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Reactive oxygen species and reactive nitrogen species 
are formed in the human body. Endogenous anti- 
oxidant defences are inadequate to scavenge them 
completely, so that ongoing oxidative damage to 
DNA, lipids, proteins and other molecules can be 
demonstrated and may contribute to the development 
of cancer, cardiovascular disease and possibly neuro- 
degenerative disease. Hence diet-derived antioxidants 
may be particularly important in protecting against 
these diseases. Some antioxidants (e.g. ascorbate, cer- 
tain flavonoids) can exert pro-oxidant actions in vitro, 
often by interaction with transition metal ions. The 
physiological relevance of these effects is uncertain, as 
is the optimal intake of most diet-derived antioxidants. 
In principle, these questions could be addressed by 
examining the effects of dietary composition and/or 
antioxidant supplementation upon parameters of 
oxidative damage in viva The methods available for 
measuring steady-state damage (i.e. the balance be- 
tween damage and repair or replacement of damaged 
molecules) and the actual rate of damage to DNA, 
proteins and lipids are reviewed, highlighting areas 
in which further methodological development is 
urgently required. 

INTRODUCTION 

Free radicals and antioxidants are widely dis- 
cussed in the clinical and nutritional literature and 
lay press. The assumption often is that free radi- 
cals are always bad and antioxidants always good, 
but recent clinical trials suggest that giving the 
'antioxidant' p-carotene to smokers can accelerate 
the development of lung cancer.''la So how much 
dietary antioxidant do we need? The purpose of 
this article is to provide an overview of our current 
knowledge and to propose experimental strate- 
gies for the evaluation of optimal antioxidant in- 
take in humans. 

The need for antioxidants 

Aerobes have evolved antioxidant defences essen- 
tially because 0 2  is poisonous.24 The evolution of 

*Based on an overview lecture given at the October 1995 meeting of contractors in the Antioxidants Programme of the Ministry 
of Agriculture, Fisheries and Food (UK). 
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58 B. HALLIWELL 

O2 tolerance mechanisms has allowed aerobes to 
use O2 for metabolic transformations (e.g. oxidase 
and hydroxylase enzymes, such as cytochromes 
P-450) and for efficient energy production using 
electron transport chains with 0 2  as the terminal 
electron acceptor. The mitochondrial electron 
transport chain generates over 80% of the ATP 
needed by aerobic cells, and the lethal effects of 
such electron transport chain inhibitors as cyanide 
show how important this activity is to humans. 

Antioxidants are needed to limit the formation 
of, and to scavenge, a range of molecules loosely 
classified as 'reactive oxygen species' and 'react- 
ive nitrogen species' which are generated in the 
human body (Table 1). Some of these species arise 
by 'accidents of chemistry'. For example, super- 
oxide radical ( 0 2 ' - )  and hydrogen peroxide (H202) 
can arise by direct oxidation of several 

TABLE I 

REACTIVE OXYGEN SPECIES (ROS) 
Radicals Non-Radicals 
Superoxide, 02.- Hydrogen peroxide, H202 
Hydroxyl, OH' Hy-pochlorous acid, HOCl 
Peroxyl, Ron' Ozone, 0 3  
Alkoxyl, RO' Singlet oxygen ' ~ g  
Hydroperoxyl, HOz' 

REACTIVE NlTROGEN SPECIES (RNS) 
Radicals Non-radicals 
Nitric oxide, NO' 
Nitrogen dioxide, NOz' 

Nitrous acid, HNOz 
Nitrosyl cation, NO' 
Nitrosyl anion, NO- 
Dinitrogen tetroxide, N204 
Dinitrogen trioxide, Nz03 
Peroxynitrite, ONOO- 
Peroxynitrous acid, ONOOH 
Nitronium cation, NOz' 
Alkyl peroxynitrates, ROONO 

ROS is a collective term that includes both oxygen radicals and 
certainnon-radicals that are oxidizing agents and/or are easily 
converted into radicals (HOCI, 03, ONOO-, 'Oz, H O ) .  RNS 
is also a collective term including nitric oxide and nitrogen 
dioxide radicals, as well as such non-radicals as HN@ and 
N s 4 .  ONOO- is often included in both categories. 'Reactive' 
is not always an appropriate term: H a ,  NO' and 02.- react 
quickly with few molecules whereas OH' reacts quickly with 
almost everything. R@', ROO, HOCI, N@', ONOO- and 0 3  

have intermediate reactivities. HOCI could also be regarded as 
a 'reactive chlorine species'. 

biomolecules by 0 2 .  Examples are adrenaline, 
dopamine, tetrahydrofolates and some compo- 
nents of mitochondrial and P450 electron trans- 
port  chain^.^ Such 0 2 . -  generation is the 
unavoidable consequence of having these 
'autoxidizable' molecules in a body that needs 
oxygen.3r4 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 gener- 
ate the viciously-reactive hydroxyl radical (OH').5 
Ultraviolet light is insufficiently energetic to split 
H20, but it can cleave the 0-0 covalent bond in 
H202 to give 20H'.4 

In addition to this unavoidable generation of 
ROS, some are made deliberately in viva For exam- 
ple, the phagocytes (neutrophils, monocytes, 
macrophages, eosinophils) that defend against 
foreign organisms, generate OZ'-, H202 and (in the 
case of neutrophils) hypochlorous acid as one of 
their mechanisms for killing foreign organisms.6 
They can also generate RNS, for a similar r e a ~ o n . ~  
This essenti'il defence mechanism can go wrong: 
several diseases (such as rheumatoid arthritis and 
inflammatory bowel disease) are accompanied by 
excessive phagocyte activation and resulting tis- 
sue damage, to which ROS/RNS ~ontribute.~-~ It 
has been estimated3 that 1-3% of the oxygen we 
breathe in is used to make OZ'-.~ Since humans 
consume a lot of 0 2 ,  a simple calculation4 shows 
that over 2 kg of 0 2 ' -  is made in the human body 
every year - people with chronic inflammations 
may make much more. Measurement of levels of 
nitrate/nitrite in human body fluids such as urine 
and plasma suggest that the total body 'load' of 
RNS may also be large for example, in one 
human study basal plasma NO- was 29 k 1 pM 
corresponding to a basal body production of 840 f 
146 pmol per day. Dietary NOJNO; can have a 
confounding effect, however: plasma NO; rose to 
205 pM 2 h after intake of nitrate-rich 

Some RNS are, like 0 2 ' - ,  also useful, but toxic 
in excess. The prime example is nitric oxide (NO'). 
It has many useful functions, such as regulation of 
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NUTRITIONAL ANTIOXIDANTS 59 

blood press~re ,~  but too much NO' is toxic: excess 
NO' production is thought to be an important 
tissue injury mechanism in such conditions as 
chronic inflammation, stroke and septic 
Other RNS, such as nitrogen dioxide (NO**) and 
peroxynitrite (ON00-), are probably always 
damaging. The balance between RNS/ROS is also 
important in determining tissue injury."," Thus 
NO' reacts very fast with 0 2 ' -  to generate 
ONOO-.'2 Peroxynitrite may mediate several of 
the cytotoxic effects of excess NO', such as the 
destruction of iron/sulphur clusters in certain en- 
zyme~. '~ Nitric oxide also reacts fast with lipo- 
philic peroxyl radicals, important propagating 
species in the biological chain reaction of lipid 
peroxidation, to generate alkyl peroxynitrates 
(ROONO). These appear far more stable than 
ONOO-.lo If ROONO derivatives can be 
metabolised without the release of toxic free radi- 
cals then the reaction of NO' with peroxyl radicals 
is potentially beneficial because it allows NO' to 
inhibit lipid peroxidation. The ratio of NO' to ROS 
may be all important since O N 0 0  can cause lipid 
peroxidation. Thus, a 1:l ratio of 02 . -  to NO' 
generates ONOO- and induces lipid peroxidation 
whereas an excess of NO' can inhibit lipid per- 
oxidation by scavenging peroxyl radicals." Such 
interactions may be particularly important in 
cardiovascular disease, especially the develop- 
ment of atherosclerosis." 

Vascular endothelial cells generate NOe7 for a 
multitude of physiological reasons and they may 
also secrete 0 2 . -  (reviewed inI4). Hence ONOO- 
can form in the vasculature. Phagocytes adhering 
to vascular endothelium can also produce RNS 
and ROS and interactions between them may have 
regulatory significance, e.g. NO' inhibits platelet 
and phagocyte adhesion to the end~thelium.~ In 
advanced atherosclerotic lesions thrombosis 
plays an important role and this normally benefi- 
cial biological process is controlled in part by the 
NO'-dependent inhibition of platelet aggrega- 
t i ~ n . ~  However, in atherosclerotic lesions excess 
production of 0 2 ' -  may cause loss of the modula- 
tory action of NO' and at the same time yield 

ONOO- which is pro-aggregatory and so could 
commit platelets in this environment to thrombus 
f~rmation.'~ 

At an early stage in the development of athero- 
sclerosis, peroxidation of low density lipoproteins 
(LDL) occurs in the vessel wall.I6 We do not really 
know how oxidation of LDL begins in the artery 
wall. However, peroxynitrite could be involved 
since it oxidises LDL,I7 causes a rapid depletion of 
several antioxidants (ascorbate, urate, protein 
thiols and ubiquinol)" and releases copper ions 
from the plasma protein caerul~plasmin.'~ Cop- 
per ions are powerful catalysts of LDL oxidation2' 
which have been detected in advanced human 
atherosclerotic lesions.21 Preliminary immuno- 
logical evidence consistent with formation of 
ONOO- in atherosclerotic lesions has been pre- 
sented." As emphasized earlier, the ratio of NO' 
to 02*- may be all important, since an excess of 
NO' could inhibit LDL peroxidation."" 

HUMAN ANTIOXIDANTS: ENDOGENOUS 

Some antioxidants are synthesized in the human 
body: they include enzymes, certain other pro- 
teins and low-molecular-mass Exam- 
ples are superoxide dismutases, catalases, gluta- 
thione peroxidases, thiol-specific antioxidants, 
metallothioneins, other metal ion-binding and 
storage proteins, urate, GSH and ubiqUin01."~~~~ 

Aerobes have developed antioxidant defences 
to protect against the toxic effects of current levels 
of atmospheric 02 (21%), but no more than that. 
This is evidenced by the fact that all aerobes suffer 
injurious effects if exposed to 0 2  at concentrations 
greater than 21Y0.' For example, exposure of adult 
humans to pure 0 2  at 1 atm pressure for as little as 
6 hours causes chest soreness, cough, and sore 
throat in some subjects, and longer periods of expo- 
sure lead to alveolar damage? The incidence of 
retinopathy of prematurity increased abruptly in 
the early 1940s among infants born prematurely 
and often led to blindness. Not until 1954 was it 
realized that retrolental fibroplasia is associated 
with the use of high 02concentrations in incubators 
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60 B. HALLIWELL 

TABLE 2 Evidence that Damage by RNS and ROS Occurs in the Human Body 

Target of damage Evidence 

DNA 

Protein 

Lipid 

Low baseline levels of DNA base damage products are present in DNA isolated from human cells 
(reviewed in ’5. Urinary excretion of DNA base damage products, presumably resulting from repair of 
oxidative damage to 

Attack of free radicals upon proteins produces protein carbonyls and other modified amino acid resid~es.’~ 
Low levels of carbonyls and certain other products ( e g  ortho tyrosine) have been detected in human 
tissues and body f l ~ i d s . ~ ~ ’  Nitrotyrosines, products of reaction of ONOO- with tyrosine residues in 
proteins, have been detected in atherosclerotic lesions” and nitrotyrosine is excreted in human urine.43 
Bityrosine can also be detected in body fluids (our unpublished data). 

Accumulation of ’age pigments’ in tissues. Lipid peroxidation in atherosclerotic lesions.’‘ Presence of end 
products of peroxidation in human body fluids (for a recent review that examines the methodological 
problems in measuring such products see ref 44). The most specific products seem to be the i sop r~s t anes .~~  

Uric acid Attacked by several ROS to generate allantoin, cyanuric acid, parabanic acid, oxonic acid, and other 
products, which can be detected in human body fluids. Levels increase during oxidative ~ t r e s s . * ~ ’ ~ ~  

for premature babies. More careful control of 0 2  

concentrations (continuous transcutaneous 0 2  

monitoring, with supplementary 02 given only 
where necessary) and administration of the lipid- 
soluble antioxidant a-tocopherol have decreased 
its incidence. However, the problem has not disap- 
peared, since many premature infants need in- 
creased levels of 0 2  in order to survive at allM3 

Indeed, there is good evidence that endogenous 
antioxidants do not completely prevent damage by 
RNS/ROS in the human body (Table 2). Hence 
efficient repair systems are needed. Repair of the 
damage done to DNA by ROS/RNS is particularly 
important,48 as the constant assault by these species 
on DNA throughout the long human lifespan may 
contribute to the agerelated development of spon- 
taneous human cancers. Indeed, the ageing 
process itself may involve the cumulative effects of 
oxidative damage over a l ife~pan.~~” 

38,4%51 

HUMAN ANTIOXIDANTS: DIET-DERIVED 

We also obtain certain antioxidants from the diet. 
The physiological role of some of these is well-es- 
tablished (e.g. vitamin E, ascorbate) whereas the 
role of others is uncertain as  yet (Table 3). Some of 
these antioxidants can be made to exert pro-oxidant 
effects in vitro, often by interaction with transition 
metal ions. The physiological role (if any) of these 

effects is uncertain: it would presumably depend 
on the availability of ’catalytic’ metal ions. This 
relates to another important nutritional question; 
what is the optimal intake of iron? Iron is essential 
for human health, especially in children and preg- 
nant women, but could too much iron intake cause 
harm?89p90 In the healthy human body, metal ions 
appear largely sequestered in forms unable to 
catalyse free radical  reaction^.'^ Hence the anti- 
oxidant properties of ascorbate (and any plant 
phenolics that are absorbed) are usually thought 
to predominate over pro-oxidant 

There are two caveats. First, some apparently- 
healthy people are not. It has been suggested that 
twice as many adult men in the USA have the 
inborn disease idiopathic haemochromatosis (IH) 
as have real iron-deficiency anaemia.90,9’ IH can 
lead to iron overload, with iron ‘catalytic’ for free 
radical reactions being present in blood plasma.= 
Giving vitamin C to iron-overloaded patients with- 
out an iron chelating agent (such as desferal) can 
produce serious Similarly, there is con- 
siderable debate about the possible pro- oxidant 
effect of ascorbate in premature babies, who may 
have saturated transferrin and iron ‘catalytic’ for 
free radical reactions in their plasma.95*% 

The second caveat is that injury to tissues can 
release iron and copper ions (reviewed in 97). For 
example, metal ions catalytic for free radical 
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NUTRITIONAL ANTIOXIDANTS 61 

TABLE 3 Dietary Antioxidants. A diet rich in fruits, nuts, grains and vegetables is protective against several human dlseases. This may 
be due to the antioxidants they contain andlor to the many other compounds present.5s5’ 

PUTATIVE ANTIOXIDANT STATUS 

Vitamin E Essential antioxidant in humans, protective against cardiovascular disease. Severe deficiency 
causes neurodegeneration and accelerates a t h e r o s c l e r ~ s i s . ~ ~ ’ ~ ~ ~  

Vitamin C Multiple metabolic roles, antioxidant action only one of its effects (reviewed in 64,65). Can exert 
pro-oxidant actions in vitro by interaction with iron and copper ions.65 

p-carotene, other carotenoids, 
related plant pigments 

Epidemiological evidence that high body levels are associated with diminished risk of cancer and 
cardiovascular disease, articularly in smokers (e.g. 61z62). Carotenoids are good singlet 0 2  
quenchers/scavengers. Often simplistically grouped with vitamins E and C as ’antioxidant 
nutrients’, but it is not yet rigorously proved that any protective effects these pigments exert 
against human disease are due to antioxidant action (discussed in 6744. For example, p-carotene 
supplementation of the diet did not decrease the elevated urinary excretion of 8- 
hydroxydeoxyguanosine, a putative index of oxidative DNA damage, in smokers.69 Conversion to 
retinoids and/or effects on cell communication may be equally or more important explanations of 
the biological effects of these corn pound^.^&^^ Many of the apparent protective effects of 
carotenoids as well as reports of deleterious 
interactions between carotenoids and constituents of cigarette smoke, for which there is some in 
vitro evidence.74 

6? 

involve smokers, suggesting possible 

Flavonoids, other plant Many plant phenols inhibit lipid peroxidation and lipoxygenase enzymes in ~ i t r o ~ ~ ’ ~  and ’wine 
phenolics’ may be important dietary antioxidants.8143 It has been speculated that 
flavonoids in red wine could explain the”’French 
phenolics responsible is ~ n c e r t a i n . ~ ~  Like ascorbate, some plant phenolics can be pro-oxidant in 
viho if mixed with copper or iron 
bioavailabili 
a b ~ o r b e d . ~  
ONOO-, but the biological properties of any resulting nitrosolnitro-phenolics must be 
considered.88 

although the identity of the 

More data are needed on absorption and 
of henolics, but evidence is growing that some wine and tea phenolics are 2 f  ’,“, Plant phenols might also scavenge RNS, e.g. preventing tyrosine nitration by 

reactions have been measured in advanced human 
atherosclerotic lesions.21 There are repeated (al- 
though controversial) suggestions that high body 
iron and/or copper stores are associated with in- 
creased risk of cancer and cardiovascular disease 
(reviewed in ”). Could this be because the more 
iron or copper is present within a tissue, the more 
could be liberated to catalyse free radical reactions 
after injury? If so, then the in vitro pro-oxidant 
effects of ascorbate and flavonoids might become 
physiologically (or pathologically) relevant. 

’antioxidants’. For some (e.g. a-tocopherol) there 
is good in uiuo data (Table 3) whereas forothers 
(e.g. wine flavonoids, melatonin, garlic, ginseng, 
Ginkgo biloba) data to support their effectiveness in 
viuo in humans are limited or absent. Even for 
’established’ antioxidants, it has rarely been pos- 
sible to determine the level of intake that maxi- 
mizes antioxidant effects whilst minimizing 
toxicity, e.g. by putative pro-oxidant effects. The 
approach of my laboratory to this problem has 
been two-pronged. First, we have developed a 
battery of antioxidant characterization methods to 
establish in vitro what putative ’antioxidants’ are 
actually capable of d ~ i n g . ’ ~ , ~  The results may be 
used to evaluate the possibility (or impossibility) 
that a compound can exert direct antioxidant ef- 
fects in uiuo and the results enable one to reason 
from simple chemical principles and dismiss 
outright many of the crazier claims. 

EVALUATION OF THE CLAIMS AND 

APPROACH 

There are multiple suggestions in the biomedical 
and lay literature that various natural dietary con- 
stituents or dietary supplements ac t  a s  

COUNTER-CLAIMS: THE AUTHORS 
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62 8. HALLIWELL 

However, even an excellent in vitro antioxidant 
will not necessarily work as such in viva In addi- 
tion, some compounds may exert antioxidant ac- 
tions by upregulating endogenous antioxidant 
defences and/or  inhibiting generation of 
ROS/RNS rather than by direct antioxidant ac- 
tion. Hence, we and others are developing meth- 
ods for assessing both total and steady-state 
oxidative damage in the human body. It is import- 
ant to assess all major molecular targets of damage 
by ROS/RNS (DNA, proteins, lipids) since an 
antioxidant that protects one target may fail to 
protect (or even exacerbate injury to) another. For 
example, flavonoids usually inhibit lipid per- 
oxidation in vitro, but can sometimes stimulate 
metal ion-dependent damage to DNA and pro- 
teins (Table 3). In principle, one should be able to 
measure 'markers' of baseline oxidative damage 
in humans and examine how they are affected by 
changes in diet, such as alterations in fruit and 
vegetable intake, changes in consumption of sat- 
urated/ polyunsaturated fats or supplementation 
with antioxidants (e.g. pure compounds or com- 
plex herbal extracts). The optimal intake could 
then be determined, as could the biological rele- 
vance of putative pro-oxidant effects. 

What 'markers' are available? 

DNA 

ROS and RNS-mediated 'spontaneous' DNA 
damage is thought to contribute to cancer 
development e.g. via mutations in the tumour 
suppressor gene ~ 5 3 . ~ ~  Several ROS/RNS have the 
potential to contribute to cancer development in 
that they can 

(1) cause structural alterations in DNA e.g. base 
pair mutations, rearrangements, deletions, in- 
sertions and sequence amplification. ROS and 
RNS able to modify DNA directly include 
hydroxyl radical (OH'), singlet oxygen (lo?), 
peroxyl (RO:') and alkoxyl (RO') radicals, ozone 
(03), nitrous acid (HN02), ONOO- and its de- 
composition products; 

(2) activate"' or inhibit"' signal transduction 
pathways 

(3) block cell-cell communi~ation,'"~'~~ an event 
important in restricting cell proliferation 

(4) modulate cell growth, differentiation and death 
by apoptosis or n e c r o s i ~ ' ~ ~ - ~ ~  

(5) damage proteins, such as DNA repair enzymes 
and DNA polymerases, perhaps thereby de- 
creasing fidelity of rep1i~ation.l'~ 

The chemistry of DNA damage by several 
ROS/RNS has been well characterised in vitro5,Io7- 

although further studies are needed with RQ', 
RO' and 0 3 .  Nitric oxide (NO') and products de- 
rived from it (NO*', HNQ, ONOO-, Nz03, etc.) 
can cause nitrosation and deamination of amino 
groups on DNA bases leading to point mutations. 
Deamination products of purine bases include 
xanthine (from guanine) and hypoxanthine (from 
adenine).Il2 8-Nitroguanine may be a useful 
'marker' of attack on DNA by certain RNS such as 
O N O O - . ~ ~ ~ ~ ~ ~  Whereas 02'- and H2Q do not react 
with DNA bases at all, OH' generates a multiplic- 
ity of products from all four DNA bases.Io8 By 
contrast, appears selective for attack upon 

The most common base lesion, and 
the one most often measured as an index of oxida- 
tive DNA damage, is 8-hydroxyguanine."' 

Oxidative damage to DNA appears to occur 
continuously in vivo, in that low levels (presumably 
a 'steady state' balance between DNA damage and 
repair) have been detected in DNA isolated from 
human cells and tissues.36 The pattern of damage to 
the purine and pyrimidine bases bears the chemical 
fingerprint of OH' attack, suggesting that OH' 
formation occurs within the nucleus in viv0.36*117 
However, this raises the question of how OH' 
could be produced in the nucleus. If OH' is attack- 
ing DNA, it must be made very close to the DNA 
since OH' is so reactive that it cannot diffuse from 
its site of formation. Background radiation may be 
one source but radiation-generated OH' is formed 
over the whole cell and only a small fraction hits 
DNA.117 Other potential sources of OH' or OH'-like 
species include the decomposition of ONOO-"8*"9 

112 
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NUTRITIONAL ANTIOXIDANTS 63 

and the reaction of a'- with HOCl."' By far the 
greatest interest has been, however, in reactions of 
transition metal ions with H202 as a source of OH'. 
The question of whether 'catalytic' transition metal 
ions (e.g. iron and copper ions) really are in close 
proximity to DNA in vim is clearly an important 
one. Although iron and copper appear to be present 

), it remains to be in the nucleus (e.g. refs. 
established why and how 'catalytic' iron and cop- 
per ions reach the DNA, since these ions are norm- 
ally carefully sequestered by the human body. 
However, oxidative stress can liberate metal ions 
from their normal sequestration sites 
which might then bind to DNA, which is a power- 
ful metal ion chelator. Low levels of xanthine and 
hypoxanthine are also detected in DNA from mam- 
malian cells . these presumably arise by 
deamination reactions, although their formation 
by other pathways is also feasible. 

121,121a.210 

14,19,21,27,204 

112,122. 

Measurement of oxidative DNA damage 

Basic principles 

There are two types of measurement of oxidative 
DNA damage. Steady-state damage can be mea- 
sured when DNA is isolated from human cells and 
tissues and analyzed for base damage products: it 
presumably reflects the balance between damage 
and DNA repair. Hence a rise in steady state oxi- 
dative DNA damage (e.g. as has been reported in 
some human cancerous t U m o ~ r s ' ~ * ' ~ ~ )  could be 
due to increased damage and/or decreased re- 
pair. It is worth mentioning that the measurement 
of baseline levels of oxidatively modified DNA 
bases, although very important, does not provide 
information as to whether this damage is in active 
genes or quiescent DNA. 

However, it is important also to have an index 
of total DNA damage in the human body, i.e. the 
'input' side of the steady-state equation. The most 
common approach has been to assess the 'output' 
side, i.e. trying to estimate the rate of repair of 
oxidized DNA. 

Studies upon urine 

Several DNA base damage products are excreted 
in human urine, including the nucleoside 8- 
hydroxy-deoxyguanosine (8-OHdG), 8-hydroxy- 
adenine and 7-methyl-8-hydro~yguanine~~~~ but 
the one most exploited is 8-OHdG, usually mea- 
sured by a method involving HPLC with electro- 

In a study of 169 chemical detection. 
humans, the average 8-OHdG excretion was 200- 
300 pmol/kg per 24 h, corresponding to 140-200 
oxidative modifications of guanine per cell per 
day.'25t126 Furthermore, 32 smokers in this study 
excreted 50% more 8-OHdG than 53 non-smokers, 
suggestive of a 50% increased rate of oxidative 
DNA damage from smoking. GC-MS has also 
been used to measure 8-OHdG in urine and the 
limit of detection was 1.8 pmol corresponding to 
a level of 8-OHdG in urine of 35 nM.IB 

The validity of these urinary measurements of 
oxidative DNA damage must be considered. The 
level of 8-OHdG in urine is presumably un- 
affected by the diet since nucleosides are not ab- 
sorbed from the gut. The question of whether any 
8-OHdG is metabolized to other products in 
humans has not been rigorously addressed. Addi- 
tionally, it is possible that some or all of the 8- 
OHdG excreted in urine may arise not from DNA, 
but from deoxyGTP (dGTP) in the DNA precursor 
pool of nucleotides. An enzyme has been de- 
scribed which hydrolyzes dGTP containing oxi- 
dized guanine to prevent its incorporation into 
DNA.129,'30 Because of these uncertainties, my r e  
search group is working hard to develop altema- 
tive urinary markers of total body oxidative 
damage. 

The effects of dietary manipulation on the uri- 
nary excretion of 8-OHdG in humans have been 
reported in a few papers. Von Poppel et d9 r e  
ported no inhibitory effect of p-carotene supple- 
mentation in male smokers. They also found no 
inhibitory effect of caloric restriction for 10 
weeks.I3' However, consumption of 300 g of 
cooked Brussels sprouts per day decreased 8- 
OHdG generation by 28% in healthy male 

38,125-127 
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64 B. HALLIWELL 

non-~mokers .~~~ This could reflect less damage to 
DNA and/or its precursor pool (dGTP): it is also 
conceivable that constituents of this vegetable in- 
duce enzymes that metabolize 8-OHdG. 

Measurement of guanine damage products in 
DNA by HPLC and GC-MS 

8-Hydroxyguanine (8-OHG) and 8-OHdG are the 
products most frequently measured as indicators 
of oxidative DNA damage. Analysis of 8-OHdG 
using HPLC coupled to electrochemical detection 
(ECD)"~ is a highly sensitive technique that is 
frequently used after release of 8-OHdG from 
DNA, usually by enzymic hydrolysis. Gas 
Chroma tography-Mass Spectrometry (GC-MS) 
with Selected Ion Monitoring (SIM) has also been 
used to characterize oxidative DNA base damage 
by the identification of a spectrum of products,'08 
including 8-OHG, after formic acid hydrolysis of 
DNA and derivatization (often by trimethylsilyla- 
tion) to generate volatile products. When GC-MS 
is used to measure modified DNA bases, a quan- 
titative analysis of these bases in a DNA sample 
can be achieved by adding a suitable internal 
standard to the sample at an early stage of the 
analysis, such as before the hydrolysis of the 
DNA.'OB Stable isotope-labelled analogues of the 
modified bases can also be used as internal 
 standard^.'^^ 

One advantage of the GC-MS approach is that 
measurement of a wide range of base damage 
products allows more accurate quantitation of 
DNA damage and can help to identify the 
ROS/RNSspecies that caused the damage (e.g.'On 
selectively attacks guanine whereas OH' attacks 
all four DNA bases). However, the levels of 8- 
OHdG measured in DNA by HPLC/ECD are 
often" (but not less than the levels of 
8-OHG measured by GC-MS/SIM (selected ion 
monitoring). HPLC could underestimate the real 
amount of 8-OHdG in DNA if the enzymic 
hydrolysis is incomplete; the action of the ex- 
onucleases and endonucleases used to hydrolyse 
the DNA may be affected by the modification of 

the bases?6a135 and the acid pH often used for 
nuclease digestions could cause hydrolysis of 8- 
OHdG to 8-OHG, resulting in the loss of HPLC- 
detectable material (discussed in 36,136). By contrast 
GC-MS might overestimate 8-OHG (and perhaps 
other base damage products) as a result of their 
artifactual formation during the heating-step in- 
volved in classical silylation-based derivatization 
 procedure^.^,'^^ Hamberg and Zhang'% have de- 
veloped a 'cold' derivatization procedure that 
should avoid this problem. The important factor 
is that any necessary heating stages should be 
done anoxically: heating DNA bases in the pres- 
ence of 0 2  is bound to oxidize them! Hence some 
of the claimed artefacts"*'37 are due to failure to 
remove 0 2 .  However, it is difficult to remove O2 
completely. 

As an alternative means of avoiding possible 
problems with derivatization we have developed 
an HPLC-ECD method that allows measurement 
of 8-OHG and three of the other oxidized base 
products in acid-hydrolyzed DNA, thus avoiding 
the need for derivatization.'" Liquid chromato- 
graphy-mass spectrometry techniques are under 
development in several laboratories: this is an- 
other approach to avoiding derivatization prob- 
lems if sufficient sensitivity can be achieved. 

DNA isolation problems 

A problem to be considered in all these techniques 
is the possibility that DNA is oxidatively damaged 
during its isolation from cells and tissues, particu- 
larly if phenol based methods are used, since oxi- 
dizing phenols generate ROS.'392"' It has been 
shown that routine phenol-based DNA purifica- 
tion procedures can increase 8-OHdG levels 20- 
fold in samples that are exposed to air following 
removal of the phenol. Indeed, exposure to air 
alone results in a fourfold increase compared to 
DNA samples that have been solubilized in buff- 
ers purged with nitrogen.'39 Furthermore, the sen- 
sitization by phenol of DNA to subsequent 
exposure to air occurs despite extensive dialysis 
between phenol treatment and enzymatic DNA 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NUTRITIONAL ANTIOXIDANTS 6.5 

dige~ti0n.l~~ However, rigorous control of isola- 
tion procedures and avoidance of phenol in many 
laboratories (e.g. by studying isolated chromatin 
or by using different DNA isolation methods) 
does not abolish oxidative damage detected in 
isolated DNA,36,108,127,140-142,207 strongly supporting 
the view that there is a low steady-state DNA 
damage in vivo. Indeed the presence of a DNA 
repair enzyme system and the excretion of base 
damage products support the view that oxidative 
damage really does occur in vivo. 

There has been little work to date on effects of 
dietary manipulation on 'steady-state' levels of 
oxidative DNA damage in humans, but dietary 
vitamin E concentrations were reported not to 
affect 8-OHdG levels in rat liver DNA, whereas 
green tea in the drinking water decreased the rise 
in liver 80HdG levels produced by treatment of 
rats with 2-nitropropane. 143,206 

LIPIDS: LIPID PEROXIDATION 

Lipid peroxidation is important in vivo for several 
reasons, in particular because it contributes to the 

Hence a development of atherosclerosis. 
common test of the effectiveness of dietary anti- 
oxidants is to measure their effects on the 
'peroxidizability' of LDL isolated from blood 
plasma. For example, Esterbauer et dM showed 
that dietary supplementation of humans with 
vitamin E increased the 'lag period' before per- 
oxidation accelerated when LDL isolated from the 
plasma was subsequently incubated with copper 
ions in vitro. For example, 1200 IU of a-tocopherol 
increased the lag period by about 75%. 

Lipid peroxidation is also important because 
end products of this process (particularly 
cytotoxic aldehydes such as malondialdehyde 
(MDA) and 4-hydroxynonenal, HNE) can cause 
damage to proteins and to For exam- 
ple, an HPLC-ECD assay has been developed for 
the detection of the 1,N2-propano adducts formed 
by the reaction of mutagenic a,b-unsaturated 
aldehydes with DNA.'47 Other biologically rele- 

16,144,145 

vant aldehyde adducts to proteins and DNA that 
can be detected include those of MDA and 

A deoxyguanosine-MDA adduct 
has been identified in human and rat urine,'% but 
the levels excreted in rat urine were not affected 
by vitamin E status. 

The more unsaturated a fatty acid side-chain, 
the greater its propensity to undergo lipid per- 
oxidation. But do PUFAs really peroxidize at a 
faster rate in vivo? This question is particularly 
important in relation to proposals that increases 
in dietary polyunsaturate/saturate ratios are 
beneficial to health.I5' The brain and nervous 
system are particularly rich in highly polyun- 
saturated fatty acids, making them prone to 
undergo lipid peroxidation, at least in ~ i t r o . ' ~ ~  

~ p p .  145,147-149 

Steady-state measures of lipid peroxidation 

Human atherosclerotic lesions have been shown 
to contain lipid hydroperoxides,16 but the steady- 
state levels of peroxides in human body fluids, 
such as blood plasma, appear very low, usually 
4 0 0  nM. These data come from assays that 
measure 'real' lipid peroxides rather than 
notoriously-unspecific methods such as diene 
conjugation or the simple thiobarbituric acid 
(TBA) test.44 HPLC-based TBA tests can, how- 
ever, record comparably-low values, provided 
that BHT is added with the TBA 
Human body fluids also contain low levels of 
Fz-isoprostanes, compounds isomeric to prosta- 
glandins that appear to arise by free radical ox- 
idation of phospholipids containing arachidonic 
aCid.45,157.158 However, it has been suggested that 
8-epiPGFza can be generated by cyclooxygenase 
in human platelets, although this does not ap- 
pear to be a sigruficant contributor to total body 
production of this compound.159209 Isoprostanes 
appear to exist in human plasma largely esteri- 
fied to phospholipids rather than 'free' and sen- 
sitive assays to measure them have been 
desCribed.45,157,158.160 Preliminary data (Gopaul, 
Angaard and Halliwell unpublished) suggest 
that PUFAs other than arachidonate (including 

153-155 
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66 B. HALLIWELL 

eicosapentaenoic and docosahexaenoic acids) 
can give rise to different families of isoprostane- 
like compounds upon peroxidation. This might 
be an approach to assessing the relative rates of 
peroxidation of different PUFAs in the human 
body. 

Measuring 'total' lipid peroxidation in the 
human body 

Peroxide levels in cells and tissues represent a 
balance between peroxide formation and perox- 
ide metabolism or decomposition, i.e. they are 
essentially a 'steady-state' measurement. Can 
some measure of 'total' peroxidation (i.e. the input 
side of the equation) be obtained? 

Tlus has most-commonly been attempted by 
measuring hydrocarbon gases (ethane, pentane) 
in exhaled air'" and urinary excretion of MDA 
(more properly called TBA-reactive material).I6' 
The latter assay is confounded by diet: most of the 
lipid-related TBARS appearing in urine seems to 
arise from lipid peroxides or aldehydes in in- 
gested food, which are presumably largely gener- 
ated during For example, Brown et 
all" showed that a diet rich in cooked meat pro- 
moted urinary TBARS excretion, to an extent de- 
pending on the temperature at which the meat 
was cooked. Hence urinary TBARS is not a suit- 
able assay to assess whole body lipid peroxidation 
in response to changes in dietary composition, 
although it could theoretically be used to look at 
effects of antioxidant supplementation of people 
on a 'fixed' diet.'63 In any case, HPLC must be used 
to separate the real (TBA)zMDA adduct; much 
TBARS in urine is not even l ipid-deri~ed'~~ or 
arises from aldehydes other than MDA? A recent 
study167 showed that urinary TBARS (measured 
by HPLC) was unaffected by 50 days 
supplementation with 300 mg of d-a-tocopherol 
in 4 healthy Japanese subjects. 

Breath excretion of ethane and pentane, minor 
end-products of lipid peroxidation, is very diffi- 
cult (but not impossible'@) to measure in humans 
because of the problem of contamination of the 

atmosphere by these gases, resulting in their par- 
titioning into body fat stores.169 Particular prob- 
lems with pentane include the fact that it is 
metabolized by cytochromes P-450168,'70 and that 
GC columns frequently used to separate 'pentane' 
for measurement have in fact failed to separate it 
from isoprene, a hydrocarbon also excreted in 

Indeed, the real levels of ex- 
creted pentane seem close to zero in most 

Perhaps further evaluation of the 
technique of hydrocarbon gas exhalation should 
focus upon ethane,161 but in general the technique 
would be difficult to use reliably in human stud- 
ies except where subjects are confined to con- 
trolled environments breathing air of minimal 
hydrocarbon content. The possible effect of 
dietary changes upon hydrocarbon gas produc- 
tion by gut flora is another potential confounding 
factor. 

Isoprostanes and their metabolites can be mea- 
and this may prove sured in human urine, 

to be a valuable assay of whole body lipid per- 
oxidation if a confounding effect of diet can be 
ruled out. 

exhaled air.169.171.1R 

humans. 169,171,172 

45,158,209 

PROTEINS: DAMAGE BY ROS AND RNS 

Oxidative damage to proteins may be of particular 
importance in vivo both in its own right (affecting 
the function of receptors, enzymes, transport pro- 
teins etc and perhaps generating new antigens 
that provoke immune responses), and because it 
can contribute to secondary damage to other 
biomolecules, e.g. inactivation of DNA repair en- 
zymes and loss of fidelity of DNA polymerases in 
replicating DNA.'73 Attack of various RNS 
(ONOO-, NO'' and possibly some other species) 
upon tyrosine (both free and in proteins) leads to 
production of 3-nitrotyrosine, which can be mea- 
sured immunologically or by HPLC or GC/MS 
techniques (reviewed in 174). Reduction of 
nitrotyrosine to aminotyrosine increases the 
sensitivity of measurement, since the latter com- 
pound can be measured using highly-sensitive 
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HISTIDINE 8-0XOHISTIDINE 

OH 

TYROSTNE 

OH. / I \ ROS 

iRNS J I 

I I 
OH OH 

L-DOPA 3-Nll'ROTYROSINE 0.0'- DITYROSINE 

R = CI12CH(NH~)CO~II 
ROS ~ Reactive Oxygen Species 
ItNS .- Reactive Nitrogen Species 
01 I i I lyd1u\,,l I ( i l d l C i , l  

R = CH~~MNHI)COIH 
ROS = Rcnct~ve Oxygen Spccln 

8 
PHENYLALANINE 

$p. 
ortbTYROSINE 3-NITROPHENYALANrNE mecfl-lYROSIh'E 

R = CHEH(NHlC0,H 

ROS = Rcactlve Oxygen Specrs 
01 I = I-hrdroql Hsdkal 

FIGURE 1 Some of the products of attack by reactive oxygen and nitrogen species upon amino acid residues in proteins 

electrochemical detection. Nitrotyrosine is also 
excreted in human urine? although the possible 
confounding effect of dietary nitrotyrosine (if any) 
and of dietary nitrate/nitrite requires evaluation. 
For example, NO; can interact with HOCl to gen- 
erate a nitrating species that can convert tyrosine 
to 3-nitrotyro~ine.'~~ 

The chemical reactions resulting from attack of 
ROS/RNS upon proteins are complex. Free radi- 
cal attack can generate protein peroxides, which 
can decompose in complex ways. Assays of 
human tissues and body fluids by simple 'per- 
oxide determinations' such as those involving 

176,177 

178,179 xylenol orange or iodometric methodslso 
could measure such peroxides; this could conceiv- 
ably explain why levels of alleged 'lipid per- 
oxides' measured by such techniques in human 
body fluids tend to be higher (often in the pM 
range) than those revealed by the more-specific 
techniques for measuring lipid peroxides that 
were discussed earlier. 

Steady-state protein damage 
Several assays for damage to specific amino acid 
residues in proteins have been developed (Figure 
1) including assays of L-DOPA (produced by 
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68 B. HALLIWELL 

tyrosine hydroxyla tion),’” valine hydroxides (pro- 
duced from valine hydroperoxidesIn), tryptophan 
hydroxylation and ring-opening products,182p1B3 
8-oxohistidine,1Mr185 d i ty r~s ine ’~~ , ’~” ’~~  and ortho- 
and meta-tyrosines, products of attack of OH’ upon 
phenylalanine.42,’w1w The levels of any one (or, 
preferably, of more than one) of these products in 
proteins could in principle be used to assess the 
balance between oxidative protein damage and the 
repair or (more likely) hydrolytic removal of dam- 
aged proteins. The only products exploited to date 
have been the hydroxylated phenylalanines. For 
example, levels of ortho-tyrosine and dityrosine in 
human lens proteins have been reported in relation 
to age.“ These products were also measured in hair 
from ’Alpine Man’ Homo tirolensis.’” 

More use has been made of the carbonyl assay, a 
’general’ assay of oxidative protein damage:’ to 
assess steady-state protein damage in human tis- 
sues and body fluids. The carbonyl assay is based 
on the fact that several ROS can attack amino acid 
residues in proteins (particularly histidine, argin- 
ine, lysine and proline) to produce carbonyl func- 
tions that can be measured after reaction with 
2,4-dinitrophenylhyda~ine.~~’~~ The carbon y 1 
assay has become widely used and many labora- 
tories have developed individual protocols for it 
(e.g. ). Sometimes the assay procedures used 
in a particular laboratory are not precisely specified 
in published papers and even when they are, they 
often differ from those used originally by the group 
of Stadtman et al. (e.g. refs 40~1w-196 ). This point is 
important because there is a considerable variation 
in the ‘baseline’ levels of protein carbonyls in cer- 
tain tissues, depending on how the assay is per- 
f~rmed.’~’ , ’~~ For example, levels reported for 
human brain cortex range from 1.5 to 6.4 m o l /  mg 
pr~tein.”~ By contrast, most groups seem to obtain 
broadly-comparable values for protein carbonyls 
in human plasma, of <1 nmol/mg protein, so 
plasma protein carbonyls should be a useful 
marker of oxidative protein damage for nutritional 
studies. More work needs to be done to identify the 
molecular nature of the carbonyls, i.e. whch amino 
acid residues have been damaged and on what 

40.41.193 

proteins. Westem-blotting assays based on the use 
of anti-DNPH antibodies have been developed in 
an attempt to identify oxidatively-damaged pro- 
teins in tissues and body f l ~ i d s . ’ ~ ~ , ’ ~  Covalent bind- 
ing of certain aldehyde end-products of lipid 
peroxidation to proteins can generate ’carbonyls’ 
and this must be borne in mind.145 

Measures of total ongoing protein damage 

As mentioned above, urinary nitr~tyrosine~~ might 
be useful as a generalized index of attack by react- 
ive nitrogen species. Very little research has been 
carried out on the presence of oxidized amino acids 
and their metabolites in urine, except that bity- 
rosine has been detected and can be measured by 
HPLC with fluorescence detection (our unpub- 
lished data). Alysine-MDAadduct was found in rat 
and human urine.208 More work needs to be done in 
this area, and the possible confounding effects of 
oxidized proteins/amino acids in the diet (e.g. in 
irradiated must be considered. 

CONCLUSION 

The proposal4 that ’state of the art’ biomarkers of 
oxidative damage could be used to answer ques- 
tions about dietary antioxidant effects in humans 
is a fairly novel one. Some of the assays currently 
available need further development, particularly 
those of ‘total ongoing’ DNA and protein damage. 
However, even at the present stage of develop- 
ment, useful information can be (and has been) 
gained. We can at last begin to put the specula- 
tions of recent years about optimal antioxidant 
nutrition onto a firm scientific basis. 
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