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ABSTRACT

Regular consumption of fruits, vegetables, whole grains, and other plant foods has been negatively correlated with the risk of the development

of chronic diseases. There is a huge gap between the average consumption of fruits and vegetables in Americans and the amount

recommended by the 2010 Dietary Guidelines for Americans. The key is to encourage consumers to increase the total amount to 9 to 13 servings

of fruits and vegetables in all forms available. Fresh, processed fruits and vegetables including frozen and canned, cooked, 100% fruit juices and

100% vegetable juices, as well as dry fruits are all considered as servings of fruits and vegetables per day. A wide variety of fruits, vegetables,

whole grains, and other plant foods provide a range of nutrients and different bioactive compounds including phytochemicals, vitamins,

minerals, and fibers. Potatoes serve as one of the low-fat foods with unique nutrients and phytochemical profiles, particularly rich in vitamin C,

vitamin B-6, potassium, manganese, and dietary fibers. Potatoes provide 25% of vegetable phenolics in the American diet, the largest

contributors among the 27 vegetables commonly consumed in the United States, including flavonoids (quercetin and kaempferol), phenolic

acids (chlorogenic acid and caffeic acid), and carotenoids (lutein and zeaxanthin). More and more evidence suggests that the health benefits of

fruits, vegetables, whole grains, and other plant foods are attributed to the synergy or interactions of bioactive compounds and other nutrients in

whole foods. Therefore, consumers should obtain their nutrients, antioxidants, bioactive compounds, and phytochemicals from a balanced diet

with a wide variety of fruits, vegetables, whole grains, and other plant foods for optimal nutrition, health, and well-being, not from dietary

supplements. Adv. Nutr. 4: 384S–392S, 2013.

Introduction
Increasing evidence suggests that a healthy eating strategy

with increased consumption of plant-based foods plays im-
portant roles in the prevention of chronic diseases, such as
heart disease, cancer, stroke, diabetes, Alzheimer’s disease,
cataracts, and age-related function decline (1,2). It is esti-
mated that one third of all cancer deaths in the United States

could be prevented through dietary modification (1,3,4). This
suggests that changes in dietary patterns and lifestyle, such as
increasing the consumption of fruits and vegetables and more
balanced intakes of meat and plant foods, are a practical and
effective strategy for reducing the incidence of chronic
diseases.

The 2010 Dietary Guidelines for Americans recommend
that most people, based on a 2000-kcal diet, should eat at
least 9 servings of fruits and vegetables per day, 4 servings
of fruits and 5 servings of vegetables (5). Actually, a 2010
study found that the average consumption of fruits and veg-
etables in the United States is only 3.6 servings of fruits and
vegetables (1.4 servings of fruits and 2.2 servings of vegeta-
bles) per person per day (6). The gap between the recom-
mendation and consumption is huge. To reach the goal of
at least 9 servings of fruits and vegetables per day, we should
continue educating Americans about the health benefits of
fruits and vegetables in a balanced diet and recommend
that consumers to eat a wide variety of fruits and vegetables
from different sources and including all forms, fresh, frozen,
canned, dried, and 100% juices, and the manufacturing of
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convenient packaging to make fruits and vegetables easy to
serve and to store for consumers. A wide variety of fruits
and vegetables provides a range of nutrients and different bi-
oactive compounds including phytochemicals (phenolics,
flavonoids, and carotenoids), vitamins (vitamin C, folate,
and pro-vitamin A), minerals (potassium, calcium, and
magnesium), and fibers. One of the hypotheses about the
health benefits of fruits and vegetables is attributed to the
synergy or interactions of bioactive compounds and other
nutrients in whole foods (2).

This review focuses on the bioactive components of fruits
and vegetables including potatoes, especially on phytochem-
icals related to the health benefits.

Phytochemicals
Fruits, vegetables, and other plant-based foods are rich in

bioactive phytochemicals that may provide desirable health
benefits beyond basic nutrition to reduce the risk of the de-
velopment of chronic diseases (2).

Phytochemicals are bioactive non-nutrient plant com-
pounds in fruits, vegetables, whole grains, and other plant
foods that have been hypothesized to reduce the risk of ma-
jor chronic diseases (2). More than 5000 individual dietary
phytochemicals have been identified in fruits, vegetables,
whole grains, legumes, and nuts, but a large percentage of
them still remain unknown. These phytochemicals need to
be isolated and identified before we can fully understand
the health benefits of bioactive compounds in whole foods

(7). In addition, recent research suggests that the benefits
of bioactive compounds in fruits, vegetables, and other plant
foods may be even greater than is currently understood be-
cause in vitro and animal studies suggest that they have mul-
tiple mechanisms of action beyond antioxidant activity (8).
Because bioactive compounds differ widely in composition
and ratio from fruits to vegetable to grains and often have
mechanisms complementary to one another, it is suggested
that, to receive the greatest health benefits, one should con-
sume a wide variety of plant-based foods daily (2,7).

The most important groups of dietary phytochemicals
can be divided into general categories as phenolics, alka-
loids, nitrogen-containing compounds, organosulfur com-
pounds, phytosterols, and carotenoids (Fig. 1) (2). The
most studied groups of dietary phytochemicals related to
human health and well-being are phenolics and carotenoids.

Phenolics
Phenolics are a group of compounds with $1 aromatic

rings possessing $1 hydroxyl groups. Phenolics are gener-
ally are classified as subgroups of phenolic acids, flavonoids,
stilbenes, coumarins, and tannins (Fig. 1) (2). Phenolics are
the products of secondary metabolism in plants; play vital
roles in the reproduction, growth, and metabolism of the
plants; act as defense mechanisms against pathological
virus and fungus infections, parasites, and predators; and
contribute to the color of plants. In addition to their func-
tions in plants, phenolic compounds in our diet may reduce

Figure 1 Classification of dietary phytochemicals. Adapted from Reference 2 with permission.
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the risk of chronic diseases such as cancer, heart disease, and
diabetes. Fruits and vegetables are good sources of dietary
phenolics. In a study involving the 25 most common fruits
consumed in the United States, wild blueberry and black-
berry had the highest total phenolic contents, followed by
pomegranate, cranberry, blueberry, plum, raspberry, straw-
berry, red grape, and apple, in order of total phenolic con-
tent (9). The remaining fruits in order of phenolic content
were pear, pineapple, peach, grapefruit, nectarine, mango,
kiwifruit, orange, banana, lemon, avocado, cantaloupe, hon-
eydew, and watermelon. Apples provided 33%, of all fruit
phenolics, the largest contributors, to the American diet.
Among 27 common vegetables consumed in the United
States, spinach had the highest phenolic content, followed
by red pepper, beets, broccoli, Brussels sprouts, eggplant, as-
paragus, and green pepper, in order of phenolic content
(10,11). The rest of the vegetables in order of phenolic con-
tent were yellow onion, cauliflower, cabbage, radish, chili
pepper, mushroom, sweet potato, carrot, sweet corn, potato,
squash, white onion, green pea, tomato, green bean, celery,
lettuce, romaine lettuce, and cucumber.

Clearly, phenolic compounds are not found only in fruits
and vegetables with bright colors. For example, potatoes are
also good sources of dietary phenolics and contain 36 mg of
gallic acid equivalents per 150 g of fresh potatoes (10,11).
The total antioxidant activity of 150 g fresh weight potato
was estimated to be equivalent to that of 124.5 mg of vitamin
C; this is much higher than the total antioxidant activity of
the 14.4 of mg of vitamin C in 150 g fresh weight potato,
suggesting that the additive and/or synergistic mechanism
of phytochemicals in potatoes may contribute to their anti-
oxidant activities (11). Potatoes account for 25% of vegeta-
ble phenolics in American diet, the largest contributors
among 27 vegetables commonly consumed in the United
States (10).

Phenolic acids
Phenolic acids can be divided into 2 major subgroups:

hydroxybenzoic acid and hydroxycinnamic acid derivatives.
Hydroxybenzoic acid derivatives in plant foods include p-
hydroxybenzoic, gallic acids, syringic, protocatechuic, and
vanillic acids (2). They are usually present in the bound
form in foods as components of complex structures such
as lignins and hydrolyzable tannins or attached to cell
walls and proteins. They can also be found as derivatives
of sugar and organic acids in fruits, vegetables, and whole
grains.

Hydroxycinnamic acid derivatives in plant foods include
p-coumaric, ferulic, caffeic, and sinapic acids. They are pri-
marily present in the bound form, connected to cell wall
structural components such as cellulose, lignin, and proteins
through ester bonds (2). Ferulic acids are present mainly in
the seeds and leaves of plants, primarily covalently conju-
gated to mono- and disaccharides, glycoproteins, plant cell
wall polysaccharides, polyamines, insoluble carbohydrate
polymers, and lignin. Wheat bran is an excellent source of
ferulic acids, which are esterified to hemicellulose of the

cell walls. It was reported that ferulic acids in whole grains
were present in 3 forms: free, soluble conjugated, and
bound, in the ratio of 0.1:1:100 (12). Food processing in-
cluding thermal processing, pasteurization, freezing, and
fermentation results in the release of these bound phenolic
acids (13).

Caffeic, p-coumaric, ferulic, protocatechuic, and vanillic
acids are found in virtually all plant-based foods. Curcumin
and chlorogenic acids are major derivatives of hydroxycin-
namic acids in plants. Curcumin is made of 2 ferulic acids
connected by a methylene in a diketone structure and is
the major yellow pigment of the spices turmeric and mus-
tard. Chlorogenic acids are the esters of caffeic acids and
are the major substrates for enzymatic oxidation leading to
browning in plants, particularly in apples and potatoes.

In potatoes, the most abundant phenolic acids are
chlorogenic acid (1.0–2.2 mg/g, dry weight) and caffeic
acid (19–62 mg/g, dry weight), followed by p-coumaric,
ferulic acid, and gallic acid (14,15).

Flavonoids
Flavonoids are a major group of phenolic compounds that

commonly have a generic structure consisting of 2 aromatic
rings (A and B rings) connected by 3 carbons that are usually
in an oxygenated heterocycle ring, or C ring (2). Fruits, veg-
etables, and other plant foods are rich sources of flavonoids,
which have been linked to reducing the risk of major chronic
diseases, such as heart disease, cancer, stroke, diabetes, Alz-
heimer’s disease, cataracts, and age-related function decline
(2). More than 5000 individual flavonoids have been isolated
and identified. Structural differences in the heterocycle C ring
categorize them as flavonols (quercetin, kaempferol, andmyr-
icetin), flavones (luteolin and apigenin), flavonols (catechin,
epicatechin, epigallocatechin, epicatechin gallate, and epigal-
locatechin gallate), flavonones (naringenin), anthocyanidins
(cyanidin and malvidin), and isoflavonoids (genistein and
daidzein). These are common flavonoids in the diet. Dietary
flavonoids are most commonly found in nature as conjugates
in glycosylated or esterified forms, but can be present as agly-
cones, especially in cooked or processed plant foods. Many
different glycosylated forms can be found in nature because
>80 different sugars have been reported bound to flavonoids
in plant foods (16). Anthocyanidins provide unique colors in
some fruits, vegetables, and whole grains. Apples are good
sources for quercetin, epicatechin, and cyanidin. The major
flavonoids in oranges and orange juices are hesperetin and
naringenin.

In potatoes, the most abundant flavonoids are quercetin
glycoside, quercetin, kaempferol glycoside, and kaempferol,
followed by catechin and rutin (14,15). Color-fleshed pota-
toes are rich in anthocyanins, mainly derivatives of cyanidin,
patanin, delphinidin, and peonidin (15), and total anthocy-
anin contents in color-fleshed potatoes range from 14 to
16,330 mg/g dry weight (15).

The estimate of human intake of all flavonoids was a few
hundred milligrams to 650 mg/d (17,18). Total average in-
take of flavonols (quercetin, myricetin, and kaempferol)
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and flavones (luteolin and apigenin), major flavonoids in
human diet, was estimated as 23 mg/d, of which quercetin
contributed w70%, kaempferol 17%, myricetin 6%, luteo-
lin 4%, and apigenin 3% (19).

Carotenoids
Carotenoids are classified into hydrocarbons (carotenes)

and their oxygenated derivatives (xanthophylls), with a 40-
carbon skeleton of isoprene units (2). It is estimated that
>600 distinct carotenoids have been isolated and identified
with yellow, orange, and red colors and are present widely
in fruits, vegetables, whole grains, and other plants. In terms
of health benefits, carotenoids have received considerable at-
tention because of their unique physiological functions as
provitamins and antioxidant effects, especially in scavenging
singlet oxygen.

The structures of carotenoids are cyclized at 1 or both
ends, have various hydrogenation levels or possess oxygen-
containing functional groups. b-Carotene and lycopene
are examples of cyclized and acyclized carotenoids, respec-
tively. Carotenoids are primarily in the all-trans form in na-
ture. The central part of the molecule is formed by a long
series of conjugated double bonds that provide carotenoids
with their shape, chemical reactivity, and light-absorbing
properties. b-Carotene, a-carotene, and b-cryptoxanthin
have pro-vitamin A activity and can be converted to retinol
(vitamin A) after being metabolized in humans. Zeaxanthin
and lutein are the essential carotenoids in the macular re-
gion (yellow spot) of the retina of eyes in humans. A diet
rich in zeaxanthin and lutein has been associated with a re-
duced risk of the development of cataract and macular
degeneration.

Orange and yellow vegetables and fruits, including car-
rots, spinach, pumpkins, papayas, sweet potatoes, winter
squash, mangoes, cantaloupes, and red peppers, are rich
sources of b-carotene. Dark green leafy vegetables, including
spinach, kale, turnip greens, broccoli, Brussels sprouts, and
collards, are rich sources of lutein and zeaxanthin. Toma-
toes, watermelons, pink grapefruits, apricots, and pink
guavas are the most common sources of lycopene. It has
been estimated that 85% of lycopene intake in the United
States is from processed tomato products such as ketchup,
tomato paste, and tomato soup. The most abundant carote-
noids in potatoes are lutein and zeaxanthin, followed by
b-carotene and b-cryptoxanthin (15).

Carotenoids play essential functions in photosynthesis
and photoprotection in plants. The photoprotection role
of carotenoids in plants is due to their ability to quench re-
active oxygen species, especially singlet oxygen, which is
formed from exposure of light and radiation. Carotenoids
can react with free radicals and become radicals themselves.
Their reactivity is mainly influenced by the length of the
chain of conjugated double bonds and the characteristics
of the end functional groups. Carotenoid radicals are stabi-
lized by delocalization of unpaired electrons over the conju-
gated polyene chain of the molecules. This delocalization
also allows additional reactions to occur at many sites on

the radical molecules (20). Carotenoids are especially power-
ful in scavenging singlet oxygen generated from light induced
lipid oxidation or radiation. Astaxanthin, zeaxanthin, and lu-
tein are excellent in scavenging free radicals because of the
unique end functional groups.

Vitamins
Potatoes are good sources of vitamin C (ascorbic acid).

Andre et al. (21) reported that the vitamin C content in po-
tatoes ranged from 22 to 69 mg per 100 g dry weight de-
pending on cultivars. One medium-size baked potato (173
g, fresh weight) provides 16.6 mg of vitamin C (22), which
could meet 27.7% of daily value. This is very important for
people to obtain sufficient amount of vitamin C in many
areas of the world, where potatoes are a dominant vegetable.
Vitamin C is an essential nutrient and plays an important
function in collagen synthesis to prevent scurvy, a vitamin
C deficiency disease. Vitamin C is also an excellent antioxi-
dant to scavenge free radicals and to prevent oxidative stress.
Potatoes are also good sources of vitamin B-6, which is es-
sential for regulating nervous system function and metabo-
lism. One medium-size baked potato (173 g, fresh weight)
provides 0.54 mg of vitamin B-6, which could meet 27%
of daily value (22).

Glycoalkaloids
Glycoalkaloids are natural toxins produced in potatoes

during germination. The 2 major glycoalkaloids in potatoes
are a-chaconine and a-solanine, and the ratio of these com-
pounds varies (23). Glycoalkaloids are synthesized as natural
defense mechanisms against pathogens, insects, parasites,
and predators and are mainly localized in the skin with
the highest levels around the eyes of outer layer of potatoes.
These compounds are toxic to humans and can cause death
at concentrations >330-mg/kg sample. The LD50 values of
a-chaconine and a-solanine are 23 and 34 mg/kg (23). Re-
moval of sprouts and peels of potatoes before cooking elim-
inates almost all glycoalkaloids.

Dietary phytochemicals in the prevention of
cardiovascular disease

Many epidemiological studies have examined the role of
phytochemicals and increased dietary intake of fruits and
vegetables in the prevention of cardiovascular disease
(CVD). Consumption of flavonoids in humans was signifi-
cantly inversely correlated with mortality from coronary
heart disease (CHD) and with the incidence of myocardial
infarction (19). Dietary flavonoid intake was also inversely
associated with CHD mortality (24). The total intake of fla-
vonoids (quercetin, myricetin, kaempferol, luteolin, and fi-
cetin) was inversely associated with the LDL cholesterol
and plasma total cholesterol concentrations (25). As a single
phytochemical, intake of quercetin was inversely correlated
with LDL cholesterol and total cholesterol plasma levels.
In a study involving subjects from the NHANES Epide-
miological Follow-up Study, there was a 27% lower CVD
mortality rate with the consumption of fruits and vegetables
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at least 3 times per day compared with only once per day. In-
take of fruits and vegetables was inversely correlated with the
incidence of stroke, stroke mortality, CVD mortality, CHD
mortality, and all-cause mortality (26). Joshipura et al.
(27) reported that total consumption of fruits and vegetables
was correlated with a decreased risk of CHD, and an inverse
association between total consumption of fruits and vegeta-
bles and CHD was observed with an intake of >4 servings
per day. The Women’s Health Study subjects had an RR of
0.68 for CVD when comparing the highest versus the lowest
quintiles of fruit and vegetable intake, and the RR for myo-
cardial infarction was only 0.47. It was reported that there
was a 20–30% reduction in risk of CVD associated with
high intake of fruits and vegetables (28).

In a study of 22,043 adults in Greece, a higher degree of
adherence to the Mediterranean diet with increased con-
sumption of fruits and vegetables was found to be correlated
with a 25% of reduction in total mortality and a 33% of
reduction in death due to CHD (29). In a community-
dwelling population in Washington County, Maryland,
Genkinger et al. (30) found that subjects with the highest
quintile of fruit and vegetable intake had a lower risk of
all-cause mortality (RR: 0.63) and CVD mortality (RR:
0.76) compared with those in the lowest quintile. A com-
bined analysis of >100,000 participants in the Health Profes-
sionals’ Follow-up Study and the Nurses’ Health Study
showed that intake of fruits and vegetables was inversely cor-
related with the risk of CVD, with an RR for an increment of
5 servings daily of 0.88, with green leafy vegetables showing
the strongest inverse correlation (31). A 2008 study con-
ducted by Heidemann et al. (32) of 72,113 women without
any history of CVD or cancer, it was showed that a more
prudent diet with a high intake of fruits and vegetables
was associated with a 17% lower risk of all-cause mortality
and a 28% lower risk of cardiovascular mortality when com-
paring individuals the highest to the lowest quintile of diet
prudency (32). Furthermore, a population-based cohort
study in the Netherlands, in addition to finding that the rel-
ative risk of CHD incidence was 0.66 for subjects with a high
intake of fruits and vegetables when compared to those with
low consumption, also found that this inverse relationship
was present regardless of whether the fruits and vegetables
were raw or processed (33).

The LDL oxidation hypothesis has been suggested as the
atherogenic factor contributing to CVD (34,35). Circulating
LDL infiltrates the artery wall and increase intimal LDL. In-
timal LDL can be oxidized by free radicals. The oxidized
LDL in the intima is more atherogenic than native LDL
and serves as a chemotactic factor recruiting circulating
monocytes and macrophages into the intima. Oxidized
LDL is taken up by macrophages in the intima, further
inducing the formation of inflammatory cytokines and
promoting cell proliferation of smooth muscle cells, cho-
lesterol ester accumulation, and foam cell formation. Foam
cell accumulation in the blood vessel would form a fatty
streak, resulting in further endothelial injury and leading
to atherosclerotic disease. LDL oxidation is critical in the

initiation and progression of atherosclerosis. Therefore, it
has been hypothesized that dietary antioxidants or phyto-
chemicals scavenge free radicals and prevent LDL oxidation
and might prevent or delay the progression of atheroscle-
rotic lesions (36). In addition, dietary antioxidants or phyto-
chemicals have been shown to have roles in the reduction of
platelet aggregation, modulation of cholesterol synthesis and
absorption and lipid profiles, reduction of blood pressure,
and anti-inflammation.

Some human clinical trials investigating the effects of
fruit and vegetable intake on CVD have been conducted, in-
cluding known CVD contributing factors and mechanisms.
In a randomized, controlled trial conducted by Watzl et al.
(37), a group of nonsmoking men consumed a diet of <2
servings per day of fruits and vegetables for 4 wk. After
this time period, the men were then randomly assigned to
consume either 2 servings per day, 5 servings per day, or 8
servings per day of carotenoid-rich fruits and vegetables
for an additional 4-wk period. Compared with the low-
intake group (2 servings per day), the high-intake group
was found to have significantly increased total carotenoid
concentrations in plasma as well as significantly reduced
C-reactive protein levels at week 8 (37).

Dietary phytochemicals in the prevention of
cancer

It is estimated that one third of all cancer deaths in the
United States could be prevented through the dietary mod-
ification (1,3,38). Increasing bioactive compounds and anti-
oxidant defenses through dietary phytochemicals, present in
fruits, vegetables, whole grains, and other plant foods, may
prevent, reduce, or delay the oxidation of DNA and affect
cellular signal transduction pathways controlling cell prolif-
eration and apoptosis (2). The evidence supporting a high
consumption of fruits and vegetables to reduce the risk of
the development of cancer is reviewed in the following.

Consumption of $28 servings of vegetables per week
showed a 35% reduction in the risk of prostate cancer com-
pared with an intake of <14 servings per week (39). In an-
other study, fruit and vegetable consumption correlated
with the reduced risk of pancreatic cancer (40). Compared
with those in the lowest quartile of total intake of fruits
and vegetables, those in the highest quartile had an RR of
0.47. For total fruits and fruit juice, the RR was 0.72, and
for total vegetables it was 0.45. There was a significant in-
verse association found among dark leafy vegetables, crucif-
erous vegetables, yellow vegetables, carrots, beans, onions,
and garlic.

Voorrips et al. (41) reported in a large Dutch study that
the intake of fruits and vegetables was inversely associated
with reduced risk of colon cancer in women. No relationship
was found between fruit and vegetable consumption and
colon cancer risk in men. In the Nurses’ Health Study, con-
sumption of fruits was inversely correlated with polyp for-
mation (42). Subjects who ate $5 servings of fruits per
day had a reduced risk of the development of colorectal ad-
enomas compared with those who ate #1 serving (OR: 0.6;
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95% CI: 0.44, 0.81). However, the risk reduction for vegeta-
bles was not significant (OR: 0.82; 95% CI: 0.65, 1.05).

In a 2003 study of 22,043 adults, a higher degree of adher-
ence to the Mediterranean diet with an increased consump-
tion of fruits and vegetables was found to be associated
with a 0.76 RR of death due to cancer (95% CI: 0.47, 0.94)
(28). In a community-dwelling population in Washington
County, Maryland, in addition to finding that participants
in the highest quintile of fruit and vegetable intake had a
lower risk of all-cause mortality (RR: 0.63; 95% CI: 0.51,
0.78) and CVD mortality, Genkinger et al. (30) also found
that they exhibited a lower risk of cancer-caused mortality
(RR: 0.65; 95% CI: 0.45, 0.93) compared with those in the
lowest quintile. In a European prospective cohort study, the
overall cancer risk was found to be slightly reduced (RR:
0.97; 95% CI: 0.96, 0.99) when the intake of total fruits
and vegetables combined was increased by 200 g/d (43).

In 2009, van Duijnhoven et al. (44) reported that in-
creased consumption of fruits and vegetables was correlated
with a decreased risk of colon cancer (RR: 0.76; 95% CI:
0.63, 0.91) when comparing those in the highest and lowest
quintiles. In a US study, subjects who ate ~5.8 servings of
fruits and vegetables daily had a significantly reduced risk
of cancers of the oral cavity, pharynx, and larynx (RR:
0.71; 95% CI: 0.55, 0.92) compared with those who only
consumed w1.5 servings per day (45).

In our laboratory, rats were fed diets supplemented with
whole apple extracts equivalent to human consumption of 1,
3, and 6 apples per day over the 24-wk study (46). Mammary
cancer in rats was induced at day 50 with 7,12-dimethylbenz
[a]anthracene. Apple supplementation decreased mammary
cancer incidence, tumor yield, and tumor burden in a dose-
dependent manner, indicating that apple consumption may
be an accessible method of cancer prevention.

Carcinogenesis is a multistage process with initiation,
promotion, and progression, and oxidative damage and
chronic inflammation play important roles in the formation
of cancer via different mechanisms (47,48). Free radicals in-
duce DNA oxidative damage in the stage of initiation. If left
unrepaired, the damaged DNA can lead to base mutation,
single- and double-strand breaks, DNA cross-linking, and
chromosomal breakage and rearrangement (47). This po-
tentially cancer-inducing oxidative damage in the initiation
stage might be prevented or retarded by dietary antioxidants
or phytochemicals from fruits, vegetables, whole grains, and
other plant foods. Dietary phytochemicals also play im-
portant roles in the stages of promotion and progression
of carcinogenesis by regulating different signal transduction
pathways with multiple molecular targets. Dietary phyto-
chemicals from fruits, vegetables, whole grains, and other
plant foods have been demonstrated to have complementary
and overlapping mechanisms of action for cancer preven-
tion (Table 1), including scavenging free radicals, deactiva-
tion of carcinogens, modulation of detoxification phase II
enzymes, DNA damage repair, inhibition of cell proliferation,
regulation of cell cycle and gene expression through signal
transduction pathways, induction of apoptosis, inhibition

of nuclear factor kB activation and anti-inflammation, anti-
angiogenesis, stimulation of the immune system, regulation
of hormone metabolism and receptors, and antibacterial
and antiviral effects (8).

Role of whole food in the prevention of chronic
diseases

The hypothesis that dietary antioxidants or phytochemi-
cals lower the risk of the development of chronic diseases
has been primarily formulated from epidemiological obser-
vation studies, which have shown that regular consumption
of fruits, vegetables, and whole grains is inversely associated
with a reduced risk of the development of chronic diseases.
However, this hypothesis has been questioned recently be-
cause, taken alone, the individual antioxidants or phyto-
chemicals studied in clinical trials do not appear to have
consistent beneficial effects, and the actions of the dietary
supplements alone do not explain the observed health ben-
efits of diets rich in fruits, vegetables, and whole grains (49–
51).

The isolated compounds as dietary supplements in pure
form may not work in the same way as the compounds in
whole foods and, in addition to having fewer of the benefi-
cial effects, may also be potentially detrimental. b-Carotene
is an excellent dietary antioxidant in fruits and vegetables
and was thought to prevent lung cancer based on several ep-
idemiological studies. However, in human clinical trials,

Table 1. Potential mechanisms of actions of dietary
phytochemicals for cancer prevention

Antioxidant activity
Scavenge free radicals and oxidants
Reduce oxidative stress
Inhibit nitrosation and nitration
Prevent DNA binding and damage

Regulation of DNA damage repair
Induction of cell differentiation
Inhibition of cell proliferation
Induction of cell-cycle arrest
Inhibition of oncogene expression
Induction of tumor suppress gene expression
Induction of apoptosis
Regulation of signal transduction pathways
Enzyme induction and enhancing detoxification
Phase II enzyme
Glutathione peroxidase
Catalase
Superoxide dismutase

Enzyme inhibition
Cyclooxygenase-2
Inducible nitric oxide synthase
Xanthine oxide
Phase I enzyme (block activation of carcinogens)

Anti-inflammation
Enhancement of immune function and surveillance
Antiangiogenesis
Inhibition of cell adhesion and invasion
Regulation of steroid hormone metabolism
Regulation of estrogen metabolism
Antibacterial and antiviral effects

Adapted from Reference 2 with permission.
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smokers did not have positive effect of supplemental
b-carotene with respect to lung cancer incidence, and there
might even have been a significant increase in the lung can-
cer rate and total mortality rate (49,52). Several studies
showed that vitamin C supplements had no effect on lower-
ing the incidence of cancer or CHD in human clinical trials
(53,54). Vitamin E supplements failed to show any beneficial
effect on the endpoints of myocardial infarction, stroke, or
death for the patients who had had a myocardial infarction
(55). In the Heart Outcomes Prevention Evaluation (HOPE)
study, patients at high risk of CVD were given 400 IU/d vi-
tamin E or a placebo for 4.5 y, but no differences were found
in deaths from cardiovascular causes or myocardial infarc-
tions or deaths from CHD or stroke between the placebo
and vitamin E groups (56). In a clinical trial to study the po-
tential effect of selenium and vitamin E on prostate cancer
prevention [Selenium and Vitamin E Cancer Prevention
Trial (SELECT)], an increased risk of prostate cancer was
observed in the group taking vitamin E, and an increased
risk of type 2 diabetes was found in the group taking sele-
nium (57). Although these increased risks were statistically
nonsignificant (P = 0.06 and P = 0.16, respectively), the clin-
ical trial had to be terminated because of ethical and safety
concerns. In the follow-up studies of SELECT with addi-
tional new cases of prostate cancer since the first report in
2009, the prostate cancer incidence in the vitamin E supple-
mentation group was 17% higher (P = 0.008) compared
with the placebo group, indicating that vitamin E supple-
mentation significantly increased the risk of prostate cancer
among healthy men (58).

Dietary phytochemicals of fruits, vegetables, whole grains,
and other plant foods were shown to have potent antioxidant
activity, and the mixture or combination of phytochemicals
in fruits, vegetables, and whole grains was proposed to be
responsible for their strong antioxidant and anticancer ac-
tivity (9,10, 59–61). It was reported that whole apple phy-
tochemical extracts exhibited strong antioxidant activity
and inhibited tumor cell growth in vitro in a dose-
dependent manner (61). Further studies demonstrated that
whole apple phytochemical extracts inhibited mammary
cancer in a rat model in a dose-dependent manner at doses
comparable to those of human consumption of 1, 3, and 6
apples per day (46). This study demonstrated that whole
apple phytochemical extracts effectively inhibited mam-
mary cancer growth in the rat model; thus, consumption
of apples may be an effective strategy for cancer protection.
In a study examining the possible additive, synergistic, or
antagonistic interactions among apple phytochemicals, ap-
ple phytochemical extracts and quercetin 3-b-D-glucoside
in combination exhibited a synergistic effect against
MCF-7 human breast cancer cell proliferation (62). The
additive and synergistic effects of phytochemicals in fruits,
vegetables and whole grains have been proposed to be re-
sponsible for their potent antioxidant and anticancer activ-
ities. This partially explains why no single antioxidant can
replace the combination of natural phytochemicals in fruits
and vegetables to achieve the observed health benefits.

Milenkovic et al. (63) reported a human nutrigenomics
study by examining the effects of orange juice and hesperi-
din, a pure citric phytochemical, on the expression of genes
in leukocytes in healthy volunteers after consumption of or-
ange juice, hesperidin, or placebo for 4 wk. The profiles of
global gene expression were compared using human whole
genome cDNA microarrays. Both orange juice and hesperi-
din intake significantly affected expression of leukocyte
genes. Intake of orange juice modulated changes in expres-
sion of 3422 genes, intake of hesperidin induced the expres-
sion of 1819 genes, and 1582 genes were in common in both
groups. Many genes affected by intake of orange juice and
hesperidin are genes involved in lipid transport, adhesion,
chemotaxis, and cell infiltration, suggesting lower recruit-
ment and infiltration of circulating cells to vascular wall
and intima, lower lipid accumulation, and formation of
the atherosclerotic plaque. This study also supported the im-
portance of whole food instead of a single phytochemical.

Fruits, vegetables, whole grains, and other plant foods
have their distinctive phytochemical profiles and composi-
tions (11,12,59,60,64–68). These distinctive phytochemicals
are different in molecular size, polarity, solubility, bioavaila-
bility, metabolic pathways, and excretion. All these will affect
the distribution and concentrations of each phytochemical
in different organs, tissues, cells, and subcellular organelles.
Therefore, the health benefits of fruits, vegetables, whole
grains, and other plant foods cannot be achieved or mim-
icked by dietary supplements in the form of tables or pills
without fully upstanding the balanced natural combination
and profiles of phytochemicals present in fruits, vegetables,
and whole grains. People should obtain their different anti-
oxidants or phytochemicals from a balanced diet with a wide
variety of fruits, vegetables, whole grains, and other plant
foods for optimal health benefits and well-being, not from
dietary supplements. More importantly, obtaining antioxi-
dants or phytochemicals by eating whole foods with a
wide variety of fruits, vegetables, whole grains, and other
whole foods is generally considered safe and is not likely
to result in consumption of toxic quantities compared
with the consumption of pure phytochemicals as dietary
supplements in the form of tablets or capsules. Fruits and
vegetables eaten in the recommended amounts (9–13 serv-
ings of fruits and vegetables per day) are safe.

Conclusions
Regular consumption of fruits, vegetables, whole grains,

and other plant foods has been negatively correlated with
the risk of the development of chronic diseases. There is a
huge gap between the average consumption of fruits and
vegetables in Americans and the amount recommended by
the 2010 Dietary Guidelines for Americans. The key is to en-
courage consumers to increase the total amount to 9 to 13
servings of fruits and vegetables in all forms available. Fresh,
processed fruits and vegetables including frozen and canned,
cooked, 100% fruit juices, and 100% vegetable juices, as well
as dry fruits are all considered servings of fruits and vegeta-
bles per day.
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Potatoes are one of the low-fat foods with unique nutri-
ents and phytochemical profiles and are particularly rich in
vitamin C, vitamin B-6, potassium, manganese, and dietary
fibers. Potatoes account for 25% of vegetable phenolics in
the American diet, the largest contributors among the 27
vegetables commonly consumed in the United States, in-
cluding flavonoids (quercetin and kaempferol), phenolic
acids (chlorogenic acid and caffeic acid), and carotenoids
(lutein and zeaxanthin). Increasing evidence suggests that
the health benefits of fruits, vegetables, whole grains, and
other plant foods are attributed to the synergy or interac-
tions of bioactive compounds and other nutrients in whole
foods. Therefore, consumers should obtain their nutrients,
antioxidants, bioactive compounds, or phytochemicals from
their balanced diet with a wide variety of fruits, vegetables,
whole grains, and other plant foods for optimal nutrition,
health, and well-being, not from dietary supplements.
Further research on the health benefits of whole foods is
warranted.
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