 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, taking higher doses increases the risk of toxicity. The basic principle 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 prescription; 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 pharmacologic 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 lymphocytes (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 megadoses 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 antioxidants are best acquired through whole-food consumption, not as
a pill or an extract.
The author had no conflict of interest.
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