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ABSTRACT Epidemiological studies have consistently shown that regular consumption of fruits and vegetables
is strongly associated with reduced risk of developing chronic diseases, such as cancer and cardiovascular
disease. It is now widely believed that the actions of the antioxidant nutrients alone do not explain the observed
ealth benefits of diets rich | its ble: use taken alone, the individual antioxidants studied in
clinical trials do not appear to have consiste ive effects. Work performed by our group and others has
Smm%ng antioxidant and antiproliferative activities
and that the “ﬁ?ﬁ-’t’%&al'antioxidant activity is from the combination of phytochemicals. We proposed that
the additive and synergistic effects of phytochemicals in fruits and vegetables are responsible for these potent
antioxidant and anticancer activities and that the benefit of a diet rich in fruits and vegetables is attributed to the

mplex mixtu chemicals present in whole foods. This explains why no single antioxidant can replace the
combination of natural phytochemicals in fruits and vegetables to achieve the health benefits, The evidence
suggests that antioxidants or bioactive compounds are best acquired through whole-food consumption, not from

supplements. We believe that a recommiendation that consumers eat 5 to 10 servings of a wide
variety of fruits and vegetables daily is an appropriate strategy for significantly reducing the risk of chronic diseases

and to meet their nutrient requirements for optimum health.

J. Nutr. 134: 3479S-3485S, 2004.
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Epidemiological studies have consistently shown that a
high dietary intake of fruits and vegetables as well as whole

grains is strongly associated with reduced risk of developing
chronic diseases, such as cancer and cardiovascular disease
(CVD), which are the top Z causes of death in the United
Stuges o T Taoet Inchmerilied cogiies (1-3), T b et

mated that one third of all cancer deaths in the United States
could be avoided through appropriate dietary modification

(3-5). This suggests that change in dietary behavior, such as

increasing consumption of fruits, vegetables ins
reducing the incidence of cancer.

In 1982 the National Academy of Sciences of the United
States included guidelines in their report on diet and cancer,

emphasizing the importance of fruits and vegetables (6). The
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value of adding citrus fruits, carotene-rich fruits and vegeta-
bles, and cruciferous vegetables to the diet for reducing the risk
of cancer was specifically highlighted. In 1989 a report from
the National Academy of Sciences on diet and health recom-
mended consuming 5 or more servings of fruits and vegetables
daily for reducing the risk of both cancer and heart disease (7).
The Five-a-Day program was developed as a tool to increase
public awareness of the health benefits of fruits and vegetable

consumption and to promote adequate intilgci,of_knw-_
tamins. M@&hﬂﬁu‘@w
grains, which contain significant amounts of bioactive phyro-
chemicals, may provide desirable health benefits beyond basic_
nutrition to reduce the risk of chronic diseases (8).

Phytochemicals

The “phyto-" of the word phytochemicals is derived from
the Greek word phyto, which means plant. Therefore, phyto-
chemicals are plant chemicals.

Phytochemicals are defined as
bicactive nonnutrient plant compounds in fruits, vegecaBl_g.g,

grains, and other plant s that have been Tinked 7o reducin
at >5000

‘the risk of major chronic diseases. It is estimated that >

individual phytochemicals have been identified in fruits, veg-
1

etables, and grains, but a large percentage still remain un-
known and need to be ide




»

SUPPLEMENT

80s
! Phytochemiculs
Carotenvids Phenalics Alkalaids Nitrogen-coninining (-)n;glnlno--m-r
cumpuunds compaounds
a-Curolene I l ’ Isathiocyanascs
B-Caratene Indoles
B-Cryproxanthin Phenolic acids Elasonoids Stibenes Coumsrins Tanning Allylic sultur
Lutein compounds
7 ’
FIGURE 1  Classification of dietary SRl
> Lyeapene
phytochemicals.
Ilydroxy- lydroxy- Flavenals Flavoues Flavanols Fluvanones Anthocyuniding Isoflavansids
benzoic acids cinnamic acids (Catechins)
Guallic p-Coumanc Quercetin Apigenin Catechin Eriodiciyol Cyanidin Genistein
Pratocatechuic Caffeic Kacmpferol Chrysin Fpi h i Pel. idi Daidzcin
Vannilic Ferulie Mynicetin Luteolia igzal hin Naringenit D Glyciwin
Syringic Sinapie Galangin Fpir hi Peonidin Farmununetin
Fisctin gullate Malvidin
cpignliocalechin
gallaie

(8). However, more and more convincing evidence suggests
that the benefits of phytochemicals in fruits and vegetables
may be even greater than is currently understood, because the
oxidative stress induced by free radicals is involved in the
etiology of a wide range of chronic diseases (9).

Phytochemicals can be classified as carotenoids, phenolics,
alkaloids, nitrogen-containing com ounds, and organosulfur
Commpbunds (Fig. 1). The mos soudied of e phytochemicals”
are the phenolics and carotenoids.

Phenolics. Phenolics are compounds possessing one or
more aromatic rings with one or more hydroxyl groups and
generally are categorized as phenolic acids, flavonoids, stil-
benes, coumarins, and tannins (Fig. 1). Phenolics are the
products of secondary metabolism in plants, providing essen-
tial functions in the reproduction and the growth of the plants;
acting as defense mﬁmm
predators, as well as contributing to the color of plants. In
addition to their roles in plants, phenolic compounds in our
diet may provide health benefits associated with reduced risk
of chronic diseases. Among the 11 common fruits consumed in
the United States, cranberry has the highest total phenalic
content, followed by apple, red grape, strawberry, pineapple,
banana, peach, lemon, orange, pear, and grapefruit (10).
ng‘—‘tl% 10 common vegetables consumed in the United
States, %ﬂpﬂ%ﬂg@%whmohc content,
followed by spinach, yellow onion, red pepper, carrot, cabbage,

_tﬁ)ﬂ_e_v?cﬂ_y\anﬁ’mﬁ:r I1). It is estimated thar
%mmgm#Amo thirds of the phe-
nolics in our diet and the remaining one third are from
phenolic acids.

Flavonoids. Flavonoids are a group of phenolic com-
pounds with antioxidant activity that have been idencified in
fruits, vegetables, and other plant foods and that have been
linked to reducing the risk of major chronic diseases. More.
than 4000 distinct flavonoids have been identified. They com-
monly have a generic structure consisting of two aromatic
rings (A and B rings) linked by 3 carbons that are usually in an
oxygenated heterocycle ring, or C ring (Fig. 2). Differences in

72 the generic structure of the heterocycle C ring classify them as

flavonols, flavones, flavanols (carechins), flavanones, antho-
cyanidins, and isoflavonoids (Fig. 1 and Fig. 3). Flavonols

(quercetin, kaempferol, and myricetin), flavones (luteolin and
apigenin), flavanols (catechin, epicatechin, epigallocatechin,
epicatechin gallate, and epigallocatechin gallate), flavanones
(naringenin), anthocyanidins, and isoflavonoids (genistein)
are common flavonoids in the diet (Fig. 1 and Fig. 4). Fla-
vonoids are most frequently found in nature as conjugates in
glycosylared or esterified forms bur can occur as aglycones,
especially as a result of the effects of food processing. Many
different glycosides can be found in nature; >80 di

different
sugars have been discovere ids (12). Antho-
cyanidins give red and blue colors in some fruits and

vegetables.

Human intake of all flavonoids is estimated at a few hun-
dred milligrams (13) to 650 mg/d (14). The total average
intake of flavenols (quercetin, myricetin, and kaempferol) and
flavones (luteolin and apigenin) was estimated as 23 mg/d, of
which quercetin contributed ~70%; kaempferol, 17%; myr-
icetin, 6%; luteolin, 4%; and apigenin 3% (15).

Phenolic acids. Phenolic acids can be subdivided into two
major groups, hydroxybenzoic acids and hydroxycinnamic ac-
ids (Fig. 5). Hydroxybenzoic acid derivatives include p-hy-
droxybenzoic, protocatechuic, vannilic, syringic, and gallic
acids. They are commonly present in the bound form and are
typically a component of a complex structure like lignins and
hydrolyzable rannins. They can also be found in the form of
sugar derivatives and organic acids in plant foods.

Hydroxycinnamic acid derivatives include p-coumaric, caf-

feic, ferulic, and sinapic acids (Fig. 5). They are mainly present

~

in the bound form, linked ro cell-wall structural components,

FIGURE 2 The generic structure of flavonoids.
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FIGURE 3 Structures of main classes of dietary flavonoids.

such as cellulose, lignin, and proteins through ester bonds.
erulic acids occur primarily in seeds and leaves of plants,
mainly covalentl i ono- and disaccharides
plant-cell-wall polysaccharides, glycoproteins, polyamines, lig-
nin, and insoluble carbohydrate biopolymers. Wheat bran is a
good source of ferulic acids, which are esterified to hemi -
}b_sirg_tiglualg. Free, soluble-conjugated, and bound
erulic acids in grains are present in the ratio of 0.1:1:100 (16).
Food processing, such as thermal processi asteurization,
ermentation, and freezing, contributes to the release of these

bound phenolic acids (17).

Caffeic, ferulic, p-coumaric, protocatechuic, and vannilic
acids are present in almost all plants. Chlorogenic acids and
curcumin are also major derivatives of hydroxycinnamic acids
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FIGURE 4 Chemical structures of common dietary flavonoids.
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FIGURE5 Structures of common phenolic acids: (a) benzoic acid
and derivatives; (b) cinnamic acid and derivatives.

present in plants. Chlorogenic acids are the ester of caffeic
acids and are the substrate for enzymatic oxidation leading to
browning, particularly in apples and potatoes. Curcumin is
made of two ferulic acids linked by a methylene in a dikerone
structure and is the major yellow pigment of mustard.
Carotenoids. Carotenoids are nature’s most widespread
pigments and have also received substantial attention because
of both their provitamin and antioxidant roles. More than 600
different carotenoids have been identified in natre. They
occur widely in plants, microorganisms, and animals. Carote-
noids have a 40-carbon skeleton of isoprene units (Fig. 6).
The structure may be cyclized at one or both ends, may have
various hydrogenation levels, or may possess oxygen-contain-
ing functional groups. Lycopene and B-carotene are examples
of acyclized and cyclized carotenoids, respectively. Carotenoid
compounds most commonly occur in nature in the all-trans




Larorenoia pigments piay 1Mportant mnctions mn photo-
synthesis and photoprotection in plant tissues. The photopro-

tection role of carotenoids originates from their ability to

uench inactivate reactive oxygen species such as
si xygen formed from exposure of light and air. This
photoprotection role is also associated with its antioxidant

activity in human health. Carotenoids can react with free
radicals and become radicals themselves. Their reactivity de-
pends on the length of the chain of conjugated double bonds
and the characteristics of the end groups. Carotenoid radicals
“#are stable by virue of the delocalization of the unpaired
electron over the conjugated polyene chain of the molecules.
This delocalization also allows addition reactions to occur at

Larcinogenesis is a multistep process, and oxidative damage
is linked to the formation of tumors through several mecha-
nisms (19,20). Oxidative stress induced by free radicals causes
DNA damage, which, when left unrepaired, can lead to base
mutation, single- and double-stcrand breaks, DNA cross-link-
ing, and chromosomal breakage and rearrangement (20). This
potentially cancer-inducing oxidative damage might be pre-
vented or limited by dietary anrioxidants found in fruits and
vegetables. Studies to date have demonstrated that phyto-
chemicals in common fruits and vegerables can have comple-
mentary and overlapping mechanisms of action (Table 1),
including antioxidant activity and scavenging free radicals;
regulation of gene expression in cell proliferation, cell differ-













