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ABSTRACT 

Free radicals and antioxidants are widely discussed in the clinical and nutritional 
literature. Antioxidants are needed to prevent the formation and oppose the 
actions of reactive oxygen and nitrogen species, which are generated in vivo and 
cause damage to DNA, lipids, proteins, and other biomolecules. Endogenous 
antioxidant defenses (superoxide dismutases, H2Oz-removing enzymes, metal 
binding proteins) are inadequate to prevent damage completely, so dietderived 
antioxidants are important in maintaining health. Many dietary compounds have 
been suggested to be important antioxidants: The evidence for a key role of 
vitamins E and C is strong, but that for carotenoids and related plant pigments 
is weaker. Interest is also growing in the role of plant phenolics, especially 
flavonoids. Some antioxidants can exert prooxidant effects in vitro, but their 
physiological relevance is uncertain. Experimental approaches to the optimiza- 
tion of antioxidant nutrient intake are proposed. 
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INTRODUCTION 

Free radicals and antioxidants are widely discussed in the clinical and nutritional 
literature and lay press. The assumption often is that free radicals are bad and 
antioxidants are good. By contrast, recent clinical trials suggest that giving the 
“antioxidant” p-carotene to smokers accelerated the development of lung cancer 
(1,99a). This article provides an overview of our current knowledge. 

WHY DO WE NEED ANTIOXIDANTS? 

The first living organisms appeared on earth when its atmosphere was low in 
02, making them essentially anaerobes. Today, anaerobic microorganisms still 
survive but their growth is inhibited and they can often be killed by exposure 
to 21% 02, the current atmospheric level (6). As the O2 content of earth’s 
atmosphere rose (from evolution of photosynthetic organisms that used light 
energy to split water), many species must have died out. Presumably, current- 
day anaerobes are the descendants of those primitive organisms that coped 
with rising atmospheric O2 by restricting themselves to environments O2 did 
not penetrate. Other organisms existed, however, that began to evolve antioxi- 
dant defense systems to protect against O2 toxicity, a more fruitful path in 
retrospect, because organisms that tolerated O2 could also evolve to use it for 
metabolic transformations (e.g. oxidase and hydroxylase enzymes, such as 
cytochromes P450) and for efficient energy production using electron transport 
chains with O2 as the terminal electron acceptor. The mitochondrial electron 
transport chain generates over 80% of the adenosine triphosphate (ATP) 
needed by aerobic cells, and the lethal effects of such inhibitors as cyanide 
show how important this activity is to humans. 

Aerobes have evolved antioxidant defenses to protect themselves against 21 % 
O2 only; higher levels injure them (6). For example, the incidence of retinal 
damage, extending sometimes to blindness, increased abruptly in the early 1940s 
among premature infants (34). Not until 1954 was it realized that this “reti- 
nopathy of prematurity” is associated with the use of high O2 concentrations in 
incubators. More careful control of O2 concentrations (continuous transcutane- 
ous O2 monitoring, with supplementary O2 given only as necessary) and 
administration of the lipid-soluble antioxidant a-tocopherol to babies have 
decreased the incidence of retinopathy. Unfortunately, the problem has not 
disappeared, as many premature infants need high levels of O2 to survive (34). 

The earliest suggestion made to explain O2 toxicity was that O2 is a direct 
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ANTIOXIDANTS 35 

inhibitor of metabolically important enzymes (6). However, few targets of 
direct attack by O2 in aerobes have been identified. In 1954, Gerschman et a1 
(43) proposed that the damaging effects of O2 could be attributed to the 
formation of oxygen radicals. This hypothesis was popularized and converted 
into the "superoxide theory of O2 toxicity" after the discovery of a class of 
enzymes, superoxide dismutases (SODS) (41), that appear specific for catalytic 
removal of superoxide free radical, 02'-. [A free radical is any species capable 
of independent existence (hence the term free) !.that contains one or more 
unpaired electrons (57), Le. electrons alone in an atomic or molecular orbital. 
A superscript dot denotes a free radical.] In its simplest form, the superoxide 
theory states that O2 toxicity is due to excess formation of 02'- and that the 
SOD enzymes are major antioxidant defenses (41). 

REACTIVE OXYGEN AND NITROGEN SPECIES 

Antioxidants are needed to scavenge and prevent the formation of reactive 
oxygen species (ROS) and reactive nitrogen species (RNS) (Table 1). Some 
of these species are free radicals whereas others are not. 

What ROS/RNS Are Made in the Human Body? 
Humans are exposed to radiation from the environment, both natural (e.g. 
radon gas, cosmic radiation) and from man-made sources. Low-wavelength 
electromagnetic radiation (e.g. gamma rays) can split water in the body to 
generate hydroxyl radical, OH' (1 18). Ultraviolet light is insufficiently ener- 
getic to split H20,  but it can cleave the 0-0 covalent bond in H202 to give 
20H'. The viciously reactive OH', once generated, attacks whatever is next 
to it, i.e. i t  reacts at its site of formation. Thus, it is difficult to evolve (or 
design) a scavenger that removes OH' in vivo. Many OH' scavengers described 
in the literature have high rate constants (often >lolo M-l sec-I) for reaction 
with OH', but most endogenous molecules react equally fast. Examples are 
albumin [rate constant > 1O'O M-' sec-' (106)] and glucose (rate constant - IO9 
M-' sec-*, but present at millimolar concentrations in body fluids). The anti- 
oxidant systems that defend against damage by OH' do so by preventing its 
formation and repairing the damage it causes. 

The human body also makes 02'- (41). Some is made by accident of 
chemistry. Many molecules in the body can react with O2 to make 02'-. 
Examples are adrenaline, dopamine, tetrahydrofolates, and some components 
of mitochondrial and P450 electron transport chains (41). Such 02*- generation 
is the unavoidable consequence of having these molecules in a body that needs 
oxygen (41, 55) .  In addition, some 02.- is made deliberately. For example, 
the phagocytes (neutrophils, monocytes, macrophages, eosinophils) that de- 
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36 HALLIWELL 

Table 1 Antioxidants that affect reactive oxygen s p i e s  (ROS) and 
reactive nitrogen species (RNS)" 

Radicals Nonradicals 

ROS Superoxide, 02.- Hydrogen peroxide, H202 
Hydroxyl, OH' Hypochlorous acid, HOC1 
Peroxyl, R02' Ozone, 0 3  
Alkoxyl, RO' Singlet oxygen 'Ag 
Hydroperoxyl, HO2' 

RNS Nitric oxide, NO' Nitrous acid, HNO2 
Nitrogen dioxide, NO2' Dinitrogen tetroxide, N204 

Dinitrogen trioxide, N203 
Peroxynitrite, ONOO- 
Peroxynitrous acid, ONOOH 
Nitronium cation, N02' 
Alkyl peroxynitrites, ROONO 

a ROS is a collective term that includes both oxygen radicals and catain non- 
radicals that are oxidizing agents andlor are easily converted into radicals (Hocl, 
0 2 .  ONOO- , '02.  H202). RNS is also a collective term that includes nitric oxide 
and nitrogen dioxide radicals, as well as such nonradicals as HNO2 and N S 3 .  
ONOO- is often included in both categories. and HOC1 could equally well be called 
a reactive chlorine species. Reactive is not always an appropriate term: H202. NO', 
and 02'- react quickly with very few molecules. whereas OH' mcts  quickly with 
almost evelything. R O i  RO' HOCI, N02'. ONOO-. and 0 3  have reactivities inter- 
mediate between these extremes. 

fend against foreign organisms generate large amounts of 02*- as part of their 
killing mechanism (5). This essential defense mechanism can go wrong: Sev- 
eral diseases (such as rheumatoid arthritis and inflammatory bowel disease) 
are accompanied by excessive phagocyte activation, leading to tissue damage, 
to which ROS and RNS contribute (5, 57). It has been estimated that 1-3% 
of the oxygen we breathe in is used to make 02'- (41). Since humans consume 
large quantities of 02, a simple calculation (55) shows that over 2 kg of 02- 
is made in the human body every year-people with chronic inflammations 
may make much more. 

Another physiologic free radical is nitric oxide, NO'. It has many useful 
functions, such as regulation of blood pressure (86), but too much NO' (like 
too much 02+) is toxic: Excess NO' production is thought to be an important 
tissue injury mechanism in such conditions as chronic inflammation, stroke, 
and septic shock (86). 

Hydrogen Peroxide, a Nonradical 
Much of the 02*- generated in vivo undergoes a nonenzymatic or SODcata- 
lyzed reaction to generate the nonradical H202 (41): 
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ANTIOXIDANTS 37 

20;- + 2H+ + H202 + 0 2 .  1. 

H202, like H20, easily diffuses within and between cells (57). Indeed, some 
fish may dispose of H202 by allowing it to diffuse through the gills into the 
surrounding water (121). As well as arising from 02*-, H202 can be directly 
produced by several oxidase enzymes, including monoamine and amino acid 
oxidases (22). Xanthine oxidase converts hypoxanthine to xanthine and xan- 
thine to urate, O2 being simultaneously reduced to both 02*- and H202 (49). 
Levels of xanthine oxidase are normally low in human tissues, but they may 
increase after injury such as trauma or ischemia (16,49). 

Some metabolic roles for H202 are known, and others have been proposed. 
For example, H202 generated by a Ca2+-dependent reduced nicotinamide ade- 
nine dinucleotide phosphate (NADPH) oxidase in the thyroid is used by a 
peroxidase enzyme to iodinate aromatic rings during thyroid hormone biosyn- 
thesis (30). H202 can regulate gene expression: One mechanism is by (directly 
or indirectly) displacing an inhibitory subunit from the cytoplasmic gene 
transcription factor NF-KB (101) [at least in some cell types (131. The activated 
factor then migrates to the nucleus and causes expression of multiple genes. 
Other peroxides (such as lipid peroxides) can do the same (25). In some 
HIV-infected cells, H202 activates NF-KB and induces HIV expression (101). 

HOW DO RADICALS REACT? 

If two free radicals meet, they can join their unpaired electrons to form a 
covalent bond; the product is a nonradical. A biologically relevant example is 
the fast (64) reaction of NO’ and 02*- (7): 

NO’ + 02.- -+ ONOO- (peroxynitrite). 2. 

However, when a radical reacts with a nonradical, a new radical results (radi- 
cals beget radicals), and a chain reaction can occur (57). Because most bio- 
logical molecules are nonradicals, the generation of reactive radicals such as 
OH’ in vivo often initiates chain reactions. For example, their attack upon fatty 
acid side chains in membranes and lipoproteins can initiate the chain reaction 
of lipid peroxidation (57). Lipid peroxidation contributes to the development 
of atherosclerosis (109). 

If OH’ is generated adjacent to DNA, it attacks both the deoxyribose sugar 
and the purine and pyrimidine bases, forming multiple products (33). This 
complex “chemical fingerprint” appears diagnostic of an attack by OH’ and 
may be used as a fingerprint to show that DNA has suffered such an attack 
in vivo (56). Products of an attack by ROS (including OH’) and RNS are 
present at low levels in DNA from healthy human tissues (56), Le. ROS and 
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38 HALLIWELL 

RNS attack DNA in vivo even in healthy people. The OH' must be made in 
the nucleus because it reacts at its site of formation (56). 

The amounts of end products of OH' attack on DNA are greater in DNA 
isolated from cancerous tumors (81, 91), perhaps because of increased OH' 
formation. In healthy cells, repair enzymes remove damaged bases from DNA 
constantly (31) and an alternative possibility is that repair is less efficient in 
cancer cells. The existence of these important repair systems is further evidence 
that DNA is assaulted by ROSRNS in vivo. 

TOXICITY OF SUPEROXIDE, HYDROGEN PEROXIDE, 
AND NITRIC OXIDE 

Removal of 02*- and other ROS by antioxidant defenses appears essential for 
aerobic life (22,41,57,112). Why? In organic media 02*-can be very reactive, 
but in aqueous media it is not (41,57). However, 02*- does react rapidly with 
a few molecules, including bacterial iron-sulfur proteins, such as the enzyme 
aconitase (40). Whether or not similar 02*--sensitive targets exist in human 
cells remains to be established, although 02*-may be able to attack the reduced 
nicotinamide adenine dinucleotide (NADH) dehydrogenase complex of the 
mitochondrial electron transport chain (124). 

Another important exception to the unreactivity of 02*- is its very fast 
combination with NO'. In general, NO' is poorly reactive with nonradicals (86). 
but it reacts quickly with 02*-and several other radicals (28,64,78). Excess NO' 
is cytotoxic, both directly, e.g. by combining with a tyrosine radical essential for 
the catalytic function of the enzyme ribonucleoside diphosphate reductase (78), 
and indirectly, by forming ONOO- (28,64,86,100). Since NO' relaxes smooth 
muscle in blood vessel walls to lower blood pressure, then 02*-, by removing 
NO', can be a vasoconstrictor. Thus, excess vascular 02*- production could 
contribute to hypertension and vasospasm (77, 89). Peroxynitrite formed in 
blood vessel walls (8) may aggravate atherosclerosis by depleting antioxidants 
(7, 116) and causing peroxidation of low-density lipoproteins (LDL) (48). 
Nitration of aromatic amino acids (especially tyrosine) by ONOO- can interfere 
with cell signal transduction (8,28,64). Both thiols and ascorbate can protect 
against damage by peroxynitrite (7, 116). 

H202 is also poorly reactive, but high (>50 pM) levels can attack certain 
cellular targets (65). For example, H202 interferes with ATP production by 
several mechanisms, including oxidizing an essential -SH group on the gly- 
colytic enzyme glyceraldehyde-3-phosphate dehydrogenase. 

Much of the toxicity of 02*- and H202 involves formation of OH' (41,57, 
58). For example, addition of excess H202 to mammalian cells causes DNA 
strand breakage and base modification (56, 65); the pattern of the latter is 
characteristic of OH' attack (33). Three mechanisms have been proposed to 
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ANTIOXIDANTS 39 

explain OH' formation from 02.- and H202. One is via ONOO-, which can 
decompose to generate a species that resembles OH' (7, 115). An earlier 
proposal was the superoxide-driven Fenton reaction 

0;- + Fe(II1) + Fe(I1) + 02, 
Fe(II)+H202 + OH'+OH-+Fe(III). 

3. 
4. 

Copper ions also catalyze formation of OH' from 02*- and H202 (58). A third 
mechanism is the reaction of 02'- with hypochlorous acid (21). an antibacterial 
ROS generated by activated neutrophils (3, 

02.- + HOC1 4 OH' + OH- + 02. 5.  

Iron and copper ions are not only damaging because they catalyze OH' forma- 
tion, but also because they accelerate autoxidation reactions and lipid peroxida- 
tion (58). They decompose lipid hydroperoxide into peroxyl and alkoxy1 radicals 
that can efficiently recruit new fatty acid side chains into the peroxidation cycle 
(58). Copper is especially effective in promoting LDL oxidation (37). 

Do Metal Ion Catalysts of Free Radical Reactions Exist In 
Vivo ? 
Fortunately, iron and copper ions in chemical forms that can do these nasty 
things are in short supply in vivo (59). The body contains a system of transport 
and storage proteins that ensures that as much iron and copper as possible is 
safely sequestered in noncatalytic forms (58). 

Escherichia coli mutants lacking SOD are hypersensitive to damage by H 2 0 2  
(1 12), and intracellular SOD protects hepatocytes against damage by H202 (74). 
These and much other data are consistent with a role of 02'- in facilitating 
damage by H202, and Reactions 3 and 4 provide one explanation why. Addition- 
ally, 02'- may help to provide the catalytic metal ions. Thus, O2'-can release iron 
ions from ferritin (12). Because the amount of 02'--releasable iron is small (14). 
ferritin-bound iron is still much safer than an equivalent amount of iron ions. 
Superoxide might also release iron during its attack on iron-sulfur proteins (40). 
Hydrogen peroxide releases iron from the heme rings of myoglobin, cyto- 
chrome c, and hemoglobin (52,61), and ON00-displaces copper from the major 
copper-containing plasma protein, ceruloplasmin (1 10). Perhaps this is a source 
of copper for LDL oxidation in human atherosclerotic lesions (105). 

ANTIOXIDANT DEFENSES 
All organisms suffer some exposure to OH' because it is generated during the 
splitting of water, driven by environmental radiation (1 18). Once OH' forms, 
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40 HALLIWELL 

damage is probably unavoidable and must be dealt with by repair systems, 
such as DNA repair enzymes (31) and proteases that degrade abnormal (in- 
cluding free radicaldamaged) proteins (50). Many antioxidant defenses serve 
to minimize production of OH' by other mechanisms in vivo. 

ANTIOXIDANTS SYNTHESIZED IN THE HUMAN BODY 

Enzymes and Their Substrates 
Superoxide dismutases remove 02*- by accelerating the rate of its dismutation 
(Equation 1) by about four orders of magnitude (41) at pH 7.4. Mammalian 
cells have a SOD enzyme containing active site manganese (MnSOD) in the 
mitochondria. A SOD with active site copper and zinc (CuZnSOD) is also 
present largely in the cytosol (41). The familial dominant form of amyotrophic 
lateral sclerosis (ALS, Lou Gehrig's disease), a fatal degenerative disorder of 
motor neurons in the brain and spinal cord, is somehow related to mutations 
affecting CuZnSOD (98). These mutations usually decrease activity somewhat 
(98), but they may also somehow cause this normally protective protein to 
become toxic (51). One possibility is that the mutant enzymes are unstable 
and readily release copper, a powerful prooxidant (107). 

SOD enzymes must collaborate with H202-removing enzymes. Catalases 
convert H202 to water and O2 and are located in the peroxisomes of most 
mammalian cells, probably serving to destroy H202 generated by oxidases 
located within these organelles (22). However, it is likely that the major 
H202-removing enzymes in mammalian cells are the glutathione peroxidase 
(GSHPX) enzymes, which contain active site selenium and are involved not 
only in H202 removal (22, 114), but also in the metabolism of lipid peroxides 
(80, 114). Reduced glutathione, the substrate of GSHPX, may additionally 
exert direct antioxidant effects. Its reactions with 02'- and H202 are slow, but 
it reacts fairly fast with peroxyl radicals (1 18) and is a powerful scavenger of 
certain RNS, such as ONOO- (7, 28, 36). 

Metal Ion Sequestration 
An additional important antioxidant defense is the presence of metal ion 
storage and transport proteins (59), including metallothioneins (24). For ex- 
ample, iron in the two iron-binding sites of transferrin or lactoferrin will not 
catalyze free radical reactions (3). Sometimes sequestration is compromised. 
In a high percentage of preterm babies, and in a lower percentage of apparently 
normal full-term babies, transferrin is iron saturated and plasma contains iron 
that can catalyze damaging free radical reactions, such as lipid peroxidation 
and OH' formation (38, 72, 85). Such babies could be at high risk of free 
radical damage if exposed to elevated 02, to toxins generating 02*- and H202, 
or to infection (raising endogenous production of 02.-  and H202). 
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ANTIOXIDANTS 41 

DIETARY ANTIOXIDANTS 

Established Antioxidants 

VITAMIN E a-Tocopherol, the major constituent of the fat-soluble vitamin 
known as vitamin E, is the most important (18), but by no means the only (37, 
70), chain-breaking antioxidant within membranes and lipoproteins. a-Toco- 
pherol inhibits lipid peroxidation by scavenging peroxyl radical intermediates 
in the chain reaction (70): 

aTH + LOO’ + aT‘ + LOOH 6. 

The resulting a-tocopherol radical (aT), although not completely unreactive 
(88), is much less efficient at attacking fatty acid side chains than are peroxyl 
(Loo’) radicals, so the overall effect of a-tocopherol under physiologic con- 
ditions is usually to slow the chain reaction of lipid peroxidation (88). Several 
mechanisms may convert aT back to a-tocopherol, none yet rigorously 
proved to operate in vivo. The most likely is the reaction of aT with ascorbate 
(vitamin C) at the surface of membranes and lipoproteins (37, 88). Dietary 
vitamin E is important in slowing the development of atherosclerosis (reviewed 
in 19). In premature babies, vitamin E supplementation diminishes the risk 
andor severity of retinopathy of prematurity and intracranial hemorrhage (34, 
39). Severe deprivation of vitamin E, e.g. in patients with defective intestinal 
fat absorption, produces neurodegeneration (1 13). 

VITAMIN C Ascorbate may have several antioxidant actions in vivo (9) in 
addition to its putative ability to regenerate a-tocopherol. In the respiratory 
tract, it may react rapidly with such air pollutants as 0 3 ,  cigarette smoke, and 
NO2’ (27). Unlike vitamin E, vitamin C has several well-established other 
metabolic roles (e.g. as a cofactor for such enzymes as proline, lysine, and 
dopamine-P-h ydrox ylases). 

Less Well-Established Dietary Antioxidants 
Many other dietary constituents have been proposed to be important free 
radical scavengers in vivo, but the evidence is not conclusive as yet (Table 2). 

Despite all these endogenous and dietary antioxidants, some ROSRNS 
escape to do damage in the human body. Thus, DNA undergoes constant 
oxidative damage and must be repaired (31). Free radicals attack proteins, and 
the damaged products are degraded (50). End products of lipid peroxidation, 
e.g. isoprostanes (87), are measurable in human body fluids, in atherosclerotic 
lesions (109), and in “age pigments” (57). End products of DNA damage are 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


Table 2 Dietary antioxidants, fact and fiction’ 

Putative antioxidant 

Vitamin E 
Vitamin C 
B-Carotene, other 

caroknoids, re.- 
lated plant pig- 
ments 

status 

Essential antioxidant in humans (I9,44) 
Multiple metabolic roles, antioxidant action only one of its effects 
Epidemiologic evidence that high body levels are associated with 

diminished risk of cancer and cardiovascular disease., particularly 
in smokers (e.& 73, %). Often simplistically grouped with vita- 
mins E and C as antioxidant nutrients. Although many carotenoids 
have been claimed to exert antioxidant events in vivo under catain 
conditions (32,47. 73.82.84) [although sometimes questionable 
assays have been used such as plasma TBARS (57) and pentane 
exhalation (20)], it is not yet proved that any protective effects they 
exert against human disease are due to antioxidant action (42). 
Conversion to retinoids andm effects on cell communication may 
be equally or more important (1 1.90, 1 19). Many of the apparent 
protective effects of carotenoids (e.& 97), as well as reports of 
deleterious effects (1, 99a). involve smokers, but p-Carotene did not 
decrease the elevated urinary excretion of 8-hydroxydeoxy- 
guanosine, a putative index of oxidative DNA damage, in smokers 
(1 17). 

zymes in vitro, e.g. flavonoids (71,76, ]OS), and may be important 
dietary antioxidants (29.62). It has been speculated that flavonoids 
in red wine could explain the “French paradox” (71). Some phen- 
olics are pro-oxidant in vitro if mixed with copper or iron ions (63, 
76, 95). More data are needed on absorption and bioavailability of 
phenolics, but there is evidence that wine and tea phenolics can be 
absorbed (23, 29,45, 62, 95, 120). Plant phenols might scavenge 
RNS, e.g. preventing tyrosine nitration by ONOO-, but the biolo- 
gical properties of any resulting nitrodnitro phenolics must be 
considered (75). 

Flavonoids, other 
plant phenolics, 
wine phenolics 

Many plant phenols inhibit lipid peroxidation and lipoxygenase en- 

’A diet rich in h i t s .  nuts. grains and vegetables is protective against several human diseases. This may be 
due to the antioxidants they contain and/or to the many other compounds present (13.68, 122. 123). 

present at low steady state levels in DNA from human tissues and are excreted 
in urine (2,56, 79, 117). 

OXIDATIVE STRESS 

Because production of ROS and antioxidant defenses are approximately bal- 
anced in vivo, it is easy to tip this balance in favor of the ROS and create the 
situation of oxidative stress (103). Oxidative stress may occur in several ways. 
(a) Inadequate diet-derived antioxidants is one possibility. Malnutrition may 
lead to inadequate dietary intake of a-tocopherol, ascorbic acid, sulfur-contain- 
ing amino acids [needed for reduced glutathione (GSH) synthesis], or riboflavin 
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[needed to make the flavin adenine dinucleotide (FAD) cofactor of glutathione 
reductase] (46). Lack of dietary protein may lead to inadequate synthesis of metal 
ion binding proteins (46). (b) Another possibility is excess production of 02.- 
and H202, e.g. by exposure to drugs or toxins that are metabolized to produce free 
radicals, or by excessive activation of “natural” radical-producing systems (e.g. 
phagocytes in chronic inflammatory diseases) (57). 

Cells often tolerate mild oxidative stress by upregulating synthesis of an- 
tioxidant defense systems in an attempt to restore the balance (e.g. 66). How- 
ever, severe oxidative stress produces DNA damage, rises in intracellular free 
Ca2+ and iron, damage to proteins (including membrane ion transporters), and 
lipid peroxidation. Cell injury and death may result (57, 60, 92). 

OXIDATIVE STRESS AND HUMAN 
DISEASE-PREVENTION BY DIET? 

Damaged tissues undergo more free radical reactions than healthy ones (53, 
60). In most human diseases, oxidative stress is a secondary phenomenon, not 
the primary cause of the disease (53). This does not mean that oxidative stress 
is unimportant: For example, secondary oxidative damage to lipids in blood 
vessel walls is a significant contributor to the development of atherosclerosis, 
and low dietary vitamin E intake is a risk factor. Dietary vitamin E requirement 
is probably raised if the percentage of polyunsaturated fatty acids in the diet 
is increased, a phenomenon well-known in animals but not yet fully explored 
in humans. DNA damage by ROS and RNS probably contributes to the age- 
related development of cancer (2, 11 1). Oxidative stress contributes to tissue 
damage in rheumatoid arthritis (57), inflammatory bowel diseases (57), and 
Parkinson’s disease (67). 

Evidence is growing that the major killers, cardiovascular disease and can- 
cer, can be prevented or delayed to some extent by dietary changes, such as 
reduction in fat intake and increased consumption of fruits, grains, and vege- 
tables (13, 122). We obtain several compounds from a healthy diet that may 
act to diminish oxidative damage in vivo (Table 2). Since our endogenous 
antioxidant defenses are not 100% efficient, it is reasonable to propose that 
dietary antioxidants are important in diminishing the cumulative effects of 
oxidative damage over the long human lifespan, and that they account for some 
of the beneficial effects of fruits, grains, and vegetables. For example, if 
continuous free radical damage to DNA, perhaps not always efficiently re- 
paired, is involved in the development of spontaneous cancers, then a good 
intake of dietary antioxidants should be preventative (2, 13). One should be 
careful about overemphasizing the role of antioxidants; plants contain a wide 
range of putative anticancer agents (e.g. 68, 123). 
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CAN ANTIOXIDANTS BE PRO-OXIDANT? 

Although ascorbic acid has multiple antioxidant properties, it can be pro-oxi- 
dant in vitro in the presence of transition metal ions; mixing ascorbate with 
iron ions can cause OH' generation and lipid peroxidation (57). Instillation 
of ascorbate with iron or copper ions into the stomach of animals led to OH' 
generation (69, 104). A mixture of ascorbate and copper rapidly oxidizes 
DNA bases (4); cytotoxic and mutagenic effects of ascorbate on isolated 
cells have been described (102), probably involving its interaction with iron 
andor copper ions added to (or contaminating) the culture media (57). This 
pro-oxidant effect of ascorbate is also well-known to food scientists (93). 
Several plant phenolics exert similar pro-oxidant effects in vitro (Table 2). 
Often they inhibit lipid peroxidation, but when mixed with iron or copper 
ions they can damage other biological molecules, including DNA and pro- 
teins (76, 106). 

Are these pro-oxidant effects relevant in vivo? It presumably depends on 
the availability of catalytic metal ions. This relates to another important nutri- 
tional question: What is the optimal intake of iron? Iron is essential for human 
health, especially in children and pregnant women, but could too much iron 
intake cause harm (17)? In the healthy human body, metal ions appear largely 
sequestered in forms unable to catalyze free radical reactions. Hence, the 
antioxidant properties of ascorbate (and any plant phenolics that are absorbed) 
probably predominate over pro-oxidant effects. 

There are two caveats. First, some apparently healthy people are not. 
Twice as many adult men in the United States have the inborn disease 
idiopathic hemochromatosis as have real iron-deficiency anemia (26, 35). 
Idiopathic hemochromatosis leads to iron overload, with iron catalytic for 
free radical reactions present in plasma (54). Giving vitamin C to iron- 
overloaded patients without an iron chelating agent (such as desferal) has 
produced serious side effects (83, 99). Similarly, there is considerable 
debate about the possible pro-oxidant effect of ascorbate in iron-over- 
loaded premature babies (10, 94). 

The second caveat is that injury to tissues can release iron and copper ions. 
For example, metal ions catalytic for free radical reactions have been measured 
in advanced human atherosclerotic lesions (105). There are repeated (although 
controversial) suggestions that high body iron and/or copper stores are asso- 
ciated with increased risk of cancer and cardiovascular disease (reviewed in 
17). Could this be because the more iron or copper is in a tissue, the more 
could be liberated to catalyze free radical reactions after injury? If so, then the 
in vitro pro-oxidant effects of ascorbate and flavonoids might become physi- 
ologically (or pathologically) relevant. 
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CONCLUSION 

Many unanswered questions remain (Table 2). Vitamin E seems protective 
against neurodegeneration, cardiovascular disease, retinopathy of prematurity, 
and possibly intra-cranial hemorrhage (in premature babies), but what is the 
optimal dietary intake? Does it depend on the polyunsaturated fatty acid 
content of the diet? Carotenoids may be important anticancer agents, but is 
this a result of antioxidant properties? Vitamin C may help protect against 
cardiovascular disease and some forms of cancer (e.g. stomach cancer), but 
could very high intakes do good or harm? Are the in vitro pro-oxidant effects 
of vitamin C and plant phenolics biologically relevant? Is ascorbate good for 
most healthy adults but bad for sick people? Would a high tissue level of 
antioxidants enable one to recover better from such traumas as stroke and 
open-heart surgery? Is there too much iron supplementation? Fortunately, 
experimental tools to answer these questions are now becoming available. 
Thus, methods exist for measuring both ongoing and steady-state (Le. the 
balance between damage and repair) oxidative damage to DNA, proteins, and 
lipids in  the human body (55) .  These methods may help us to gain information 
about optimal nutritional intakes. If the major killers, cancer and vascular 
disease, could be delayed for even a few years by dietary changes, the social 
and economic benefits would be enormous. The increasing evidence for in- 
volvement of oxidative stress in the pathology of neurodegenerative disease 
(67) also has exciting nutritional implications. 

Any Annual Review chapter, as well as any article filed in an Annual Review chapler, 
may he purchaved from the Annual Reviews Preprinls and Reprints service. 

1400-347-8007; 415-259-5017: email: arpr@class.org 

Literature Cited 

1. a-Tocopherol, p-Carotene Prevention 
Study Group. 1994. The effect of vita- 
min E and beta carotene on the incidence 
of lung cancer and other cancers in male 
smokers. N. En& J. Med. 330 1029-35 
Ames BN, Shigenaga MK, Hagen TM. 
1993. Oxidants, antioxidants and the 
degenerative diseases of aging. Proc. 
Natl. A c d .  Sei. USA 90:7915-22 

3. Aruoma 01. Halliwell B. 1987. Super- 
oxide-dependent and ascorbate-depend- 
ent formation of hydroxyl radicals from 
hydrogen peroxide in the presence of 
iron. Are lactoferrin and transferrin pro- 
moters of hydroxyl-radical generation? 
Biochem. J. 241 :273-78 

2. 

4. Aruoma 01, Halliwell B, Gajewski E. 
Dizdaroglu M. 1991. Copper ion-de- 
pendent damage to the bases in DNA 
in the presence of hydrogen peroxide. 
Biochem. J. 273:601-4 

5. Babior BM, Woodman RC. 1990. 
Chronic granulomatous disease. Semin. 
Hematol. 27 : 247-5 9 

6. Balentine J. 1982. Pathology of Oxygen 
Toxicity. New York: Academic 

7. Beckman JS, Chen J, lschiropoulos H, 
Crow JP. 1994. Oxidative chemistry of 
peroxynitrite. Meth. Enzymol. 233:29- 
40 

8. Beckman JS, Ye YZ, Anderson PG, 
Chen J, Accavitt MA, et al. 1994. Ex- 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


46 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

2 0. 

21. 

22. 

23. 

HALLIWELL 

tensive nitration of protein tyrosines in 
human atherosclerosis detected by 
immunohistochemistry. Biol. Chem. 
Hoppe Seyler 375:81-88 
Bendich A, Machlin W, Scandurra 0, 
Burton GW, Wagner DDM. 1986. The 
antioxidant role of vitamin C. Free Rod. 
Biol. Med. 2:41944 
Berger HM, Mumby S, Gutteridge JMC. 
1995. Ferrous ions detected in iron-over- 
loaded cord blood plasma from preterm 
and term babies: implications for oxi- 
dative stress. Free Rad Res. 22555-59 
Bertram JS. 1993. Inhibition of chemi- 
cally induced neoplastic transformation 
by carotenoids. Ann NY Acad. Sci. 686: 

Biemond P. Van Eijk HG, Swaak AJG, 
Koster JF. 1984. Iron mobilization from 
ferritin by superoxide derived from 
stimulated polymorphonuclear leuke 
cytes. 1. Clin. Invest. 7357679  
Block G ,  Patterson B, Subar A. 1992. 
Fruit, vegetables, and cancer prevention: 
a review of the epidemiological evi- 
dence. Nutr. Cancer 18:l-29 
Bolann BJ, Ulvik RJ. 1990. On the 
limited ability of superoxide to release 
iron from ferritin. Eur. 1. Biochem. 193: 
899-904 
Brennan P, O’Neill LAJ. 1995. Effect 
of oxidants and antioxidants on nuclear 
factor KB activation in three different 
cell lines: evidence against a universal 
hypothesis involving oxygen radicals. 
Biochim. Biophys. Acta 1260: 167-75 
Bulkley GB. 1994. Reactive oxygen me- 
tabolites and reperfusion injury: aber- 
rant triggering of reticuloendothelial 
function. Lancet 344934-36 
Burt M J ,  Halliday JW, Powell LW. 
1993. Iron and coronary heart disease. 
Br. Med. J .  30757576 
Burton GW, Traber MG. 1990. Vitamin 
E antioxidant activity biokinetics and 
bioavailability. Annu. Rev. Nutr. 120: 

Byers T. 1993. Vitamin E supplements 
and coronary heart disease. Nurr. Rev. 
51:333-45 
Cailleux A, Alain P. 1993. Is pentane 
a normal constituent of human breath? 
Free Rad. Res. Commun. 18:323-27 
Candeias LP, Patel KB, Stratford MRL, 
Wardman P. 1993. Free hydroxyl radi- 
cals are formed on reaction between the 
neutrophil-derived species superoxide 
anion and hypochlorous acid. FEBS 

Chance B, Sies H, Boveris A. 1979. 
Hydroperoxide metabolism in mammal- 
ian organs. Physiol. Rev. 59527405 
Chen H, Tappel A. 1995. Vitamin E, 

161-76 

357-82 

Lett. 333~151-53 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

selenium, Trolox C. ascorbic acid palmi- 
tate. acetylcysteine. coenzyme Q. p- 
carotene, canthaxanthin, and (+)-cate- 
chin protect against oxidative damage 
to kidney, heart, lung and spleen. Free 
Rad. Res. 22177-86 
Chubatsu LS, Meneghini R. 1993. Met- 
allothionein protects DNA from oxida- 
tive damage. Biochem. J. 291:193-98 
Collins T. 1993. Endothelial nuclear 
factor-m and the initiation of the 
atherosclerotic lesion. Lab Invest. 68: 
499-508 
Cook JD, Skikne BS, Lynch SR, 
Reusser ME. 1986. Estimates of iron 
sufficiency in the US population. Blood 

Cross CE. Van der Vliet A. O’Neill CA. 
Louie S, Halliwell B. 1994. Oxidants. 
antioxidants and respiratory tract lining 
fluids. Env. Health ferspec. I(n(Suppl. 

Darley-Usmar V, Wiseman H, Halliwell 
B. 1995. Nitric oxide and oxygen radi- 
cals: a question of balance. FEBS Lett. 

Das NP. 1971. Studies on flavonoid 
metabolism. Absorption and m e t a b  
lism of (+)-catechin in man. Biochem. 
Pharmacol. 20343545 
Deme D, Doussiere J, de Sandro V. 
Dupuy C Pommier J, Virion A. 1994. 
The Ca’+/NADPH-dependent HzOz 
generator in thyroid plasma membrane: 
inhibition by diphenyleneiodonium. 
Biochem. J. 301:75-81 
Demple B. Harrison L. 1994. Repair of 
oxidative damage to DNA: enzymology 
and biology. Annu. Rev. Biochem. 63: 
91548 
Dixon ZR, Burri BJ, Clifford A, Frankel 
EN, Schneeman BO, et al. 1994. Effects 
of a carotene-deficient diet on measures 
of oxidative susceptibility and superox- 
ide dismutase activity in adult women. 
Free Rad Biol. Med. 17537-44 
Dizdaroglu M, Nackerdien 2, Chao BC, 
Gajewski E, Rao G. 1991. Chemical 
nature of in vivo DNA base damage in 
hydrogen peroxide-treated mammalian 
cells. Arch. Biochem. Biophys. 285388- 
90 
Editorial. 1991. Retinopathy of prema- 
turity. Lancet 337233434 
Edwards CQ. Griffen LM, Goldgar D, 
Drummond C, Skolnick MH, Kushner 
JP. 1988. Prevalence of hemochroma- 
tosis among 11,065 presumably healthy 
blood donors. N. Engl. J. Med 318: 
1355-62 
Eiserich JP, Vossen V, O’Neill CA, 
Halliwell B, van der Vliet A. 1994. 
Molecular mechanisms of damage by 

68:726-31 

IO): 185-9 1 

369131-35 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


ANTIOXIDANTS 47 

excess nitrogen oxides: nitration of ty- 
rosine by gas phase cigarette smoke. 

37. Esterbauer H, Striegl G. Puhl H, 
Rotheneder M. 1989. Continuous moni- 
toring of i n  vitro oxidation of human 
low density lipoprotein. Free Rad Res. 
Commun 6:67-75 

38. Evans PJ, Evans RW, Kovar E, Holton 
AF, Halliwell B. 1992. Bleomycin-de- 
tectable iron in the plasma of premature 
and full-term neonates. FEBS Len. 303: 
210-12 

39. Fish WH, Cohen M, Franzek D, Wil- 
liams JM, Lemons JA. 1990. Effect of 
intramuscular vitamin E on mortality 
and intracranial hemorrhage in neonates 
of 1000 grams or less. Pediatrics 85: 

40. Flint DH, Tuminello JF, Emptage MH. 
1993. The inactivation of Fe S cluster 
containing hydrolyases by superoxide. 
1. Biol. Chem. 268:22369-76 

41. Fridovich 1. 1986. Superoxide dismu- 
tases. Merhodr Enzymol. 58:61-97 

42. Gaziano JM, Hatta A, Flynn M, Johnson 
El, Krinsky NI, et al. 1995. Supplemen- 
tation with P-carotene in vivo and in 
vitro does not inhibit low density l i p  
protein oxidation. Atherosclerosis 112: 

43. Gerschman K, Gilbert DL, Nye SW, 
Dwyer P, Fenn WO. 1954. Oxygen poi- 
soning and X-irradiation: a mechanism 
in common. Science 119:623-26 

44. Gey KF. 1995. Ten-year retrospective 
on the antioxidant hypothesis of arte- 
riosclerosis. J .  Nutr. Biochem. 6206-36 

45. Goldberg DM. 1995. Does wine work? 
Clin. Chem. 41:14-16 

46. Golden M. 1994. F w  radicals and the 
aetiology of Kwashiorkor. Biochemist 
June/July:12-17 

47. Gottlieb K, Zarling EJ. Mobarhan S, 
Bowen P, Sugerman S. 1993. P-Carw 
tene decreases markers of lipid peroxi- 
dation in healthy volunteers. Nurr. Can- 
cer 19:207-12 

48. Graham A, Hogg N, Kalyanaraman B, 
O'Leary V, Darley-Usmar V, Moncada 
S. 1993. Peroxynitrite modification of 
low-density lipoprotein leads to recog- 
nition by macrophage scavenger recep 
tors. FEBS Lerr. 330 181 -85 

49. Granger DN. 1988. Role of xanthine 
oxidase and granulocytes in ischemia- 
reperfusion injury. Am. J. Physiol. 255: 

50. Grune T, Reinheckel T, Joshi M, Davies 
KJA. 1995. Proteolysis in cultured liver 
epithelial cells during oxidative stress. 
J. Biol. Chern. 270:2344-51 

51. Gurney ME, Pu H, Chiu AY, Dal Canto 

FEBS Lett. 35353-56 

578-84 

187-95 

H 1269-75 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

MC, Polchow CY, et al. 1994. Motor 
neuron degeneration in mice that ex- 
press a human Cu, Zn superoxide dis- 
mutase mutation. Science 264: 1772-75 
Gutteridge JMC. 1986. Iron promoters 
of the Fenton reaction and lipid peroxi- 
dation can be released from haemoglo- 
bin by peroxides. FEBS k t r .  201: 

Gutteridge JMC. 1993. Free radicals and 
disease processes: a compilation of 
cause and consequence. Free Rad Res. 
Commun 19141-58 
Gutteridge JMC, Rowley DA. Griftlths 
E, Halliwell B. 1985. Low-molecular- 
weight iron complexes and oxygen radi- 
cal reactions in idiopathic haemo- 
chromatosis. Clin Sei. 68:463-61 
Halliwell B. 1994. Free radicals and 
antioxidants: a personal view. Nurr. Rev. 
52:25345 
Halliwell B. Aruoma 01, eds. 1993. 
DNA and Free Radicals. Chickster: 
Ellis-Harwood 
Halliwell B. Gutteridge JMC. 1989. 
Free Radicals in Biology and Medicine. 
Oxford Clarendon. 2nd ed. 
Halliwell B. Gutteridge JMC. 1990. 
Role of free radicals and catalytic metal 
ions in human disease. Methods Enu- 
mol. 186:1-85 
Halliwell B, Gutteridge JMC. 1990. The 
antioxidants of human extracellular flu- 
ids. Arch Biochem. Biophys. 28o:l-8 
Halliwell B, Gutteridge JMC. Cross CE. 
1992. Free radicals, antioxidants, and 
human disease: where are we now? 1. 
h b .  Clin Med. 119598420 
Hare1 S, Salan MA, Kanner J. 1988. 
Iron release from metmyoglobin. meth- 
aemoglobin and cytochrome c by a sys- 
tem generating hydrogen peroxide. Free 
Rad Res. Commun. 5: 11-19 
Hertog MGL, Feskens EIM. Hollman 
PCH, Katan MB. Kromhout D. 1993. 
Dietary antioxidant flavonoids and risk 
of coronary heart disease: the Zutphen 
elderly study. hncer 342: 1007-1 1 
Hodnick WF, Kung FS, Roettger WJ, 
Bohmont CW, Pardini RS. 1986. Inhi- 
bition of mitochondrial respiration and 
production of toxic oxygen radicals by 
flavonoids. Biochem. Pharmacol. 35: 

Huie RE, Padmaja S. 1993. The reaction 
of NO with superoxide. Free Rad Res. 
Commun 18: 195-99 
Hyslop PA, Hinshaw DB, Halsey WA 
Jr, Schraufstatter IV, Sauerheber RD. et 
al. 1988. Mechanisms of oxidant-medi- 
ated cell injury. J .  Biol. Chem. 263: 

Iqbal J, Clerch LB, Hass MA, Frank L, 

29 1-95 

2345-5 7 

1665-75 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


48 HALLIWELL 

68. 

69. 

7 1. 

72. 

73. 

74. 

Massaro D. 1989. Endotoxin increases 
lung Cu,Zn superoxide dismutase 
mRNA: 0, raises enzyme synthesis. 
Am. J.  Physiol. 257 :Ul -a  

67. Jenner P. 1994. Oxidative damage in 
neurodegenerative disease. Lancet 344: 
796-98 
Johnson IT, Williamson G, Musk SRR. 
1994. Anticarcinogenic factors in plant 
foods. A new class of nutrients? Nutr. 
Res. Rev. 7:175-204 
Kadiiska MB, Hanna PM, Hernandez 
L, Mason RP. 1992. In vivo evidence 
of hydroxyl radical formation after acute 
copper and ascorbic acid intake: electron 
spin resonance evidence. Mol. Phurma- 
col. 42723-29 
Kagan VE, Serbinova EA, Packer L. 
1990. Antioxidant effects of ubiqui- 
nones in microsomes and mitochondria 
are mediated by tocopherol recycling. 
Biochem. Biophys. Res. Commun. 169: 

Kanner J, Frankel E, Granit R, German 
B, Kinsella JE. 1994. Natural antioxi- 
dants in grapes and wines. J. Agric. 
Food Chem. 4264-69 
Kaur H, Halliwell B. 1994. Aromatic 
hydroxylation of phenylalanine as an 
assay for hydroxyl radicals. Measure- 
ment of hydroxyl radical formation from 
ozone and in blood from premature ba- 
bies using improved HPLC methodol- 
ogy. Anal. Riochem. 22O:ll-15 
Krinksy N1.1993. Action of carotenoids 
in biological systems. Annu. Rev. Nutr. 
13561-87 
Kyle ME, Nakae D, Sakaida I, German 
B, Kinsella JE, et al. 1988. Endocytosis 
of superoxide dismutase is required in 
order for the enzyme to protect hepa- 
tocytes from the cytotoxicity of hydro- 
gen peroxide. J. Biol. Chem. 263: 
3784-89 
Laires A, Gaspar J, Borba H, ProenGa 
M, Monteiro M, Rueff J. 1993. Geno- 
toxicity of nitrosated red wine and of 
the nitrosatable phenolic compounds 
present in wine: tyramine, quercetin and 
malvidine-3-glucoside. Food Chem. 
Toxicol. 3 1:989-94 
Laughton MJ, Evans PJ, Moroney MA, 
Hoult JRS, Halliwell B. 1991. Inhibition 
of mammalian 5-lipoxygenase and cy- 
clo-oxygenase by flavonoids and phe- 
nolic dietary additives. Biochem. Phar- 
mucol. 42: 1673-81 
Laurindo FRM, Da Luz PL, Uint L, 
Rocha TF. Jaeger RF, Lopes EA. 
1991. Evidence for superoxide radical- 
dependent coronary vasospasm after an- 
gioplasty in intact dogs. Circulation 
83: 1705-15 

85 1-57 

78. 

79. 

80. 

81. 

70. 
82. 

83. 

84. 

85. 

86. 

87. 

75. 
88. 

89. 

76. 

90. 

77. 

Lepoivre M, Flaman JM, Bob6 P, Le- 
maire G. Henry Y. 1994. Quenching of 
the tvrosvl free radical of ribonucleotide 
reductase by nitric oxide. J. B id .  Chem. 
26921 89 1-97 

~ ~ . ~ .  

Loft S, Astrup A, Buemann B, Poulsen 
HE. 1994. Oxidative DNA damage cor- 
relates with oxygen consumption in hu- 
mans. FASEB J .  8534-37 
Maddipati KR, Marnett LI. 1987. Char- 
acterization of the major hydroperox- 
idereducing activity of human plasma. 
J. Biol. Chem. 262: 17398-403 
Malins DC. 1993. Identification of hy- 
drox'yl radical-induced lesions in DNA 
base structure: biomarkers with a puta- 
tive link to cancer development. J.  Toxi- 
col. Envirm. Health 40247-61 
Mathews-Roth MM. 1987. Photoprotec- 
tion by carotenoids. Fed Proc. 46: 
1890-93 
McLaran CJ, Bett JHN, Nye JA, Halli- 
day JW. 1982. Congestive cardiomyo- 
pathy and haemochromatosis-rapid 
progression possibly accelerated by ex- 
cessive ingestion of ascorbic acid. Ausr. 
NZ J. Med. 12187-88 
Meydani M, Martin A. Ribaya-Mercado 
JD, Gong J, Blumberg JB, Russell RM. 
1994. p-Carotene supplementation in- 
creases antioxidant capacity of plasma 
in older women. J.  Nwr. 124:2397-403 
Moison RMW, Palinckx JJS, Roest M, 
Houdkamp E, Berger HM. 1993. Induc- 
tion of lipid peroxidation of pulmonary 
surfactant by plasma of preterm babies. 
Lancet 341:79-82 
Moncada S, Higgs A. 1993. The L-ar- 
ginine-nitric oxide pathway. N. Engl. J. 
Med. 3292002-1 1 
Morrow JD, Roberts U 11. 1994. Mass 
spectrometry of prostanoids: F,-isopro- 
stanes produced by non-cyclooxygenase 
free radical-catalyzed mechanism. 
Methods Enzymol. 233: 163-74 
Mukai K, Morimoto H, Okauchi Y, 
Nagaoka S. 1993. Kinetic study of re- 
actions between tocopheroxyl radicals 
and fatty acids. Lipids 28753-56 
Nakazono K, Watanabe N, Matsuno K, 
Sasaki J, Sat0 T, Inoue M. i991. Does 
superoxide underlay the pathogenesis of 
hypertension? Proc. Natl. Acad. Sci. 
USA 881004548 
Nikawa T, Schulz WA, van den Brink 
CE, Hanusch M, van der Saag P, et al. 
199. Efficacy of all-trans-p-carotene, 
canthaxanthin and all-trans 9-cis- and 
4-oxoretinoic acids in inducing differ- 
entiation of an F9 embryonal carcinoma 
RAR differentiation of an F9 embryonal 
carcinoma p-lac Z reporter cell line. 
Arch. Biochem. Biophys. 31 6665-72 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


ANTIOXDANTS 49 

91. 

92. 

93. 

94. 

95. 

96. 

97. 

98. 

99. 

99a 

100. 

101. 

102. 

103. 

104. 

Olinski R, Zastawny T, Budzbon J, 
Skokowski J, Zegarski W, Dizdaroglu 
M. 1992. DNA modification in chroma- 
tin of human cancerous tissues. FEBS 
Lett. 309: 193-98 
Orrenius S, McConkey DJ, Bellomo G, 
Nicotera P. 1989. Role of Ca2’ in toxic 
cell killing. Trends Pharm. Sci. 10281- 
85 
Porter WL. 1993. Paradoxical behaviour 
of antioxidants in food and biological 
systems. Toxicol Ind. Health 9:93-122 
Powers HJ, Loban A, Silvers K, Gibson 
AT. 1995. Vitamin C at concentrations 
observed in premature babies inhibits 
the ferroxidase activity of caeruloptas- 
min. Free Rad. Res. 2257-65 
Ratty AK, Das NP. 1988. Effects of 
flavonoids on nonenzymatic lipid per- 
oxidation: structure-activity relation- 
ship. Biochetn. Med. Metab. Biol. 39: 

REemersma RA. 1994. Epidemiology 
and the role of antioxidants in prevent- 
ing coronary heart disease: a brief over- 
view. Proc. Nutr. Soc. 53:59-65 
Rimm EB, Stampfer MJ, Ascherio A, 
Giovannucci E, Colditz GA, Willet1 
WC. 1993. Vitamin E consumption and 
the risk of coronary heart disease in 
men. N. Engl. J. Med. 328:1450-56 
Robberecht W, Sapp P, Viaene MK, 
Daniel R, McKenna-Yasek D, et al. 
1994. C a n  superoxide dismutase ac- 
tivity in  familial and sporadic amyotro- 
phic lateral sclerosis. J .  Neurochem. 62: 
384-87 
Rowbotham B, Roeser HP. 1984. Iron 
overload associated with congenital 
pyruvate kinase deficiency and high 
dose ascorbic acid ingestion. A m .  NZ 
J .  Med. 14667-69 
Rowe PM. 19%. Beta-carotene takes a 
beating. Lancet 347249 
Rubbo H, Radi R, Trujillo M, Telleri 
R, Kalyanaraman B, et al. 1994. Nitric 
oxide regulation of superoxide and per- 
oxynitrite-dependent lipid peroxidation. 
J. Biol. Chem. 269:26066-75 
Schreck R, Albermann KAJ, Baeuerle 
PA. 1992. Nuclear factor KB: an oxida- 
tive stress-responsive transcription fac- 
tor of eukaryotic cells (a review). Free 
Rad. Res. Cvrnmun. 17:221-37 
Shamberger RJ. 1984. Genetic toxicol- 
ogy of ascorbic acid. Mutat. Res. 133: 
135-59 
Sies H, ed. 1991. Oxidative Stress, Oxi- 
dants and Antioxidants. New York: Aca- 
demic 
Slivka A, Kang J, Cohen G. 1986. Hy- 
droxyl radicals and the toxicity of oral 
iron. Biochem. Pharmacol. 35553-56 

69-79 

105. 

106. 

107. 

108. 

109. 

1 IO. 

111. 

112. 

113. 

114. 

115. 

116. 

117. 

Smith C, Mitchinson MJ, A m m a  01, 
Halliwell B. 1992. Stimulation of lipid 
peroxidation and hydroxyl radical gen- 
eration by the contents of human 
atherosclerotic lesions. Biochem. J. 286: 

Smith CA, Halliwell B, Aruoma 01. 
1992. Protection by albumin against the 
pro-oxidant actions of phenolic dietary 
components. Food Chem. Toxicol. 30: 
483-89 
Spencer JPE, Jenner A, Aruoma 01. 
Evans PJ, Dexter DT, et at. 1994. In- 
tense oxidative DNA damage promoted 
by L-DOPA and its metabolites. Impli- 
cations for neurodegenerative disease. 
FEBS Lett. 353:24&50 
Stavric B. 1994. Quercetin in our diet: 
from potent mutagen to probable anti- 
carcinogen. CIin Biochem 27245-48 
Steinberg D, Parthasarathy S, Carew 
TE, Khoo JC, Witztum JL. 1989. Be- 
yond cholesterol. Modifications of low- 
density lipoprotein that increase its 
atherogenicity. N. Engl. J. Med 320: 
9 1 5-24 
Swain JA, Darley-Usmar V, Gutteridge 
JMC. 1994. Peroxynitrite releases c o p  
per from caeruloplasmin: implications 
for atherosclerosis. FEBS Lett. 34249- 
52 
Totter JR. 1980. Spontaneous cancer 
and its possible relationship to oxygen 
metabolism. Proc. Natl. Acad. Sci. USA 
77:1763-67 
Touati D. 1989. The molecular genetics 
of superoxide dismutase in E. coli. Free 
Rad. Res. Commun. 8:1-9 
Traber MG, Sikol RJ, Ringel SP, Neville 
HE, Thellman CA. Kayden HJ. 1987. 
Lack of tocopherol in peripheral nerves 
of vitamin E-deficient patients with pe- 
ripheral neuropathy. N. Engl. J. Med. 
317:262-65 
Ursini F, Bindoli A. 1987. The role of 
selenium peroxidases in the protection 
against oxidative damage of mem- 
branes. Chem. Phys. Lipids 44255-76 
Van der Vliet A, ONeill CA, Halliwell 
B, Cross CE, Kaw H. 1994. Aromatic 
hydroxylation and nitration of pheny- 
lalanine and tyrosine by peroxynitrite. 

Van der Vliet A, Smith D, O’Neill CA, 
Kaur H. Darley-Usmar V, et al. 1994. 
Interactions of peroxynitrite with human 
plasma and its constituents. Biochem. J. 
303:295-301 
von Poppel G, Poulsen H, Loft S, Ver- 
hagen H. 1995. No influence of beta 
carotene on oxidative DNA damage in 
male smokers. J .  Natl. Cancer Insf. 87: 
310-11 

901-5 

FEBS Lett. 339:89-92 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline


50 HALLIWLL 

118. von Sonntag C. 1987. The Chemical 
Basis of Radiation Biology. London: 
Taylor and Francis 

119. Wang XD, Tang GW, Fox JG, Krinsky 
Nl, Russell RM. 1991. Enzymatic con- 
version of b-carotene into P-apocaro- 
tenals and retinoids by human, monkey, 
ferret and rat tissues. Arch. Biochem. 
Biophys. 285:&16 
Weisburger J H .  1995. Tea antioxidants 
and health. In Handbook of Antioxi- 
dants, ed. E Cadenas, L Packer. New 
York: Marcel Dekker 

121. Wilhelm-Filho D, Gonzalez-Flecha B, 
Boveris A. 1994. Gill diffusion as a 
physiological mechanism for hydrogen 

120. 

peroxide elimination by fish. Braz. J .  
Med. Biol. Res. 272879-82 

122. Willet1 WC. 1994. Diet and health: what 
should we eat? Science 264532-37 

123. Zhang Y, Kensler TW, Cho CG, Posner 
GH, Talalay P. 1994. Anticarcinogenic 
activities of sulforaphane and StNfluT- 
ally related synthetic norbornyl isothio- 
cyanates. Proc Natl. had. Sci. USA 
91:3147-50 

124. Zhang Y. Marcillat 0, Giulivi C. Ern- 
sto L, Davies KJA. 1990. The oxi- 
dative inactivation of mitochondrial 
electron transport chain components 
and ATPase. J. Biol. Chem. 265: 
16330-36 

Annual Reviews
www.annualreviews.org/aronline

A
nn

u.
 R

ev
. N

ut
r.

 1
99

6.
16

:3
3-

50
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 C

en
tr

al
 C

ol
le

ge
 o

n 
01

/0
4/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.annualreviews.org/aronline

	logo: 


