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ABSTRACT Metabolism, like other
aspects of life, involves tradeoffs. Oxidant
by-products of normal metabolism cause
extensive damage to DNA, protein, and
lipid. We argue that this damage (the same
as that produced by radiation) is a major
contributor to aging and to degenerative
diseases of aging such as cancer, cardio-
vascular disease, immune-system decline,
brain dysfunction, and cataracts. Antiox-
idant defenses against this damage include
ascorbate, tocopherol, and carotenoids.
Dietary fruits and vegetables are the prin-
cipal source of ascorbate and carotenoids
and are one source of tocopherol. Low
dietary intake offruits and vegetables dou-
bles the risk of most types of cancer as
compared to high intake and also mark-
edly increases the risk of heart dise and
cataracts. Since only 9% of Americans eat
the recommended five servings of fruits
and vegetables per day, the opportunity
for improving health by improving diet is
great.

The degenerative diseases associated
with aging include cancer, cardiovascular
disease, immune-system decline, brain
dysfunction, and cataracts. The func-
tional degeneration of somatic cells dur-
ing aging appears, in good part, to con-
tribute to these diseases. The relation-
ship between cancer and age in various
mammalian species illustrates this point.
Cancer increases with about the fifth
power of age in both short-lived species,
such as rats, and long-lived species, such
as humans. Thus a marked decrease in
age-specific cancer rates has accompa-
nied the marked increase in lifespan that
has occurred in 60 million years of mam-
malian evolution; i.e., cancer rates are
high in a 2-year-old rat, but low in a
2-year-old human. One important factor
in longevity appears to be basal meta-
bolic rate, which is about 7 times higher
in a rat than in a human and which could
markedly affect the level of endogenous
oxidants and other mutagens produced
as by-products of metabolism. The level
of oxidative DNA damage appears to be
roughly related to metabolic rate in a
number of mammalian species (1-3).

Oxidation and Damage to DNA, Protein,
and Lipids

Oxidative damage to DNA, proteins, and
other macromolecules accumulates with
age and has been postulated to be a
major, but not the only, type of endoge-
nous damage leading to aging (4-9). Su-
peroxide (02), hydrogen peroxide
(H202), and hydroxyl radical (-OH),
which are mutagens produced by radia-
tion, are also by-products of normal me-
tabolism (10-12). Lipid peroxidation
gives rise to mutagenic lipid epoxides,
lipid hydroperoxides, lipid alkoxyl and
peroxyl radicals, and enals (a,4-unsatur-
ated aldehydes) (13, 14). Singlet oxygen,
a high-energy and mutagenic form ofoxy-
gen, can be produced by transfer of en-
ergy from light, the respiratory burst
from neutrophils, or lipid peroxidation
(15).
Animals have numerous antioxidant

defenses, but since these defenses are not
perfect, some DNA is oxidized. Oxida-
tively damaged DNA is repaired by en-
zymes that excise the lesions, which are
then excreted in the urine. Methods have
been developed to assay several of these
excised damaged bases in the urine of
rodents and humans (1, 16), almost all of
which appear as the free base from repair
by glycosylases. We estimate that the
number of oxidative hits to DNA per cell
per day is about 100,000 in the rat and
about 10,000 in the human. DNA-repair
enzymes efficiently remove most, but not
all, of the lesions formed (4). Oxidative
lesions in DNA accumulate with age, so
that by the time a rat is old (2 years) it has
about 2 million DNA lesions per cell,
which is about twice that in a young rat.
Mutations also accumulate with age (17,
18). For example, the somatic mutation
frequency in human lymphocytes, of
which the contribution of oxidative DNA
lesions is unknown, is about 9 times
greater in elderly people than in neonates
(17). The importance of oxidative DNA
lesions in cancer and aging is under-
scored by the existence of specific repair
glycosylases that excise these lesions
from DNA. In the case of 8-oxo-2'-
deoxyguanosine, a lesion formed from
oxidative damage to guanine residues in
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DNA, loss of a specific glycosylase ac-
tivity leads to an appreciable increase in
the spontaneous mutation rate (19), indi-
cating the intrinsic mutagenic potential of
this DNA lesion. Many other oxidative
DNA lesions are likely to be important as
well (10).

MitochondrialDNA (mtDNA) from rat
liver has more than 10 times the level of
oxidative DNA damage than does nu-
clear DNA from the same tissue (20).
This increase may be due to a lack of
mtDNA repair enzymes, a lack of his-
tones protecting mtDNA, and the prox-
imity of mtDNA to oxidants generated
during oxidative phosphorylation. The
cell defends itself against this high rate of
damage by a constant turnover of mito-
chondria, thus presumably removing
those damaged mitochondria that pro-
duce increased oxidants. Despite this
turnover, oxidative lesions appear to ac-
cumulate with age in mtDNA at a higher
rate than in nuclear DNA (Fig. 1). Oxi-
dative damage could also account for the
mutations in mtDNA that accumulate
with age (21, 22).
Endogenous oxidants also damage pro-

teins and lipids. Stadtman and his col-
leagues (7, 23, 24) have shown that the
activity of proteolytic enzymes that hy-
drolyze oxidized proteins is not sufficient
to prevent an age-associated increase of
oxidized proteins. In two human diseases
associated with premature aging, Werner
syndrome and progeria, oxidized pro-
teins increase at a much higher rate than
is normal (7). Fluorescent pigments,
which are thought to be due in part to
crosslinks between protein and lipid per-
oxidation products, also increase with
age (14, 25).

Sources and Effects of Oxidants

Four endogenous sources appear to ac-
count for most of the oxidants produced
by cells. (i) As a consequence of normal
aerobic respiration, mitochondria con-
sume 02, reducing it by sequential steps
to produce H20 (Fig. 2). Inevitable by-
products ofthis process, as stated above,

*To whom reprint requests should be ad-
dressed.
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FIG. 1. Steady-state oxidative DNA damage increases with age. 8-Oxo-2'-deoxyguanosine
(oxo8dG) was analyzed (as in refs. 5 and 20) in nuclear and mitochondrial DNA from the livers
of young and old rats.

are O2, H202, and -OH. About 1012 02

molecules are processed by each rat cell

daily, and the leakage of partially re-
duced oxygen molecules is about 2%,
yielding about 2 x 1010 O2 and H202
molecules per cell per day (26). (ii) Phago-
cytic cells destroy bacteria or virus-
infected cells with an oxidative burst of
nitric oxide (NO), Oj, H202, and OC1.
Chronic infection by viruses, bacteria, or
parasites results in a chronic phagocytic
activity and consequent chronic inflam-
mation, which is a major risk factor for
cancer. Chronic infections are particu-
larly prevalent in third-world countries
(see below). (iii) Peroxisomes, which are
organelles responsible for degrading fatty
acids and other molecules, produce H202
as a by-product, which is then degraded
by catalase. Evidence suggests that, un-
der certain conditions, some of the per-
oxide escapes degradation, resulting in
its release into other compartments ofthe
cell and in increased oxidative DNA
damage (27). (iv) Cytochrome P450 en-
zymes in animals constitute one of the
primary defense systems against natural
toxic chemicals from plants, the major
source ofdietary toxins. The induction of
these enzymes prevents acute toxic ef-
fects from foreign chemicals but also
results in oxidant by-products that dam-
age DNA (J.-Y. K. Park and B.N.A.,
unpublished work).
Three exogenous sources may signifi-

cantly increase the large endogenous ox-
idant load. (a) The oxides of nitrogen
(NO.) in cigarette smoke (about 1000
ppm) cause oxidation of macromolecules

(28-31) and deplete antioxidant levels
(32-34). This is likely to contribute sig-
nificantly to the pathology of smoking
(see below). Smoking is a risk factor for
heart disease as well as a wide variety of
cancers in addition to lung cancer (35-
38). (b) Iron (and copper) salts promote
the generation of oxidizing radicals from
peroxides (Fenton chemistry). Men who
absorb significantly more than normal
amounts of dietary iron due to a genetic
defect (hemochromatosis disease) are at
an increased risk for both cancer and
heart disease (39). It has therefore been
argued that too much dietary copper or
iron, particularly heme iron (which is
high in meat), is a risk factor for cardio-
vascular disease and cancer in normal
men (39-42). (c) Normal diets contain
plant food with large amounts of natural
phenolic compounds, such as chloro-
genic and caffeic acid, that may generate
oxidants by redox cycling (43, 44).

Chronic Infection, Inflammation and
Cancer. Leukocytes and other phago-
cytic cells combat bacteria, parasites,
and virus-infected cells by destroying
them with NO, O2, H202, and OC1, a
powerful oxidant mixture (45, 46). These
oxidants protect humans from immediate
death from infection but cause oxidative
damage to DNA and mutation (47, 48),
thereby contributing to the carcinogenic
process. Antioxidants appear to inhibit
some of the pathology of chronic inflam-
mation (see below) (49-55).
Chronic infections contribute to about

one-third ofthe world's cancer. Hepatitis
B and C viruses infect about 500 million
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FIG. 2. Oxidants from normal metabolism. The formation of 02, H202, and -OH occurs by
successive additions of electrons to 02. Cytochrome oxidase adds four electrons fairly
efficiently during energy generation in mitochondria, but some of these toxic intermediates are

inevitable by-products.

people, mainly in Asia and Africa, and
are a major cause of hepatocellular car-
cinoma (56-58). Another major chronic
infection is schistosomiasis, which is
caused by a parasitic worm that is wide-
spread in China and Egypt. The Chinese
worm lays its eggs in the colon, produc-
ing inflammation that often leads to colon
cancer (59). The Egyptian worm lays
eggs in the bladder, promoting bladder
cancer (60). Opisthorchis viverrini and
Chlonorchis sinensis are liver flukes that
infect millions of people in China, Thai-
land, Laos, and Malaysia. These worms
cause chronic inflammation of the biliary
tract and markedly increase the risk for
developing cholangiocarcinoma (61, 62).
Helicobacter pylori bacteria, which in-
fect the stomachs of over one-third of the
world population, appear to be the major
cause of stomach cancer, ulcers, and
gastritis (53, 54, 63-65, 215). In wealthy
countries the disease is usually asymp-
tomatic, which indicates that the effects
of inflammation are at least partially sup-
pressed, possibly, in part, by adequate
levels of dietary antioxidants (66).

Chronic inflammation resulting from
noninfectious sources also contributes to
various pathological conditions leading
to cancer. For example, asbestos expo-
sure causing chronic inflammation may
be in good part the reason it is a signifi-
cant risk factor for cancer of the lung (51,
52).

Tobacco, Cancer, and Heart Disease.
Smoking, which we and others argue is a
major oxidative stress in addition to a
source of mutagens, contributes to about
one-third of U.S. cancer, about one-
quarter of U.S. heart disease, and about
400,000 premature deaths per year in the
U.S. (38). Tobacco is a major global
cause of cancer, but it causes even more
deaths by other diseases. Tobacco will
cause about 3 million deaths per year
worldwide in the 1990s and will, at pres-
ent rates of smoking, cause about 10
million deaths per year a few decades
from now (38).

Aging and Dietary Restriction

Evolutionary biologists have argued that
aging is inevitable because of several
tradeoffs (67-70). One tradeoff is that a
considerable proportion of an animal's
resources is devoted to reproduction at a
cost to maintenance, which means that
the maintenance of somatic tissues is less
than that required for indefinite survival.
Of the vast array of maintenance pro-
cesses that are necessary to sustain nor-
mal function in somatic cells, those that
defend the cell against metabolism-
derived oxidants are likely to play an
important role. Metabolism has costs:
oxidant by-products of normal energy
metabolism extensively damage DNA,
proteins, and other molecules in the cell,
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Table 1. Review of epidemiological studies by Block et al. (93)
showing protection by fruits and vegetables against cancer

Fraction
of studies Relative
showing risk

Cancer site protection (median)
Epithelial
Lung 24/25 2.2
Oral 9/9 2.0
Larynx 4/4 2.3
Esophagus 15/16 2.0
Stomach 17/19 2.5
Pancreas 9/11 2.8
Cervix 7/8 2.0
Bladder 3/5 2.1
Colorectal 20/35 1.9
Miscellaneous 6/8

Hormone-dependent
Breast 8/14 1.3
Ovary/endometrium 3/4 1.8
Prostate 4/14 1.3

Total 129/172

and this damage accumulates with age
(4-7). Another tradeoff is that nature
selects for many genes that have imme-
diate survival value but that may have
long-term deleterious consequences. The
oxidative burst from phagocytic cells, for
example, protects against death from
bacterial and viral infections but contrib-
utes to DNA damage, mutation, and can-
cer (71, 72).
Aing Is Slowed by Calorie or Protein

Restriction. In rodents a calorie-restricted
diet significantly increases lifespan, de-
creases reproduction, and markedly de-
creases cancer rates (73-76). It has been
suggested that Darwinian fitness in ani-
mals is increased by the delay of repro-
ductive function during periods of low
food availability (77) and that the saved
resources are invested in maintenance of
the body until food resources are available
for successful reproduction (78). Protein
restriction appears to have the same ef-
fects on rodents as calorie restriction,
though it is less well studied (79). An
understanding of mechanisms for this
marked effect on aging and cancer is be-
coming clearer and may in good part be
due to reduced oxidative damage. The
suggestion that maintenance functions are
enhanced in calorie-restricted rats, thus
resulting in less oxidative damage, is sup-
ported by the findings of more efficient
DNA repair, better coupled mitochondrial
respiration, and a delay in the age-
dependent decline of some antioxidant
defenses (80-82). The higher level of an-
tioxidant defenses could also account for
the enhanced immune response in re-
stricted animals (83). Work in this labora-
tory has shown that either calorie or pro-
tein restriction decreases the rate of ac-
cumulation of oxidized protein that
accompanies aging in rats (79), and pre-
liminary results suggest a decrease in pre-

neoplastic foci and oxidative lesions in
DNA as well. Thus, the overall effect of
these enhanced maintenance activities ap-
pears to be a reduction in oxidative dam-
age to DNA and protein, a decrease in
DNA and protein lesions, and a decrease
in somatic mutations. Markedly lower mi-
totic rates are observed in a variety of
tissues in calorie-restricted rodents com-
pared with rodents fed ad libitum (84, 85),
which may also contribute to the decrease
in tumor incidencet as discussed below.

Antioxidants Protect Against Disease

Many defense mechanisms within the
organism have evolved to limit the levels
of reactive oxidants and the damage they
inflict (89). Among the defenses are en-
zymes such as superoxide dismutase,
catalase, and glutathione peroxida- .

The glutathione S-transferases inactivate
reactive electrophilic mutagens, includ-
ing the aldehyde products of lipid perox-
idation. There are also many structural
defenses, such as sequestration of H202-
generating enzymes in peroxisomes and
chelation of any free iron or copper salts
in transferrin and ferritin or ceruloplas-
min to avoid Fenton chemistry. O2, how-
ever, can release iron from ferritin (90).

tDietary restriction activates the pituitary-
adrenocorticotropic axis, resulting in a de-
crease in the release of reproductive and
mitogenic hormones. Decreases in mitogenic
hormones such as insulin, thyrotropin,
growth hormone, estrogen, and prolactin de-
crease the likelihood of hormone-induced
cancers, as has been shown in various animal
studies (86). This is consistent with suppres-
sion of mitogenic hormones and decreased
protooncogene expression (87). The lowered
incidence of mammary tumors observed in
calorie-restricted rats has been attributed to
reduced circulating levels of the mammotro-
pic hormones estrogen and prolactin (88).

Oxidized DNA is repaired by a series
of glycosylases that are specific for par-
ticular oxidized bases and possibly by
nonspecific excision repair enzymes. In
the absence of cell division these oxida-
tive lesions are removed fromDNA quite
effectively and the mutation rate is kept
to a minimum. Oxidized proteins are de-
graded by proteases. Lipid hydroperox-
ides are destroyed by glutathione perox-
idase. Almost all of these defenses ap-
pear to be inducible, as are most other
types of defenses-i.e., the amounts in-
crease in response to damage. There is a
large literature showing that cells re-
spond to low levels of radiation, an oxi-
dative mutagen, by inducing antioxidant
defenses that help to protect them against
mutation by high levels of radiation (91,
92).

In addition to the protective effects of
endogenous enzymatic antioxidant de-
fenses, consumption of dietary antioxi-
dants appears to be of great importance.
Fruits and vegetables, the main source of
antioxidants in the diet, are associated
with a lowered risk of degenerative dis-
eases. Block and her colleagues (93) have
recently reviewed 172 studies in the ep-
idemiological literature that relate, with
great consistency, the lack of adequate
consumption of fruits and vegetables to
cancer incidence (Table 1). The quarter
of the population with low dietary intake
of fruits and vegetables has double the
cancer rate for most types of cancer
(lung, larynx, oral cavity, esophagus,
stomach, colon and rectum, bladder,
pancreas, cervix, and ovary) when com-
pared with the quarter with high intake.
Data on the types of cancer known to be
associated with hormone levels are not as
consistent and show less protection by
fruits and vegetables: for breast cancer
the protective effect was about 30%o (93,
94). There is also literature on the pro-
tective effect of fruit and vegetable con-
sumption on cardiovascular disease and
stroke (95, 96). Only 9% ofAmericans eat
five servings of fruits and vegetables per
day, the intake recommended by the Na-
tional Cancer Institute and the National
Research Council (93, 97). European
countries with low fruit and vegetable
intake (e.g., Scotland) are generally in
poorer health and have higher rates of
cardiovascular disease and cancer than
countries with high intake (e.g., Greece)
(98).
The cost of fruits and vegetables is an

important factor in discouraging con-
sumption. Poorer people spend a higher
percentage of their income on food, eat
less fruits and vegetables (99), and have
shorter life expectancy than wealthier
people. A major contributor to health in
this century was synthetic pesticides,
which markedly decreased the cost of
food production and ensured that most of
the crops planted would be eaten by
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humans rather than insects (100). Syn-
thetic pesticide residues do not appear in
the general population to be a significant
cause of cancer (44).

Dietary Antioxidants. The effect of di-
etary intake of the antioxidants ascor-
bate, tocopherol, and carotenoids is dif-
ficult to disentangle by epidemiological
studies from other important vitamins
and ingredients in fruits and vegetables
(93, 101). Nevertheless, several argu-
ments suggest that the antioxidant con-
tent of fruits and vegetables is a major
contributor to their protective effect. (i)
Biochemical data, discussed above,
show that oxidative damage is massive
and is likely to be the major endogenous
damage to DNA, proteins, and lipids. (ii)
Oxidative damage to sperm DNA is in-
creased when dietary ascorbate is insuf-
ficient (see below). (iii) Epidemiological
studies and intervention trials on preven-
tion of cancer and cardiovascular disease
in people taking antioxidant supplements
are suggestive, though larger studies
need to be done (95, 102, 130, 146, 147,
172). Clinical trials using antioxidants
will be the critical test for many of the
ideas discussed here. (iv) Studies on ox-
idative mechanisms and epidemiology on
antioxidant protection for individual de-
generative diseases are discussed below.

Small-molecule dietary antioxidants
such as vitamin C (ascorbate), vitamin E
(tocopherol), and carotenoids have gener-
ated particular interest as anticarcinogens
and as defenses against degenerative dis-
eases (103-106). Most carotenoids have
antioxidant activity, particularly against
singlet oxygen, and many, including
/-carotene, can be metabolized to vitamin
A (retinal) (107-110). Earlier papers have
called attention to a number of previously
neglected physiological antioxidants, in-
cluding urate, bilirubin, carnosine, and
ubiquinol (111-114). Ubiquinone (CoQ1o),
for example, is the critical small molecule
for transporting electrons in mitochondria
for the generation of energy. Its reduced
form, ubiquinol, is an effective antioxi-
dant in membranes (112, 115-117). Opti-
mal levels of dietary ubiquinone/ubiqui-
nol could be of importance in many of the
degenerative diseases.

Antioxidants and Cancer. A critical fac-
tor in mutagenesis is cell division (72,
118, 119). When the cell divides, an un-
repaired DNA lesion can give rise to a
mutation. Thus an important factor in
mutagenesis, and therefore carcinogene-
sis, is the cell division rate in the precur-
sors of tumor cells. Stem cells are impor-
tant as precursor cells in cancer because
they are not on their way to being dis-
carded. Increasing their cell division rate
would increase mutation. As expected,
there is little cancer in nondividing cells.
Such diverse agents as chronic infection
(see above), high levels of particular hor-
mones (120), or chemicals at doses that

cause cell death (72, 119, 121, 122) result
in increased cell division and therefore an
increased risk for cancer.

Oxidants form one important class of
agents that stimulate cell division (123,
124, 216). This may be related to the
stimulation of cell division that occurs
during the inflammatory process accom-
panying wound healing (72). Antioxi-
dants therefore can decrease mutagene-
sis, and thus carcinogenesis, in two
ways: by decreasing oxidative DNA
damage and by decreasing cell division.
Of great interest is the understanding of
mechanisms by which tocopherol and
carotenoids can prevent cell division
(125-128).
There is an increasing literature on the

protective role of dietary tocopherol,
ascorbate, and /3-carotene in lowering the
incidence of a wide variety of human
cancer (129-132, 217) (see also Table 1).
Antioxidants can counteract the induction
of cancer in rodents by a variety of car-
cinogens (133-135). Two of the major
causes of cancer-cigarette smoke and
chronic inflammation-appear to involve
oxidants in their mechanism of action.
Almost all of the epidemiological studies
that examined the relation between an-
tioxidant levels and cigarette-induced
lung cancer showed a statistically signifi-
cant protective effect of antioxidants (93,
129, 131). Antioxidants inhibit much of
the pathology of cigarette smoke in ro-
dents (136, 137). Inflammatory reactions
release large amounts of NO, a radical,
nitrosating agent, and indirect mutagenic
oxidant (55, 138, 139). Ascorbate inhibits
nitrosation under physiological conditions
(140). Antioxidants help to protect against
the carcinogenic effects ofchronic inflam-
mation, as discussed above.

Antioxidants and Cardiovascular Dis-
ease. A major development in cardiovas-
cular disease research is the finding that
oxidation reactions play a central role in
atherogenesis (141) and that in epidemi-
ological studies (reviewed in refs. 95 and
96) cardiovascular disease is associated
with low plasma concentrations of ascor-
bate, tocopherol, and /-carotene (95,
130, 142-148). A wealth of evidence sug-
gests that oxidative modification of apo-
lipoprotein B100 plays a key role in rec-
ognition oflow density lipoprotein (LDL)
and that LDL uptake by scavenger re-
ceptors in macrophages leads to foam-
cell formation and atherosclerotic
plaques (refs. 40, 141, and 149-154; re-
viewed in ref. 155). Apolipoprotein B100
can be altered by reactive products of
lipid peroxidation that causes a net de-
crease in positive charge, a modification
that leads to its recognition by the scav-
enger receptors. The beneficial effects of
dietary antioxidants are also strength-
ened by animal (ref. 156; reviewed in ref.
96) and biochemical (103, 115, 155, 157-
160) studies.

Antioxidants and the Immune System.
The proliferation ofT and B cells, natural
killer cells, and lymphokine-activated
killer cells that is required to mount an
effective defense against pathogens and
tumor cells appears to be inhibited mark-
edly with age (161) and upon exposure to
oxidants (162, 163). These effects can, in
part, be counteracted in elderly individ-
uals by dietary antioxidant supplementa-
tion (164-166). The endogenous sources
ofoxidants that lead to the suppression of
lymphocyte-dependent immunity are not
known. In vitro studies, however, have
demonstrated that both polymorphonu-
clear leukocytes and macrophages can
inhibit proliferation of various lympho-
cyte subpopulations through the produc-
tion ofreactive oxygen intermediates and
prostaglandin E2 (167) andNO (168). This
suggests that conditions that involve in-
filtration of polymorphonuclear leuko-
cytes and macrophages (i.e., chronic in-
flammatory diseases) could result in
compromised lymphocyte function. The
suppressive effects of macrophages on
mitogen-induced lymphocyte prolifera-
tion can be reversed partially by thiol
reagents (169), by catalase or indometh-
acin (167), or by N0-monomethyl-L-
arginine, a competitive inhibitor of NO
synthesis (170). The age-associated de-
crease in cell-mediated immunity may be
due to a decreased level of certain small-
molecule antioxidants and antioxidant
enzyme activities. Calorie restriction, a
dietary regimen that increases maximal
lifespan in rodents, also enhances T-lym-
phocyte responsiveness (171), possibly
by slowing the rate of thymus involution
and by increasing the level of cellular
antioxidant defenses (82).

Antioxidants and Cataracts. Cataract
removal is the most common operation in
the U.S. (1.2 million per year) with costs
of over 3 billion dollars. Taylor (172) has
recently reviewed the impressive evi-
dence that cataracts have an oxidative
etiology and that dietary antioxidants can
prevent their formation in humans. Five
epidemiological studies that have exam-
ined the effect of dietary antioxidants on
cataracts show strong preventative ef-
fects of ascorbate, tocopherol, and car-
otenoids (173-177). Those individuals
taking daily supplements of ascorbate or
tocopherol had about one-third the risk of
developing cataracts. Smoking, a severe
oxidative stress, is a major risk factor for
cataracts, and radiation, an oxidative
mutagen, is well known to cause cata-
racts (178, 179). Eye proteins show an
increased level of methionine sulfoxide
with age, and proteins in human cataracts
have >60% of their methionine residues
oxidized (180). Pregnant mice depleted of
glutathione, the main sulfhydryl antioxi-
dant in cells, produce offspring with cat-
aracts (181). The most promising preven-
tative strategy against cataracts appears
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to be to increase dietary antioxidants and
to decrease smoking (172).

Antioxidants and Brain Dysfunction.
Biochemical studies suggest that oxida-
tion may be important in a number of
brain pathologies (182-188). The few ep-
idemiological studies are consistent with
a protective effect of fruits and vegeta-
bles or antioxidants (104, 105, 189) in a
number of neurological pathologies, in-
cluding brain ischemia, Parkinson dis-
ease, and familial amyotrophic lateral
sclerosis (Lou Gehrig's disease), a de-
generative disorder of motor neurons
(190, 191). Ischemic episodes liberate
iron, an important catalyst in reactions
forming oxygen radicals; iron chelators
reduce neuron loss following this trauma
(192). In individuals suffering from Park-
inson disease, oxidative DNA damaged
is elevated within brain regions rich in
dopaminergic neurons (E. Overvik, J.
Sanchez-Ramos, and B.N.A., unpub-
lished work). The most convincing evi-
dence so far for a link between neurolog-
ical disorders and oxygen radical forma-
tion is the strong association found
between familial amyotrophic lateral
sclerosis and mutations in the Cu/Zn
superoxide dismutase gene, suggesting
that oxygen radicals might be responsible
for the selective degeneration of motor
neurons occurring in this fatal disease
(191). The protective role of superoxide
dismutase against brain injury due to
ischemia is supported by the finding that
its overproduction is protective in a
transgenic mouse model (193). Based on
the similar protective effects against is-
chemia-induced brain injury by inhibition
ofNO formation, and the recent evidence
implicating these two radical species in
cytotoxicity of neuronal cells (194, 195),
it would appear that peroxynitrite, a pow-
erful oxidant formed from the combina-
tion of Oj and NO (1%), plays an impor-
tant role in neuronal injury following
ischemia and reperfusion (197).
Oxidant Stress, Birth Defects, and

Childhood Cancer. Oxidative lesions in
sperm DNA are increased 250% when
levels of dietary ascorbate are insuffi-
cient to keep seminal fluid ascorbate at an
adequate level (198) (Fig. 3). A sizable
percentage ofthe U.S. population ingests
inadequate levels of dietary ascorbate,
particularly single males, the poor, and
smokers (199). The oxidants in cigarette
smoke deplete the antioxidants in
plasma. Smokers must eat 2-3 times
more ascorbate than nonsmokers to
achieve the same level of ascorbate in
blood (32-34), but they rarely do. In
comparisons of sperm from smokers and
nonsmokers (200, 201) the number of
sperm and the percentage of motile
sperm decrease significantly in smokers,
and this decrease was dependent on the
dose and duration of smoking. Paternal
smoking, in particular, appears to in-
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FIG. 3. Relation of seminal-fluid ascorbic
acid (AA) to oxidative DNA damage in sperm.
Data from ref. 198 were replotted by P. Motch-
nik. RDA, recommended daily allowance.

crease the risk of birth defects and child-
hood cancer in offspring (200, 202-211).
One expects, and finds, a much larger
contribution to the germ-line mutation
rate from the father than from the
mother, with the age of the father being
an important risk factor (212). Thus, in-
adequate diets (and smoking) of fathers
appear to result in damage not only to
their own DNA but also to the DNA of
their sperm, an effect that may reverber-
ate down future generations.
The Optimum Level of Antioxidants.

The epidemiological evidence and the
guidelines of the National Cancer Insti-
tute and the National Research Council/
National Academy of Sciences suggest
that at least two fruits and three vegeta-
bles per day is a desirable intake. Since
ascorbate, tocopherol, and (-carotene
supplements are inexpensive and high
doses are remarkably nontoxic, there is a
school that believes that supplements, in
addition to a diet containing recom-
mended levels of fruits and vegetables,
are desirable. There is suggestive but
inadequate epidemiological and bio-
chemical evidence bearing on the ques-
tion (102, 130, 146, 147). What is clear is
that fruits and vegetables contain many
necessary micronutrients in addition to
antioxidants, some of which can also
prevent mutations. Folic acid, for exam-
ple, is required for the synthesis of the
nucleotides in DNA. Inadequate intake
has been shown to cause chromosome
breaks and increased cancer and birth
defects (104, 213). Folate deficiency may
be a risk factor for myocardial infarction
as well (214). Niacin is required for mak-
ing poly(ADP-ribose), a component of
DNA repair. Other micronutrients are
also likely to be part of our defense
systems.
The U.S. recommended daily allow-

ances for ascorbate and tocopherol in-

take-there is no guideline for (-carotene
independent of its provitamin A activi-
ty-are not adequate for at least two
reasons. (i) The amount recommended
(e.g., 60 mg/day for ascorbate) is primar-
ily for avoiding an observable deficiency
syndrome (e.g., scurvy) and is not nec-
essarily the amount for optimum lifetime
health, which is usually not known. (ii) A
recommended blood level of each antiox-
idant (e.g., 60 ,uM ascorbate) would be a
more desirable standard. People vary
considerably in the intake required to
keep their blood level adequate. A
smoker, for example, needs to take in
several times as much ascorbate as a
nonsmoker to keep the blood level the
same. Infections may also cause an oxi-
dative stress that leads to antioxidant
depletion by activating phagocytic cells.
The observation that antioxidant inade-
quacy is associated with oxidative dam-
age to DNA of the germ line as well as
somatic cells emphasizes the urgency of
defining adequate blood levels (198).

Since only 9% ofAmericans, and fewer
in most other countries, are eating five
fruits and vegetables per day, there is a
great opportunity to improve health by
increasing consumption.

We are indebted to A. Bendich, G. Block,
R. Dean, B. Frei, L. S. Gold, B. Henderson,
R. Holliday, E. Overvik, H. Sies, R. Stocker,
A. Tappel, C. Thomas, P. van't Veer, R.
Weinberg, and W. Willett for their criticisms.
B.N.A. is indebted to the Rockefeller Foun-
dation and the staff at Villa Serbelloni for their
support during the writing of this review, to
the National Cancer Institute Outstanding In-
vestigator Grant CA39910, and to National
Institute of Environmental Health Sciences
Center Grant ES01896.

1. Adelman, R., Saul, R. L. & Ames,
B. N. (1988) Proc. Natl. Acad. Sci.
USA 85, 2706-2708.

2. Shigenaga, M. K., Gimeno, C. J. &
Ames, B. N. (1989) Proc. Natl. Acad.
Sci. USA 86, 9697-9701.

3. Loft, S., Vistisen, K., Ewertz, M.,
Tj0nneland, A., Overvad, K. &
Poulsen, H. E. (1992) Carcinogenesis
13, 2241-2247.

4. Ames, B. N. & Shigenaga, M. K.
(1992) Ann. N. Y. Acad. Sci. 663, 85-96.

5. Fraga, C. G., Shigenaga, M. K., Park,
J.-W., Degan, P. & Ames, B. N. (1990)
Proc. Natl. Acad. Sci. USA 87, 4533-
4537.

6. Sai, K., Takagi, A., Umemura, T.,
Hasegawa, R. & Kurokawa, Y. (1992)
J. Environ. Pathol. Toxicol. Oncol. 11,
139-143.

7. Stadtman, E. R. (1992) Science 257,
1220-1224.

8. Harman, D. (1981) Proc. Natl. Acad.
Sci. USA 78, 7124-7128.

9. Harman, D. (1992) Mutat. Res. 275,
257-266.

10. Wagner, J. R., Hu, C.-C. & Ames,
B. N. (1992) Proc. Natl. Acad. Sci.
USA 89, 3380-3384.

11. von Sonntag, C. (1987) The Chemical

0

i ~~~~~~~~0
0 FreeLiving

0 | o Control Diet

0

.00 0 0 0
b 0 0 o..O

nI

Review: Ames et al.



Proc. Natl. Acad. Sci. USA 90 (1993)

Basis of Radiation Biology (Taylor &
Francis, London).

12. Sies, H. (1986) Angew. Chem. Int. Ed.
Engl. 25, 1058-1071.

13. Marnett, L. J., Hurd, H., Hollstein,
M. C., Esterbauer, D. E. & Ames,
B. N. (1985) Mutat. Res. 148, 25-34.

14. Halliwell, B. & Gutteridge, J. M. C.
(1989) Free Radicals in Biology and
Medicine (Clarendon, Oxford).

15. Ravanat, J.-L., Berger, M., Benard, F.,
Langlois, R., Ouellet, R., van Lier,
J. E. & Cadet, J. (1992) Photochem.
Photobiol. 55, 809-814.

16. Park, E.-M., Shigenaga, M. K., Degan,
P., Korn, T. S., Kitzler, J. W., Wehr,
C. M., Kolachana, P. & Ames, B. N.
(1992) Proc. Natl. Acad. Sci. USA 89,
3375-3379.

17. Grist, S. A., McCarron, M., Kutlaca,
A., Turner, D. R. & Morley, A. A.
(1992) Mutat. Res. 266, 189-196.

18. Branda, R. F., Sullivan, L. M.,
O'Neill, J. P., Falta, M. T., Nicklas,
J. A., Hirsch, B., Vacek, P. M. & Al-
bertini, R. J. (1993) Mutat. Res. 285,
267-279.

19. Michaels, M. L., Cruz, C., Groilman,
A. P. & Miller, J. H. (1992) Proc. Natl.
Acad. Sci. USA 89, 7022-7025.

20. Richter, C., Park, J.-W. & Ames, B. N.
(1988) Proc. Natl. Acad. Sci. USA 85,
6465-6467.

21. Cortopassi, G. A., Shibata, D., Soong,
N.-W. & Armheim, N. (1992) Proc.
Natl. Acad. Sci. USA 89, 7370-7374.

22. Wallace, D. C. (1992) Science 256, 628-
632.

23. Oliver, C. N., Ahn, B.-W., Moerman,
E. J., Goldstein, S. & Stadtman, E. R.
(1987) J. Biol. Chem. 262, 5488-5491.

24. Oliver, C. N., Starke-Reed, P. E.,
Stadtman, E. R., Liu, G. J., Carney,
J. M. & Floyd, R. A. (1990) Proc. Natl.
Acad. Sci. USA 87, 5144-5147.

25. Brunk, U. T., Jones, C. B. & Sohal,
R. S. (1992) Mutat. Res. 275, 395-403.

26. Chance, B., Sies, H. & Boveris, A.
(1979) Physiol. Rev. 59, 527-605.

27. Kasai, H., Okada, Y., Nishimura, S.,
Rao, M. S. & Reddy, J. K. (1989) Can-
cer Res. 49, 2603-2605.

28. Kiyosawa, H., Suko, M., Okudaira, H.,
Murata, K., Miyamoto, T., Chung, M.-
H., Kasai, H. & Nishimura, S. (1990)
Free Radical Res. Commun. 11, 23-27.

29. Pryor, W. A., Dooley, M. M. &
Church, D. F. (1986) Adv. Free Radical
Biol. Med. 2, 161-188.

30. Frei, B., Forte, T. M., Ames, B. N. &
Cross, C. E. (1991) Biochem. J. 277,
133-138.

31. Reznick, A. Z., Cross, C. E., Hu, M.-
L., Suzuki, Y. J., Khawaja, S., Safadi,
A., Motchnik, P. A., Packer, L. & Hal-
liwell, B. (1992) Biochem. J. 286, 607-
611.

32. Schectman, G., Byrd, J. C. & Hoff-
mann, R. (1991) Am. J. Clin. Nutr. 53,
1466-1470.

33. Duthie, G. G., Arthur, J. R. & James,
W. P. T. (1991) Am. J. Clin. Nutr. 53,
1061S-1063S.

34. Bui, M. H., Sauty, A., Collet, F. &

Leuenberger, P. (1991) J. Nutr. 122,
312-316.

35. Shopland, D. R., Eyre, H. J. &

Pechacek, T. F. (1991) J. Natl. Cancer
Inst. 83, 1142-1148.

36. Kneller, R. W., You, W.-C., Chang,
Y.-S., Liu, W.-D., Zhang, L., Zhao, L.,
Xu, G.-W., Fraumeni Jr., F. J. & Blot,
W. J. (1992) J. Natl. Cancer Inst. 84,
1261-1266.

37. Honjo, S., Kono, S., Shinchi, K., Iman-
ishi, K. & Hirohata, T. (1992) Jpn. J.
Cancer Res. 83, 806-811.

38. Peto, R., Lopez, A. D., Boreham, J.,
Thun, M. & Heath, C., Jr. (1992) Lan-
cet 339, 1268-1278.

39. Lauffer, R. B. (1992) Iron and Human
Disease (CRC, Boca Raton, FL).

40. Salonen, J. T., Nyyssonen, K., Kor-
pela, H., Tuomilehto, J., Seppanen, R.
& Salonen, R. (1992) Circulation 86,

803-811.
41. Salonen, J. T., Salonen, R., Korpela,

H., Suntioinen, S. & Tuomilehto, J.
(1991) Am. J. Epidemiol. 134, 268-276.

42. Sullivan, J. L. (1989) Am. Heart J. 117,
1177-1188.

43. Ames, B. N., Profet, M. & Gold, L. S.
(1990) Proc. Natl. Acad. Sci. USA 87,
7777-7781.

44. Gold, L. S., Slone, T. H., Stern, B. R.,
Manley, N. B. & Ames, B. N. (1992)
Science 258, 261-265.

45. Stamler, J. S., Singel, D. J. & Los-
calzo, J. (1992) Science 258, 1898-1901.

46. Ischiropoulos, H., Zhu, L. & Beckman,
J. S. (1992) Arch. Biochem. Biophys.
298, 446-451.

47. Shacter, E., Beecham, E. J., Covey,
J. M., Kohn, K. W. & Potter, M. (1988)
Carcinogenesis 9, 2297-2304.

48. Yamashina, K., Miller, B. E. & Hepp-
ner, G. H. (1986) CancerRes. 46, 2396-
2401.

49. Morrison, D. G., Daniel, J., Lynd,
F. T., Moyer, M. P., Esparza, R. J.,
Moyer, R. C. & Rogers, W. (1981)
Nutr. Cancer 3, 81-85.

50. Sanders, C. L. & Mahaffey, J. A.
(1983) Health Phys. 43, 794-798.

51. Marsh, J. P. & Mossman, B. T. (1991)
Cancer Res. 51, 167-173.

52. Korkina, L. G., Durnev, A. D., Sus-
lova, T. B., Cheremisina, Z. P., Dau-
gel-Dauge, N. 0. & Afanas'ev, I. B.
(1992) Mutat. Res. 265, 245-253.

53. Sobala, G. M., Pignatelli, B., Schorah,
C. J., Bartsch, H., Sanderson, M.,
Dixon, M. F., Shires, S., King,
R. F. G. & Axon, A. T. R. (1991) Car-
cinogenesis 12, 193-198.

54. Kneller, R. W., Guo, W.-D., Hsing,
A. W., Chen, J.-S., Blot, W. J., Li,
J.-Y., Forman, D. & Fraumeni Jr., F. J.
(1992) Cancer Epidemiol. Biomarkers
Prev 1, 113-118.

55. Arroyo, P. L., Hatch-Pigott, V.,
Mower, H. F. & Cooney, R. V. (1992)
Mutat. Res. 281, 193-202.

56. Beasely, R. P. (1987) Cancer 61, 1942-
1956.

57. Tabor, E. & Kobayashi, K. (1992) J.
Natl. Cancer Inst. 84, 86-90.

58. Yu, M.-W., You, S.-L., Chang, A.-S.,
Lu, S.-N., Liaw, Y.-F. & Chen, C.-J.
(1991) Cancer Res. 51, 5621-5625.

59. Chen, M. (1988) Trop. Dis. Bull. 85,

2-56.
60. Chen, M. & Mott, K. (1989) Trop. Dis.

Bull. 86, 2-36.

61. Srivantanakul, P., Sontipong, S., Choti-
wan, P. & Parkin, D. M. (1988) J. Gas-
troenterol. Hepatol. 3, 413-420.

62. Shanmugaratnam, K. (1956) Br. J. Can-
cer 10, 232-245.

63. Parsonnet, J., Friedman, G. D.,
Vandersteen, D. P., Chang, Y., Vogel-
man, J. H., Orentreich, N. & Sibley,
R. K. (1991) N. Engl. J. Med. 325,
1127-1131.

64. Dooley, C. P., Cohen, H., Fitzgibbons,
P. L., Bauer, M., Appleman, M. D.,
Perez-Perez, G. I. & Blaser, M. J.
(1989) N. Engl. J. Med. 321, 1562-1566.

65. Cover, T. L. & Blaser, M. J. (1992)
Annu. Rev. Med. 43, 135-145.

66. Howson, C., Hiyama, T. & Wynder, E.
(1986) Epidemiol. Rev. 8, 1-27.

67. Kirkwood, T. B. L. (1992) Am. J. Clin.
Nutr. 55, 1191S-1195S.

68. Kirkwood, T. B. L. (1984) Monogr.
Dev. Biol. 17, 9-20.

69. Williams, G. C. (1957) Evolution 11,
398-411.

70. Williams, G. C. & Nesse, R. M. (1991)
Q. Rev. Biol. 66, 1-22.

71. Weitzman, S. A. & Gordon, L. I.
(1990) Blood 76, 655-663.

72. Cohen, S. M., Purtilo, D. T. & Eliwein,
L. B. (1991) Mod. Pathol. 4, 371-382.

73. Roe, F. J. C. (1989) Mutagenesis 4,
407-411.

74. Roe, F. J. C., Lee, P. N., Conybeare,
G., Tobin, G., Kelly, D., Prentice, D. &
Matter, B. (1991) Hum. Exp. Toxicol.
10, 285-288.

75. Boutwell, R. K. & Pariza, M. W. (1987)
Am. J. Clin. Nutr. 45, Suppl. 1, 151-
156.

76. Lutz, W. K. & Schlatter, J. (1992) Car-
cinogenesis 13, 2211-2216.

77. Holehan, A. M. & Merry, B. J. (1985)
Mech. Ageing Dev. 32, 63-76.

78. Holliday, R. (1989) Bioessays 10, 125-
127.

79. Youngman, L. D., Park, J.-Y. K. &
Ames, B. N. (1992) Proc. Natl. Acad.
Sci. USA 89, 9112-9116.

80. Weraarchakul, N., Strong, R., Wood,
W. G. & Richardson, A. (1989) Exp.
Cell Res. 181, 197-204.

81. Weindruch, R. (1984) in Free Radicals
in Molecular Biology, Aging, and Dis-
ease, eds. Armstrong, D. (Raven, New
York), pp. 181-202.

82. Koizumi, A., Weindruch, R. & Wal-
ford, R. L. (1987) J. Nutr. 117, 361-367.

83. Kubo, C., Johnson, B. C., Day, N. K.
& Good, R. A. (1984) J. Nutr. 114,
1884-1899.

84. Lok, E., Scott, F. W., Mongeau, R.,
Nera, E. A., Malcolm, S. & Clayson,
D. B. (1990) Cancer Lett. 51, 67-73.

85. Heller, T. D., Holt, P. R. & Richard-
son, A. (1990) Gastroenterology 98,
387-391.

86. Ruggeri, B. (1991) in Cancer and Nu-
trition, Human Nutrition: A Compre-
hensive Treatise, eds. Alfin-Slater,
R. B. & Dritchevsky, D. (Plenum, New
York), pp. 187-210.

87. Nakamura, K. D., Duffy, P. H., Lu,
M. H., Turturro, A. & Hart, R. W.
(1989) Mech. Ageing Dev. 48, 199-205.

88. Sylvester, P. W., Aylsworth, C. F.,
Van Vugt, D. A. & Meites, J. (1982)
Cancer Res. 42, 4943-4947.

7920 Review: Ames et al.



Proc. Natl. Acad. Sci. USA 90 (1993) 7921

89. Sies, H. (1991) Oxidative Stress: Oxi-
dants and Antioxidants (Academic, Or-
lando, FL).

90. Biemond, P., van Eijk, H. G., Swaak,
A. J. G. & Koster, J. F. (1984) J. Clin.
Invest. 73, 1576-1579.

91. Wolff, S., Olivieri, G. & Afzal, V.
(1990) in Chromosomal Aberrations:
Basic and Applied Aspects, eds. Nat-
arajan, A. T. & Obe, G. (Springer, New
York), pp. 140-150.

92. Wolff, S., Afzal, V., Wiencke, J. K.,
Olivieri, G. & Michaeli, A. (1988) Int. J.
Radiat. Biol. 53, 39-48.

93. Block, G., Patterson, B. & Subar, A.
(1992) Nutr. Cancer 18, 1-29.

94. Howe, G. R., Hirohata, T. & Hislop,
T. G. (1990) J. Natl. Cancer Inst. 82,
561-569.

95. Gaziano, J. M., Manson, J. E., Buring,
J. E. & Hennekens, C. H. (1992) Ann.
N. Y. Acad. Sci. 669, 249-259.

96. Gaziano, J. M. & Hennekens, C. H.
(1992) Curr. Opin. Lipidol. 3, 291-294.

97. Patterson, B. H., Block, G., Rosen-
berger, W. F., Pee, D. & Kahle, L. L.
(1990) Am. J. Pub. Health 80, 1443-
1449.

98. James, W. P. T. (1988) Healthy Nutri-
tion (WHO, Copenhagen).

99. Patterson, B. H. & Block, G. (1988)
Am. J. Pub. Health 78, 282-286.

100. Ames, B. N. (1992) J. Assoc. Off. Anal.
Chem. 75, 1-5.

101. Block, G. (1992) Nutr. Rev. 50, 207-
213.

102. Gridley, G., McLaughlin, J. K., Block,
G., Blot, W. J., Gluch, M. & Fraumeni,
J. F., Jr. (1992) Am. J. Epidemiol. 135,
1083-1092.

103. Frei, B. & Ames, B. N. (1992) in The
Molecular Biology of Free Radical
Scavenging Systems, eds. Scandalios,
J. (Cold Spring Harbor Lab. Press,
Plainview, NY), pp. 23-45.

104. Bendich, A. & Butterworth, C. E., Jr.
(1991) Micronutrients in Health and in
Disease Prevention (Marcel Dekker,
New York).

105. Gaby, S. K., Bendich, A., Singh, V. N.
& Machlin, L. J. (1991) Vitamin Intake
and Health (Marcel Dekker, New
York).

106. Reznick, A. Z. (1992) in Vitamin E,
Biochemistry and Clinical Applica-
tions, eds. Packer, L. & Fuchs, J. (Mar-
cel Dekker, New York), pp. 435-454.

107. Krinsky, N. I. (1989) Free Radicals
Biol. Med. 7, 617-635.

108. Rousseau, E. J., Davison, A. J; &
Dunn, B. (1992) Free Radicals Biol.
Med. 13, 407-433.

109. Palozza, P. & Krinsky, N. I. (1992)
Arch. Biochem. Biophys. 297, 184-187.

110. Sies, H., Stahl, W. & Sundquist, A. R.
(1992) Ann. N. Y. Acad. Sci. 669, 7-20.

111. Ames, B. N., Cathcart, R., Schwiers,
E. & Hochstein, P. (1981) Proc. Natl.
Acad. Sci. USA 78, 6858-6862.

112. Frei, B., Kim, M. C. & Ames, B. N.
(1990) Proc. Natl. Acad. Sci. USA 87,
4879-4883.

113. Stocker, R., Yamamoto, Y., McDon-

agh, A. F., Glazer, A. N. & Ames,
B. N. (1987) Science 235, 1043-1045.

114. Kohen, R., Yamamoto, Y., Cundy, K.

& Ames, B. N. (1988) Proc. Natl.
Acad. Sci. USA 85, 3175-3179.

115. Stocker, R., Bowry, V. & Frei, B.
(1991) Proc. Natl. Acad. Sci. USA 88,
1646-1650.

116. Mohr, D., Bowry, V. W. & Stocker, R.
(1992) Biochim. Biophys. Acta 1126,
247-254.

117. Suarna, C., Hood, R. L., Dean, R. T.&
Stocker, R. (1993) Biochim. Biophys.
Acta 1166, 163-170.

118. Ames, B. N., Shigenaga, M. K. &

Gold, L. S. (1993) Environ. Health Per-
spect., in press.

119. Ames, B. N. & Gold, L. S. (1990) Proc.
Natl. Acad. Sci. USA 87, 7772-7776.

120. Henderson, B. E., Ross, R. K., Pike,
M. C. & Casagrande, J. T. (1982) Can-
cer Res. 42, 3232-3239.

121. Moalli, P. A., MacDonald, J. L.,
Goodglick, L. A. & Kane, A. B. (1987)
Am. J. Pathol. 128, 426-445.

122. Columbano, A., Ledda-Columbano,
G. M., Ennas, M. G., Curto, M.,
Chelo, A. & Pani, P. (1990) Cell 11,
771-776.

123. Cerutti, P. A. (1991) Eur. J. Clin. In-
vest. 21, 1-5.

124. Amstad, P. A., Krupitza, G. & Cerutti,
P. A. (1992) CancerRes. 52, 3952-3960.

125. Boscoboinik, D., Szewczyk, A. & Azzi,
A. (1991) Arch. Biochem. Biophys. 286,
264-269.

126. Boscoboinik, D., Szewczyk, A., Hen-
sey, C. & Azzi, A. (1991) J. Biol. Chem.
266, 6188-6194.

127. Bertram, J. S., Pung, A., Churley, M.,
Kappock, T. J. I., Wilkins, L. R. &
Cooney, R. V. (1991) Carcinogenesis
12, 671-678.

128. Wolf, G. (1992) Nutr. Rev. 50, 270-274.
129. Block, G. (1991) Am. J. Clin. Nutr. 53,

270S-282S.
130. Enstrom, J. E., Kanim, L. E. & Klein,

M. A. (1992) Epidemiology 3, 194-202.
131. Byers, T. & Perry, G. (1992) Annu. Rev.

Nutr. 12, 139-159.
132. Le Marchand, L., Hankin, J. H., Kolo-

nel, L. N., Beecher, G. R., Wilkens,
L. R. & Zhao, L. P. (1993) Cancer Ep-
idemiol. Biomarkers Prev. 2, 183-187.

133. Daoud, A. H. & Griffin, A. C. (1980)
Cancer Lett. 9, 299-304.

134. Kushida, H., Wakabayashi, K., Su-
zuki, M., Takahashi, S., Imaida, K.,
Sugimura, T. & Nagao, M. (1992) Car-
cinogenesis 13, 913-915.

135. Reddy, B. S. & Hirota, N. (1979) Fed.
Proc. Fed. Am. Soc. Exp. Biol. 38, 714.

136. Bagnasco, M., Bennicelli, C., Cam-
oirano, A., Balansky, R. M. & De
Flora, S. (1992) Mutagenesis 7, 295-
301.

137, Leuchtenberger, C. & Leuchtenberger,
R. (1977) Br. J. Exp. Pathol. 58, 625-
634.

138. Wink, D. A., Kasprzak, K. S., Mara-
gos, C. M., Elespuru, R. K., Misra,
M., Dunams, T. M., Cebula, T. A.,
Koch, W. H., Andrews, A. W., Allen,
J. S. & Keefer, L. K. (1991) Science
254, 1001-1003.

139. Nathan, C. (1992) FASEB J. 6, 3051-
3064.

140. Knight, T. M., Forman, D., Ohshima,
H. & Bartsch, H. (1991) Nutr. Cancer
15, 195-203.

141. Steinberg, D., Berliner, J. A., Burton,
G. W., Carew, T. E., Chait, A.,
Chisolm, G. M., III, Esterbauer, H.,
Fogelman, A. M., Fox, P. L., Furberg,
C. D., Gaziano, J. M., Gey, K. F.,
Grundy, S. M., Harlan, W. R., Havel,
R. J., Hennekens, C. H., Hoff, H. F.,
Jackson, R. L., Kayden, H. J., Keech,
A., Krinsky, N. I., Manson, J.,
Parthasarathy, S., Probstfield, J.,
Pryor, W. A., Rifkind, B., Stadtman,
E. R., Wallace, R. B., Witztum, J. L.,
Yla-Herttuala, S. & Yusuf, S. (1992)
Circulation 85, 2338-2344.

142. Gey, K. F., Puska, P., Jordan, P. &
Moser, U. K. (1991) Am. J. Clin. Nutr.
53, 326S-334S.

143. Gey, K. F., Moser, U. K., Jordan, P.,
Stahelin, H. B., Eichholzer, M. & Lu-
din, E. (1993) Am. J. Clin. Nutr. 57
(Suppl.), 787S-797S.

144. Manson, J. E., Stampfer, M. J., Wil-
lett, W. C., Colditz, G. A., Rosner, B.,
Speizer, F. E. & Hennekens, C. H.
(1992) Circulation 85, 865.

145. Riemersma, R. A., Wood, D. A., Mac-
intyre, C. C. A., Elton, R. A., Gey,
K. F. & Oliver, M. F. (1991) Lancet
337, 1-5.

146. Stampfer, M. J., Hennekens, C. H.,
Manson, J. E., Colditz, G. A., Rosner,
B. & Willett, W. C. (1993) N. Engl. J.
Med. 328, 1444-1449.

147. Rimm, E. B., Stampfer, M. J., Asche-
rio, A., Giovannucci, E., Colditz, G. A.
& Willett, W. C. (1993) N. Engl. J.
Med. 328, 1450-1456.

148. Steinberg, D. (1993) N. Engi. J. Med.
328, 1487-1489.

149. Esterbauer, H., Gebicki, J., Puhl, H. &
Jurgens, G. (1992) Free Radicals Biol.
Med. 13, 341-390.

150. Parthasarathy, S., Steinberg, D. & Witz-
tum, J. L. (1992) Annu. Rev. Med. 43,
219-225.

151. Steinberg, D., Parthasarathy, S.,
Carew, T. E., Khoo, J. C. & Witztum,
J. L. (1989) N. Engl. J. Med. 320, 915-
924.

152. Salonen, J. T., Yla-Herttuala, S., Ya-
mamoto, R., Butler, S., Korpela, H.,
Salonen, R., Nyyssonen, K., Palinski,
W. & Witztum, J. L. (1992) Lancet 339,
883-887.

153. Regnstrom, J., Nilsson, J., Tornvall, P.,
Landou, C. & Hamsten, A. (1992) Lan-
cet 339, 1183-1186.

154. Haberland, M. E., Fless, G. M.,
Scanu, A. M. & Fogelman, A. M.
(1992) J. Biol. Chem. 267, 4143-4151.

155. Jialal, I. & Grundy, S. M. (1992) J.
Lipid Res. 33, 899-906.

156. Verlangieri, A. J. & Bush, M. J. (1992)
J. Am. Coll. Nutr. 11, 131-138.

157. Frei, B. (1991) J. Clin. Nutr. 54, 1113S-
1118S.

158. Esterbauer, H., Striegl, G., Puhl, H.,
Oberreither, S., Rotheneder, M., El-
Saadani, M. & Jurgens, G. (1989) Ann.
N. Y. Acad. Sci. 570, 254-267.

159. Esterbauer, H., Puhl, H., Dieber-Roth-
eneder, M., Waeg, G. & Rabl, H. (1991)
Ann. Med. 23, 573-581.

160. Sato, K., Niki, E. & Shimasaki, H.
(1990) Arch. Biochem. Biophys. 279,
402-405.

Review: Ames et al.



Proc. Natl. Acad. Sci. USA 90 (1993)

161. Makinodan, T. & Kay, M. M. (1980)
Adv. Immunol. 29, 287-330.

162. Sheffy, B. E. & Schultz, R. D. (1979)
Fed. Proc. Fed. Am. Soc. Exp. Biol. 38,
2139-2143.

163. Meeker, H. C., Eskew, M. L.,
Scheuchenzuber, W., Scholz, R. W. &
Zarkower, A. (1985) J. Leukocyte Biol.
38, 451-458.

164. Bendich, A. (1989) J. Nutr. 119, 112-
115.

165. Meydani, S. N., Barklund, M. P., Liu,
S., Meydani, M., Miller, R. A., Can-
non, J. G., Morrow, F. D., Rocklin, R.
& Blumberg, J. B. (1990) Am. J. Clin.
Nutr. 52, 557-563.

166. Penn, N. D., Purkins, L., Keileher, J.,
Heatley, R. V., Mascie, T. B. & Bel-
field, P. W. (1991) Age Ageing 20, 169-
174.

167. Metzger, Z., Hoffeld, J. T. & Oppen-
heim, J. J. (1980) J. Immunol. 124, 983-
988.

168. Gregory, S. H., Wing, E. J., Hoffman,
R. A. & Simmons, R. L. (1993) J. Im-
munol. 150, 2901-2909.

169. Gougerot, P. M., Fay, M., Roche, Y.,
Lacombe, P. & Marquetty, C. (1985) J.
Immunol. 135, 2045-2051.

170. al-Ramadi, B., Meissler, J. J., Huang,
D. & Eisenstein, T. K. (1992) Eur. J.
Immunol. 22, 2249-2254.

171. Weindruch, R. H., Kristie, J. A.,
Cheney, K. E. & Walford, R. L. (1979)
Fed. Proc. Fed. Am. Soc. Exp. Biol. 38,
2007-2016.

172. Taylor, A. (1992) Ann. N. Y. Acad. Sci.
669, 111-123.

173. Leske, M. C., Chylack, L. T., Jr., &
Wu, S. Y. (1991) Arch. Ophthalmol.
109, 244-251.

174. Jacques, P. F. & Chylack, L. T., Jr.
(1991) Am. J. Clin. Nutr. 53, 352S-
355S.

175. Robertson, J. M., Donner, A. P. &
Trevithick, J. R. (1989) Ann. N.Y.
Acad. Sci. 570, 372-382.

176. Hankinson, S. E., Stampfer, M. J.,
Seddon, J. M., Colditz, G. A., Rosner,
B., Speizer, F. E. & Willett, W. C.
(1992) Br. Med. J. 305, 335-339.

177. Knekt, P., Heliovaara, M., Rissanen,
A., Aromaa, A. & Aaran, R.-K. (1992)
Br. Med. J. 305, 1392-1394.

178. Hankinson, S. E., Willett, W. C., Cold-
itz, G. A., Seddon, J. M., Rosner, B.,
Speizer, F. E. & Stampfer, M. J. (1992)
J. Am. Med. Assoc. 268, 994-998.

179. Christen, W. G., Manson, J. E., Sed-
don, J. M., Glynn, R. J., Buring, J. E.,
Rosner, B. & Hennekens, C. H. (1992)
J. Am. Med. Assoc. 268, 989-993.

180. Garner, N. H. & Spector, A. (1980)
Proc. Natl. Acad. Sci. USA 77, 1274-
1276.

181. Martensson, J., Steinherz, R., Jain, A.
& Meister, A. (1989) Proc. Natl. Acad.
Sci. USA 86, 8727-8731.

182. Favit, A., Nicoletti, F., Scapagnini, U.
& Canonico, P. L. (1992) J. Cereb.
Blood Flow Metab. 12, 638-645.

183. Nistico, G., Ciriolo, M. R., Fiskin, K.,
lannone, M., De Martino, A. & Rotilio,
G. (1992) Free Rad. Biol. Med. 12,
177-181.

184. Adams, J. D., Jr., & Odunze, I. N.
(1991) Free Radicals Biol. Med. 10,
161-169.

185. Behl, C., Davis, J., Cole, G. M. &
Schubert, D. (1992) Biochem. Biophys.
Res. Commun. 186, 944-950.

186. Halliwell, B. (1992) Ann. Neurol. 32,
S10-S15.

187. Floyd, R. A. & Carney, J. M. (1992)
Ann. Neurol. 32, S22-S27.

188. Bindoli, A., Rigobello, M. P. & Deeble,
D. J. (1992) Free Radicals Biol. Med.
13, 391-405.

189. Zaman, Z., Roche, S., Fielden, P.,
Frost, P. G., Niriella, D. C. & Cayley,
A. C. D. (1992) Age Ageing 21, 91-94.

190. Jesberger, J. A. & Richardson, J. S.
(1991) Int. J. Neurosci. 57, 1-17.

191. Rosen, D. R., Siddique, T., Patterson,
D., Figlewicz, D. A., Sapp, P., Hentati,
A., Donaldson, D., Goto, J., O'Regan,
J. P., Deng, H.-X., Rahmani, Z., Kri-
zus, A., McKenna-Yasek, D., Cayab-
yab, A., Gaston, S. M., Berger, R.,
Tanzi, R. E., Halperin, J. J., Herzfeldt,
B., Van den Bergh, R., Hung, W.-Y.,
Bird, T., Deng, G., Mulder, D. W.,
Smyth, C., Laing, N. G., Soriano, E.,
Pericak-Vance, M. A., Haines, J.,
Rouleau, G. A., Gusella, J. S., Hor-
vitz, H. R. & Brown, R. H., Jr. (1993)
Nature (London) 362, 59-62.

192. Hall, E. D. & Braughler, J. M. (1989)
Free Radicals Biol. Med. 6, 303-313.

193. Kinouchi, H., Epstein, C. J., Mizui, T.,
Carlson, E., Chen, S. F. & Chan, P. H.
(1991) Proc. Natl. Acad. Sci. USA 88,
11158-11162.

194. Dawson, V. L., Dawson, T. M., Uhl,
G. R. & Snyder, S. H. (1993) Proc.
Natl. Acad. Sci. USA 90, 3256-3259.

195. Cazevieille, C., Muller, A., Meynier, F.
& Bonne, C. (1993) Free Radicals Biol.
Med. 14, 389-395.

196. Koppenol, W. H., Moreno, J. J.,
Pryor, W. A., Ischiropoulos, H. &
Beckman, J. S. (1992) Chem. Res. Tox-
icol. 5, 834-842.

197. Beckman, J. S. (1991) J. Dev. Physiol.
15, 53-59.

198. Fraga, C. G., Motchnik, P. A., Shi-
genaga, M. K., Helbock, H. J., Jacob,
R. A. & Ames, B. N. (1991) Proc. Natl.
Acad. Sci. USA 88, 11003-11006.

199. Patterson, B. H. & Block, G. (1991) in
Micronutrients in Health and in Disease
Prevention, eds. Bendich, A. & Butter-
worth, C. E. (Marcel Dekker, New
York), pp. 409-436.

200. Viczian, M. (1968) Z. Haut. Ge-
schlechtskrank. 4, 183-187.

201. Dawson, E. B., Harris, W. A., Teter,
M. C. & Powell, L. C. (1992) Fertil.
Steril. 58, 1034-1039.

202. Magnani, C., Pastore, G., Luzzatto, L.
& Terracini, B. (1990) Tumori 76, 413-
419.

203. Mau, G. & Netter, P. (1974) Dtsch.
Med. Wochenschr. 99, 1113-1118.

204. Savitz, D. A., Schwingl, P. & Keels,
M. A. (1991) Teratology 44, 429-440.

205. Von Estel, C., Boettcher, A. & Sem-
man, K. (1982) Abl. Gynaekol. 104,
563-567.

206. Koo, L. C., Ho, J. & Rylander, R.
(1988) Soc. Sci. Med. 26, 751-760.

207. Heary, C. D., Harris, J., Usatin, M.,
Epstein, D., Ury, H. K. & Neutra,
R. R. (1984) Am. J. Epidemiol. 120,
559-564.

208. Preston-Martin, S., Yu, M. C., Benton,
B. & Henderson, B. E. (1982) Cancer
Res. 42, 5240-5245.

209. John, E. M., Savitz, D. A. & Sandler,
D. P. (1991) Am. J. Epidemiol. 133,
123-132.

210. Sandler, E. P., Everson, R. B. & Wil-
dox, A. J. (1985)Am. J. Pub. Health 75,
487-492.

211. Grufferman, S., Delzell, E. S., Maile,
M. C. & Michalopoulos, G. (1983) Med.
Hypotheses 12, 17-20.

212. Crow, J. F. (1993) Environ. Mol. Mu-
tagen. 21, 122-129.

213. MacGregor, J. T., Schlegel, R., Wehr,
C. M., Alperin, P. & Ames, B. N.
(1990) Proc. Natl. Acad. Sci. USA 87,
9962-9965.

214. Stampfer, M. J., Malinow, M. R., Wil-
lett, W. C., Newcomer, L. M., Upson,
B., Ullmann, D., Tishler, P. V. & Hen-
nekens, C. H. (1992) J. Am. Med. As-
soc. 268, 877-881.

215. The Eurogast Study Group (1993) Lan-
cet 341, 1359-1362.

216. Orrenius, S., Burkitt, M. J., Kass, G. E.
N., Dypbukt, J. M. & Nicotera, P.
(1992) Ann. Neurol. 32, S33-S42.

217. Chen, J., Geissler, C., Parpia, B., Li, J.
& Campbell, T. C. (1992) Int. J. Epide-
miol. 21, 625-635.

7922 Review: Ames et al.


