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An antioxidant is a substance that, when present at low concentrations compared to those of an oxidizable 
substrate, significantly delays or prevents oxidation of that substrate. Many substances have been suggested 
to act as antioxidants in vieo, but few have been proved to do so. The present review addresses the criteria 
necessary to evaluate a proposed antioxidant activity. Simple methods for assessing the possibility of 
physiologically-feasible scavenging of important biological oxidants (superoxide, hydrogen peroxide, 
hydroxyl radical, hypochlorous acid. haem-associated ferry1 species, radicals derived from activated 
phagocytes. and peroxyl radicals, both lipid-soluble and water-soluble) are presented, and the appropriate 
control experiments are described. Methods that may be used to gain evidence that a compound actually 
does function as an antioxidant in viso are discussed. A review of the pro-oxidant and anti-oxidant 
properties of ascorbic acid that have been reported in the literature leads to the conclusion that this 
compound acts as an antioxidant in vivo under most circumstances. 

KEY WORDS: Antioxidant, free radical, lipid peroxidation, ascorbic acid, oxygen radicals, DNA 
damage. peroxyl radicals. neutrophils, hypochlorous acid. 

INTRODUCTION 

The word “antioxidant” can be defined in various ways. Often, the term is implicitly 
restricted to chain-breaking antioxidant inhibitors of lipid peroxidation, such as 
vitamin E. However, the author prefers a broader definition - an antioxidant is “any 
substance that, when present at low concentrations compared to those of an oxi- 
dizable substrate, significantly delays or prevents oxidation of that substrate.’” The 
term “oxidizable substrate” includes almost everything found in living cells, including 
proteins, lipids, carbohydrates and DNA. Antioxidants are of interest to radiation 
chemists, food scientists, polymer chemists and even to curators of museums,14 but 
I shall confine discussion here to the antioxidants known, or proposed, to be impor- 
tant in aerobic organisms. Recent reviews have covered the well-established physiolo- 
gical antioxidant roles of such proteins as superoxide di~mutase,~ glutathione 
peroxidase,6 catala~e’.~.’ and caeruloplasmin.’ The role of the lipid-soluble chain- 
breaking antioxidant vitamin E has also been extensively discussed?.” 

*The term ROS is used in preference to oxygen radicals (since H,O,, singlet OiAg and HOCl are 
non-radicals) or oxidants (since 0, is also a reducing agent). “Reactive” is a relative term, e.g. 0; is more 
reactive than O2 but much less so than *OH or HOCI. 
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2 B. HALLIWELL 

TABLE I 
Questions to ask when evaluating the proposed role of an "antioxidant" in vivo 

1. What biomolecule is the compound supposed to protect? Is the compound present in vivo at or near 
that biomolecule at sufficient concentration? 

2. How does it protect - by scavenging ROS, by preventing their formation or by repairing damage? 
3. Is antioxidant protection the primary biological role of the molecule or a secondary one? For example, 
SOD has probably evolved as an antioxidant enzyme.* By contrast, transferrin has probably evolved as an 
iron transport protein, although the binding of iron ions to transferrin stops them accelerating radical 
reactions.'R giving this protein an important secondary role in extracellular antioxidant defen~e.~' 
4. If the antioxidant acts by scavenging a ROS, can the antioxidant-derived radicals themselves do 
biological damage? 
5 .  Can the antioxidant cause damage in biological systems different from those in which it  exerts 
protection? 

Many other substances have been proposed to act as antioxidants in vivo. They 
include p-carotene," albumin,12 metall~thionein,'~ carnosine and related com- 
p o u n d ~ , ' ~ , ' ~  mucus,'6 phytic acid,17 taurine and its precursors,'8-20 bilirubin,*' uric 
acid," oestrogens," ~reatinine,'~ ergothioneine (reviewed in2'), dihydrolipoic acid,'(' 
ov~thiols, '~ coenzyme Q.28 polyamine~,'~ re t in~l ,~ '  flavonoids and other phenolic 
compounds of plant origin" and ascorbic acid, a compound that has been reported 
to have both antioxidant and pro-oxidant properties, depending on the reaction 
 condition^.^'.'.' Some drugs administered to humans, such as non-steroidal anti- 
inflammatory drugs (reviewed i d 4 ) ,  de~ferrioxarnine~"~~ and N-acetylcysteine ([re- 
viewed in3']) might have antioxidant properties in vivo. 

In evaluating the likelihood of a proposal that a given compound acts as an 
antioxidant in vivo, i t  is important to ask the right questions, as summarized in Table 
1.  Some quite simple experiments can be performed in vitro to answer certain of these 
questions, and the results can allow one to rule out the proposed antioxidant ability 
in several cases. The purpose of the present review is to outline a battery of fairly- 
simple experiments that may be used to approach this problem. Let us first remind 
ourselves what reactive oxygen species (ROS)* are actually formed in vivo. 

BIOLOGICALLY-IMPORTANT REACTIVE OXYGEN SPECIES 

In testing putative antioxidant activity it is important to use biologically-relevant 
reactive oxygen species (ROS)*. One of these is superoxide. 0; , which is known to 
be formed in vi~o. ' .~ .~ '  Some of this 0; production is accidental, e.g. by leakage onto 
O2 of electrons from the electron-transport chains of mitochondria and endoplasmic 
retic~Ium.'~~~"O Some 0; production is deliberate, e.g. that by activated phagocytic 
cells.4' I t  has been suggested that vascular endothelium may also constantly produce 
small amounts of 0, as part of a vaso-regulatory mechanism.42 

Superoxide formed in vivo is converted by superoxide dismutase (SOD) or by 
non-enzymic dismutation into H 2 0 2 .  Some enzymes, such as glycollate oxidase, also 
produce H 2 0 2  dire~t1y.I .~~ Unlike O;, H 2 0 z  is able to cross all biological membranes. 
Both 0; and H 2 0 2  can find some targets within cells at which they can do direct 
damage,5."0 but on the whole their reactivity is limited. Thus only a few compounds, 
other than specific enzymes such as SOD and catalase, are able to remove 0; and 
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ANTIOXIDANT CHARACTERIZATION 3 

H 2 0 2  at rapid rates. For example, many thiols react with H202  and with 0; , but the 
rate constants for these reactions are low, usually < lo3 M-' s-I .37** Th us very high 
thiol concentrations (often > 1 mM) would be required to achieve significant scaveng- 
ing. It is therefore unlikely that most thiol compounds administered to humans as 
drugs (such as N-acetylcysteine or penicillamine) could act in vivo by scavenging 0; 
or H,02,  simply because such high drug concentrations are not achieved in body 
fluids. GSH is present at intracellular concentrations in the high millimolar range, but 
the reaction of GSH with 0; or H 2 0 2  can produce reactive sulphur-containing 
radicals that might be capable of doing more damage than the 0; and H 2 0 2  would 
by t h e m ~ e l v e s . ~ ~ . ~ ~  It is perhaps therefore fortunate that reactions of 0; and H202  with 
thiols are slow. 

Ascorbic acid reacts with 0; with a rate constant of approximately 
2.7 x lo5 M- '  s - '  at pH 7.4.47 Many animal tissues (e.g. eye lens, lung, brain) and the 
chloroplasts of green plants contain ascorbate at millimolar concentrations, and so 
scavenging of 0; in vivo might be feasible.4749 Thus although SOD reacts with 0; 
about four orders of magnitude faster than does ascorbate, the concentration of 
ascorbate in vivo is often more than four orders of magnitude greater than that of 
SOD.'.48.49 Such arguments based on rate laws assume, of course, completely homoge- 
neous distribution of substances within the cell, which is rarely the case. For example, 
most 0; formed in chloroplasts is produced by the thylakoids. Much SOD is bound 
to the thylakoid surface, whereas ascorbic acid is in the stroma, giving the SOD an 
a d ~ a n t a g e . ' . ~ ~  Reaction of ascorbic acid with 0; produces the semidehydroascorbate 
radical, which appears to be an unreactive species, incapable of doing significant 
biological Indeed, the stability of this radical means that it can easily be 
observed by ESR in biological material." 

Several keto-acids, such as glyoxylate, pyruvate and 2-0xoglutarate~~-~~ react with 
H 2 0 2 .  Rate-constants for the reactions have not been determined but are likely to be 
low, since millimolar concentrations of keto-acid have to be added to achieve high 
rates of H202  and it is not clear if such concentrations are usually 
achieved in vivo. Pyruvate at high concentrations in cell-culture media can protect cells 
against damage by H202  53.56 and Varma et ~ 1 . ~ ~  have argued that pyruvate concentra- 
tions in the mammalian lens might be sufficiently high to offer protection against 
H202  in vivo. 

Hydroxyl radical 

Much of the damage done by 0; and H 2 0 2  in vivo is thought to be due to their 
conversion into highly-reactive oxidants.'~5~35~39~s7.58 After a long debate, it seems to be 
firmly established that one of these oxidants is hydroxyl radical, confirming 
a view held by the authorm and  other^^'-^^ for over ten years now. 

Formation of .OH from 0; requires traces of catalytic transition metal ions, of 
which iron seems likely to be the most important in vivoS7*" although copper ions 
might also play a In systems containing 0; , H 2 0 2  and iron ions, reactive 
species additional to *OH are probably also formed, including perferryl and ferry1 
(Figure I ) .  With copper ion/H202 systems the chemistry is even less clear - debate 
continues as to whether *OH is formed at all, or if it is formed in addition to a reactive 
copper(II1) species (e.g. Cu(0H)Z ).58.65.66 However, the ability of copper ion/H202 
systems to do severe damage to and to DNA7's7' is well established, so 
that whatever species are formed are highly reactive. Even in systems containing iron 
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4 B. HALLIWELL 

0; + Fe'+ -chelate a [O; -Fe'+ -chelate -0,-Fe2+ -chelate] e 0 ,  + Fez+ -chelate 

Fe2+ -chelate + HzO, -+ 

Initial reaction of 0; with Fe'+ -chelates producesperferryl as an intermediate. Reaction of Fe'+ -chelates 
with H,O, eventually produces *OH. possibly via a ferry1 intermediate." 

Ferryl? + *OH + OH- + Fe'+ -chelate [ Fe(l", = .] 

0; + CuZt -chelate + intermediate + Cut -chelate + 0, 
[Cu'+ -OF?] 

Cut -chelate + HzO, -+ intermediate? -% -OH + OH- + Cuz+ species 
+>20? 0; + Cu'+ -chelate + 2H 

With copper ions. even less is understood about the reaction mechanism. Thus 0; might reduce Cu*+ to 
Cut ,  or oxidize it to a reactive copper(l1I) complex. Reaction of H,O, with copper ions might produce 
copper(II1) and/or .OH. 

FIGURE I Intermediates in superoxide-driven Fenion-type Chemistry. 

ions, debate continues as to which biological iron chelators might actually mediate 
*OH formation in vivo and where they might be located in the b ~ d y . ' ~ * ' ' * ~ * ~  Neverthe- 
less, evidence for the biological importance of superoxide-driven Fenton chemistry is 
now substantial, as recently discussed in several a r t i ~ l e s . ' ' . ~ ~ . ~ ~ - ~ ~  Background exposure 
to ionizing radiation will also cause a steady low rate of -OH formation within cells, 
by splitting of water. 

Hydroxyl radical is fearsomely reactive: it combines with almost all molecules 
found in living cells, with rate constants of lo9 - IO1OM-' s Thus almost every- 
thing in a cell is an .OH scavenger: no specific molecule has evolved for this role. 
Hence a suggestion that, for example, plasma metall~thioneinl~ acts to scavenge *OH 
in vivo seems chemically unlikely. The rate constant for scavenging (at > IO'OM - I s- I )  

may be high, but the molar concentration of metallothionein in plasma is far less than 
that of substances that are also capable of rapidly scavenging .OH such as albumin 
(rate constant also > 1010M-'s-176).  Glucose is a poorer scavenger (rate constant76 
about lo9 M ~ I s - ' )  but its presence at 4.5 millimolar concentration would allow it to 
compete favourably with metallothionein. In the same way, suggestions that several 
anti-inflammatory drugs act in vivo by scavenging *OH formed at sites of inflamma- 
tion are unlikely to be true: in almost all cases the drug does not accumulate to a high 
enough concentration in viv0.34-77 One possible exception may be ~a l icy la te .~~ 

It seems much more likely that an antioxidant acting to interfere with damage 
caused by .OH in vivo will act not by scavenging, but by binding the transition metal 
ions needed for -OH formation from 0; and H 2 0 2  (Figure 1). Indeed, it has been 
argued that iron and copper ion transport and storage proteins have evolved so as to 
safely sequester the metal ions that they transport or store into forms that are 
incapable of stimulating free radical  reaction^.'.'.^^.^^.^ This may be achieved by two 
mechanisms. First, binding may so alter the redox potential and/or accessibility of the 
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ANTIOXIDANT CHARACTERIZATION 5 

metal ion that it cannot participate in *OH formation: this appears to be true of iron 
ions bound to transferrin or lactoferrin3’ and of copper ions bound to caeruloplas- 
min.’ Metallothionein could also help to sequester copper and other transition metal 
ions in “safe” forms. In the same way, the iron chelator desferrioxamine, at the 
concentrations actually achieved in vivo during therapeutic administration, is far more 
likely to protect against damage mediated by .OH by binding iron ions and prevent- 
ing .OH formation, rather than by scavenging this radical directly.36 

A second possibility is that binding of a “catalytic” transition metal ion to an 
“antioxidant” does not prevent the redox reactions, but that they are directed on to 
the antioxidant, so sparing a more important target. Because .OH is highly reactive, 
it will combine with the biological molecules that are present at  or very close to its site 
of formation, and so the location of “catalytic” transition metal ions in vivo is an 
important determinant of the actual cellular damage that is done by oxidative 

Hence the presence of copper or iron ions bound to DNA in vivo can 
lead to DNA damage by site-specific Fenton chemistrys9-70.71.73.79 whereas metal ion 
binding to membranes can lead to lipid p e r ~ x i d a t i o n : ~ ~ ~ ~ ~ . ~ * ’ ~  When copper ions bind 
to plasma albumin, Fenton-type reactions can still occur on the binding sites and the 
protein is damaged.67-69 However, albumin is much less significant as a target of 
damage than are the membranes of erythrocytes” or vascular endothelial ~ e l l s , ~ ~ . ~ ~  so 
that the binding of copper ions to albumin may represent a protective mechanism 
overall,12 since the damaged albumin can be quickly replaced. Binding of copper ions 
to the amino acid histidine in plasma might also be a protective mechanism: formation 
of .OH radicals detectable in free solution is ~uppressed,’~ but the histidine is des- 
troyed.” Both albumin and histidine might thus represent safe temporary transport 
forms for copper ions in plasma, until they can be cleared from the circulation by the 
liver. 

,,tress. 12.39.64.65.75 

Peroxyl radicals 

Attack of .OH upon biological molecules can proceed by addition, hydrogen atom 
abstraction or electron transfer reactions (reviewed in’). In all cases, a radical is 
formed from the biomolecule attacked. Detailed studies have been carried out on the 
radicals that can result from attack of .OH upon DNA87.88 and some 
 protein^.'^,'^.^^ In many cases, carbon-centred radicals are produced, that can then 
react with O2 to give peroxyl radicals, e.g. 

0 R-H % H,O + R’ -A RO; 
Formation of peroxyl radicals is the major chain-propagating step in lipid peroxida- 
tion,1*86 but they can also be formed in non-lipid systems. For example, radicals 
resulting from the attack of .OH upon uric acid can inactivate yeast alcohol dehyd- 
rogenase” or human al -antiproteinase.’* 

Reaction of *OH with thiols can produce thiyl radicals (RS.) that then react with 
oxygen to give reactive oxysulphur radicals such as RSO. and RSO; (thiyl peroxyl): 
the exact chemistry of these reactions is still u n ~ e r t a i n . ~ ~ . ~ ~ . ~  Oxysulphur radicals 
resulting from attack of -OH upon penicillamine appear to be capable of inactivating 
a, -antiproteinase;’ and probably of damaging other proteins. Whether or not .OH 
radicals ever react with uric acid and penicillamine in vivo is uncertain: the concentra- 
tions of uric acid present in normal body fluids, and the concentrations of penicilla- 
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6 B. HALLIWELL 

mine present in the body fluids of patients treated with this drug are less than 1 mM, 
and so they may not compete effectively for any -OH generated. On the other hand, 
both uric acid and penicillamine readily bind iron and copper ions96.97 and so they 
might direct .OH formation onto themselves, resulting in production of reactive 
radicals. 

Scavengers able to remove peroxyl radicals might be effective in the aqueous phase 
(e.g. dealing with radicals from DNA, thiols, uric acid etc) or in the hydrophobic 
(membrane interior) phase. Glutathione (GSH) reacts rapidly (rate constants - lo7 - M - ’ s - ’ )  with radicals resulting from attack of .OH upon DNA.87.98 
Indeed, “repair” of DNA-derived radicals in irrdiated cells is thought to be the major 
mechanism accounting for the radioprotective action of GSH,87.98 although damage 
potentially resulting from the GS* radical and its derivatives must not be i g n ~ r e d . ~ ~ . ~ ~  
Ascorbic acid also reacts very quickly (rate constants - lo8 M-’  s-’)y3.9y.Iw with both 
peroxyl radicals and with sulphur-containing radicals and so might serve an impor- 
tant repair function. Thus, at  physiological concentrations, ascorbate was able to 
protect aI -antiproteinase against radicals resulting from the attack of .OH upon uric 
acid.” 

The scavengers of peroxyl radicals that operate in the hydrophobic interior of 
biological membranes, are, of course, the chain-breaking anti oxidant inhibitors of 
lipid peroxidation. By far the most important of these in vivo is a - t o c o p h e r ~ l . ~ ~ ~ ~ ~ ’ ~ ~  The 
author believes that the main biological function of a-tocopherol in Man is to act as 
an antioxidant, although it may have other functions as Some other compounds 
present in membranes may be able to act as chain-breaking antioxidants, but I believe 
that this is nor their major physiological function: perhaps they are oxidized simply 
because they happen to be there. Thus peroxidation of mitochondria1 membranes 

min 

FIGURE 2 Time-course of the consumption of  antioxidants and formation of conjugated dienes during 
oxidation of human plasma low-density lipoproteins. The diene increase was measured by continuous 
monitoring of the increase in absorbance at 234nm. Reproduced with permission from Esterbauer er al. 
(1989) Free Radical Res. Commun., 6. 61-15. 
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ANTIOXIDANT CHARACTERIZATION 7 

TABLE 2 
Polyunsaturated fatty acids and antioxidants in human low-density lipoproteins. The values given are the 
mean and the highest and lowest values of I6LDL preparations from different donors. The relative 
molecular mass of the LDL particle was assumed to be 2.5 x lo6. Reproduced with permission from 
Esterbauer et al. (1989) in Medical, Biochemical and Chemical Aspects of Free Radicals (eds Hayaishi, 0 
e/  al.) pp. 1203-1209. 

Number of molecules per LDL particle 

mean range 

linoleic acid ester 
arachidonic acid ester 
a-tocopherol 
;)-tocopherol 
j-carotene 
1 ycopene 

957 
87 
6.5 
0.5 
0.3 
0.2 

680- I247 
48- I72 

4.0-9.9 
0.3-0.7 
0.1-0.7 

0.05-0.3 

results in loss of ubiquinone, and this loss appears to protect the lipid. Hence 
ubiquinone has been called an antioxidant.28-'02 It may well be, however, that the 
damage to ubiquinone is more significant in terms of loss of mitochondria1 function 
than is the damage to lipid. Indeed, when peroxyl radicals in membranes react with 
membrane proteins, the lipid is spared, but the attack upon the proteins can 
sometimes be much more physiologically-damaging in interrupting membrane func- 
tion.Io3 Thus one would not call the membrane proteins "antioxidants". 

Retin~l'@''.'~~ and lyc~pene ' " . ' ~~~  in membranes might also be attacked by free 
radicals during membrane lipid peroxidation simply because of their location, as 
might /?-carotene within membranes. b-carotene inhibits peroxidation of lipids only 
at low O2  concentration^,"^'^^ but this is not without biological relevance since many 
human tissues have low intracellular O2 concentrations in vivo. When low density 
lipoproteins isolated from plasma undergo peroxidation, oxidation of lipids does not 
reach its maximum rate until tocopherols, lycopene, retinol and /?-carotene have been 
oxidized (Figure 2). Does this mean that retinol, /?-carotene and lycopene are selec- 
tively accumulated in LDL in order to act as antioxidants? Probably not, since there 
is less than 1 molecule of /?-carotene per LDL particle in vivo (Table 2 ) .  By contrast, 
about 7 a-tocopherol molecules are present per LDL particle (Table 2), consistent 
with its important physiological role as a chain-breaking antioxidant.10'.'06 

Many lipid-soluble chain-breaking antioxidants can have pro-oxidant properties 
under certain circumstances, often because they can bind Fe(II1) ions and reduce them 
to Fe'+. Even a-tocopherol can be made to exert pro-oxidant effects in v i t r ~ , ' ~ ' . ' ~ ~  
although these have no physiological relevance. Propyl gallate, an antioxidant 
sometimes used in the food industry, has limited solubility in water, but this is enough 
to allow it to accelerate both .OH formation from H 2 0 z  by Fenton chemistry and 
DNA damage by the antibiotic bleomycin, in both cases by its ability to reduce Fe(II1) 
to Fe'+ .108.1w Many plant phenolics (especially flavonoids) have been styled as "antio- 
xidants" because they inhibit lipid peroxidation - hence the appearance of "bioflavo- 
noids" (plus or minus vitamin C) on the shelves of health-food stores. However, 
several plant phenolics can accelerate oxidative damage to non-lipid biomolecules 
such as DNA."'-'' They do this by reducing Fe(II1) ions to Fe2+ 'I2 and/or by 
oxidizing to produce 0; and H 2 0 2  .llo.lll Thus an antioxidant in one system is nor an 
antioxidant in all systems, and this must be borne in mind. 
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8 B. HALLIWELL 

Phagocyte-derived oxidants 

Activated neutrophils, macrophages, eosinophils and monocytes produce 0; and 
H,02 .  Most, if not all, of the H,O, arises by dismutation of 0; , the first product of 
the NADPH oxidase enzyme ~omplex.~' ." ' ."~ After a long debate, it now seems clear 
that neutrophils (and presumably other kinds of phagocytic cell) do not themselves 
secrete or contain an iron catalyst capable of forming -OH from 0; and H202.'1S*116 
Indeed, neutrophils may secrete the iron ion-binding protein lactoferrin in order to 
minimize iron-dependent radical reactions in their s u r r o ~ n d i n g s . ~ ~ ~ " ~ ~ " ~ ~ " ~  This is not 
to say that .OH does not contribute to bacterial killing or digestion in the phagocytic 
vacuole. Thus H z 0 2  might enter the bacteria and kill them by generating *OH''9 using 
intra-bacterial iron ions.I2' Alternatively, attack of hypochlorous acid upon bacteria 
may cause iron ion liberation into the vacuole, so allowing .OH formation."' 

If neutrophil-derived 0; and H,02 are involved in producing oxidative damage to 
tissues, antioxidant protection could be achieved not only by scavenging these species, 
but also by agents that block the respiratory burst and stop their formation. Thus 
several anti-inflammatory drugs have been suggested to interfere with phagocyte 
functioning (reviewed id4 ) .  However, very few of these claims meet the criterion that 
the drug at the concentrations actually achieved in vivo during normal therapeutic 
regimes must slow the respiratory burst that is triggered by using physiological stimuli 
such as opsonized bacteria. Drugs for which interference with the respiratory burst is 
a feasible contributor to their action in vivo include p i r o x i ~ a m , ' ~ ~ . ' ~ ~  and antimala- 
rials. 124 

Activated neutrophils contain and secrete the enzyme myeloperoxidase, which uses 
H,O, to oxidize chloride ions into the powerful oxidant hypochlorous acid, HOCl 

). Human eosinophils contain a similar enzyme, which prefers 
bromide (Br- ) ions as a substrate and presumably produces HOBr.126 Hypohalous 
acids contribute something to the mechanisms by which neutrophils and eosinophils 
attack ingested bacteria or parasites respectively, but the extent of the contribution 

HOCl produced outside the phagocyte might also contribute is uncertain.l 13.114.1?5.127 

to tissue damage. For example, it is a powerful oxidant of critical -SH groups on cell 
surfaces, so interfering with membrane transport ~ y s t e m s . ' ~ ~ - ' ~ ~  HOCl can also oxidize 
an essential methionine residue in a, -antiproteinase (formerly called a ,  -antitrypsin). 
a,  -Antiproteinase is the major inhibitor of serine proteases, such as elastase, in human 
body fluids. Oxidation of the methionine causes this protein to lose its protease 
inhibitory capacity, so facilitating proteolytic injury in the surrounding area, e.g. 
damage to elastic fibres in lung by e l a ~ t a s e . ' ~ ~ . ' ~ '  The rate of inactivation of a-antipro- 
teinase by HOCl is extremely fast, being complete within rn in~tes . '~ '  

However, because HOCl is highly reactive, it can also combine with many of the 
other molecules in its immediate vicinity. Thus when HOCl is added to human 
plasma, al -antiproteinase is not inactivated because the HOCl preferentially reacts 
with other plasma components present at greater molar concentrations than those of 
al -antiproteinase. These components include albumin'32 and ascorbic acid.I3' Indeed, 
ascorbic acid at physiological concentrations is a powerful scavenger of HOCI, being 
able to protect al -antiproteinase against ina~tivation.'~' Scavenging of HOCl by 
albumin may well be due to rapid reaction with -SH groups on this ~r0 te in . I '~  The 
bilirubin bound to circulating albumin does not contribute significantly to the HOCI- 
scavenging ability,'34 although bilirubin may help to prevent unsaturated fatty acids, 
transported in an albumin-bound form in the blood, from becoming peroxidized.21 
Oxidized albumin may be rapidly cleared from the circulation and 

(reviewed inl13.114.125 

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 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

6/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ANTIOXIDANT CHARACTERIZATION 9 

Recent surveys have examined the ability of several anti-inflammatory drugs to 
scavenge HOC1.136.137 It was concluded that almost all of the drugs examined could 
react, but only a few drugs would, at the concentrations present in vivo, be capable 
of reacting fast enough to protect biological targets such as ctl -antiproteinase from 
attack by HOCI. Thus HOCl scavenging in vivo in patients treated with these drugs 
is only feasible in the case of thiol compounds (penicillamine, N-acetylcysteine), 
phenylbutazone and aminosalicylates. Again, even if these drugs are oxidized in vivo 
by HOCl, the possibility of forming toxic products as a result of oxidation must not 

An antioxidant protecting against damage by HOCl might also act by inhibiting 
myeloperoxidase. Thus several thiols are not only good scavengers of HOCI, but also 
act as competing substrates for myeloperoxidase and therefore slow down HOCl 
formation.""'-142 Aminosalicylates and dapsone may also inhibit mye10peroxidase.l~~ 
Ascorbic acid probably also acts as an alternative substrate for myeloperoxidase and 
might slow HOCl production. 

be ignored.37,95, 136-141 

Excess H2 O? 

I 

Ferryl and perjerryl species 

Interaction of 0; with iron ions can form perferryl species (Figure l) ,  which have 
been suggested to be capable of initiating lipid peroxidation. However, a perferryl 
species is known to be present at the active site of peroxidase compound 111, a 
poorly-active form of the enzyme. Hence the author feels that perferryl is not a likely 
candidate for a reactive damaging species in vivo (discussed in57*64). 

Ferryl, an 0x0-iron species in which the iron has an oxidation number of 4, may 
also be formed in Fenton systems (possibly as an intermediate in .OH formation: 
Figure I) ,  and would be expected to be powerfully oxidizing. Haem-associated ferryl 
species are well-known to be generated by reaction of certain haem proteins (hor- 
seradish peroxidase, myoglobin and probably haemoglobin) with H2 0, Mix- 
tures of myoglobin or haemoglobin with H,O, are capable of accelerating lipid 
p e r o x i d a t i ~ n , ' ~ ~ - ' ~  a property that has been attributed by some groups to initiation 
of peroxidation by the ferryl proteins (reviewed ini4*). In addition, incubation of 

. / 1 
l imi ld  H2O2 

Pro!ein - Ferryl species 

Myoglobin, and probably haemoglobin. react with H,O, to form ferryl species. Excess H,O, leads to haem 
degradation and iron ion release, perhaps via a ferryl intermediate. 

FIGURE 3 Interaction of myoglobin and haemoglobin wirh H2O2 
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10 B. HALLIWELL 

myoglobin and haemoglobin with an excess of H 2 0 2  can cause haem breakdown to 
release iron  ion^,'^'-'^' as shown in Figure 3. Both ferryl formation, and the release of 
iron ions able to accelerate free radical reactions, from haemoglobin might account 
for the observation that bleeding into a site of inflammation exacerbates tissue 
injury.34*'" Formation of ferrylmyoglobin as a result of production of H 2 0 2  upon 
reoxygenation of ischaemic heart tissues has also been suggested to contribute to 
myocardial reoxygenation i n j ~ r y . ' ~ ' . ' ~ ~  Thus agents that scavenge ferryl species might 
prevent lipid peroxidation, stimulated by ferryl haem proteins. They might also 
prevent decomposition of the proteins to release catalytic iron ions.'48.'55-'59 Ascorbic 
acid seems especially effective in this respect, presumably by being preferentially 
oxidized and so reducing the iron in the haem ring back to an Fe(II1) ~ t a t e . ' ~ ~ , ' ~ ~  Thus 
ascorbic acid inhibits lipid peroxidation stimulated by mixtures of haem proteins and 
H z 0 2 ,  and also slows or prevents haem degradati~n."~. ' '~ 

Other species capable of reacting with ferryl haem include thiols and uric a ~ i d , ' ~ ~ . ' ~ ~  
although the potential pro-oxidant effects of radicals resulting from one-electron 
oxidation of uric acid or of thiols must be considered. Hence, tests of the ability of 
a substance to scavenge haem-associated ferryl species may be relevant in the evalua- 
tion of antioxidant activity, particularly if antioxidants are being developed for use 
against myocardial reoxygenation injury. 

Singlet oxygen 

Oxygen has two singlet states, but the ' A g  state is probably the most important in 
biological systems (reviewed in'). Singlet O2 'Ag  has no unpaired electrons and is 
therefore not classified as a radical, but it  is known to be a powerful oxidizing agent, 
able to combine directly with many molecules that are unreactive with ground-state 
02, such as polyunsaturated fatty acids.' The term "singlet 0," is used in the rest of 
this review to refer to both ' Ag and ' Zg+ states collectively. 

Singlet oxygen can be produced on or in the skin as a result of photosensitization 
reactions triggered by certain drugs,'*'63 cosmetics,I6' plant toxins'" or by the por- 
phyrins that accumulate in some forms of p~rphyr ia . '~ '  Singlet O2 is also important 
in the "phototherapy" of certain diseases, e.g. the use of psoralens to treat psoriasisIm 
and of haematoporphyrin derivatives in lung cancer.'66 Singlet O2 may also be 
generated in the lens of the eye and contribute to the development of 

However, whether singlet O2 is produced as a major tissue-damaging species in the 
deeper tissues of the body is uncertain. Suggestions that singlet O2 is produced by 
non-enzymic dismutation of Oi  or during the respiratory burst of phagocytic cells 
have not received much experimental s ~ p p o r t . ' ~ " ' ~ ~  During peroxidation of mem- 
brane lipids, singlet O2 (or at  least a species closely resembling i t )  is produced, 
probably largely by the self-reaction of lipid peroxyl radicals (reviewed in'"). 

>CHO,. + >CHOl* + '0, + > C  = 0 + ->C-OH (3) 
This singlet O2 could then react with further polyunsaturated fatty acid side-chains 
and contribute to the overall peroxidation pro~ess . '~ '  However, singlet O2 seems only 
to make a minor contribution in most peroxidation systems, possibly because LO; 
radicals do not accumulate to high concentrations in membranes and so their self- 
reaction is kinetically disfavoured. 

Ascorbic acid is not only a chemical scavenger of singlet O,, but also quenches this 
molecule very effectively in aqueous s o l ~ t i o n . ' ~ ~ - ' ~ ~  Similarly, a-tocopherol can both 
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ANTIOXIDANT CHARACTERIZATION I 1  

quench and scavenge singlet 0, within rnernbrane~. ' . '~~ In addition, carotenoids can 
both quench and scavenge singlet 0,: this role is of the greatest importance in 
protecting illuminated chloroplasts against photodestruction reviewed in,"' but 
whether it is of relevance to normal mammalian metabolism is uncertain. Adminis- 
tered carotenoids have been observed to have beneficial effects in patients exposed to 
photosens i t i~ers '~~ . '~~  and there is a weak inverse correlation between a high dietary 
intake of carotenoids and the incidence of cataract'77 or of cancer."' Lycopene is 
especially effective in quenching singlet 0, . I o s a  

METHODOLOGY - HOW TO TEST FOR ANTIOXIDANT ACTIVITY 

Now that the multiple ways in which a substance might exert antioxidant activity have 
been reviewed, let us see how simple tests to evaluate putative antioxidant properties 
may be carried out in vitro. It is essential to examine the action of a compound over 
a physiologically-relevant concentration range. For example, if compound X is 
present in vivo at concentrations < 1 mM, its ability to inhibit lipid peroxidation only 
at concentrations > 20mM is irrelevant. One must also bear in mind that, if acting 
as a scavenger, an "antioxidant" may itself give rise to damaging radical species. 

Scavenging of superoxide 

Superoxide is easily produced by radiolysis of water in the presence of 0, and formate 
ions. Pulse radiolysis allows examination of the spectrum of any products formed 
when 0; reacts with a putative an t i0~ idan t . l~~  However, pulse radiolysis is unsuitable 
for measuring reactions of 0; in aqueous solution where the rate is much lower than 
the overall rate of non-enzymic dismutation of 0;. This limits measurements of rate 
constants to those of lo5 M - I  s -  ' or greater. Unfortunately, the rate constants for the 
reaction of 0; with most biological molecules, except ascorbate and SOD, are less 
than this." Stopped-flow methods can be used to study these slower reactions (e.g.'*"). 
However, provided that suitable control experiments are done, good approximations 
to rate constants may be achieved using simple test-tube systems. Thus a mixture of 
hypoxanthine and xanthine oxidase at pH 7.4 generates 0; "' which reacts with 
cytochrome c and nitro-blue tetrazolium (NBT) with defined rate constants,44 namely 
2.6 x lO'and6 x lO4M-' s - '  respectively. Any added molecule capable of reacting 
with 0; will decrease the rates of cytochrome c or NBT reduction, and analysis of 
the inhibition produced allows calculation of an approximate rate constant.IE2 This 
simple method has been used in attempts to establish rate constants for the reactions 
of desferrioxamine,'" taurine.IE3 c a r n ~ s i n e ' ~ ~  and N-a~etylcysteine~~ with 0;. It 
should be noted that the method cannot distinguish between a reaction of the added 
compound with 0; or a much faster reaction with the small amount of HO; in 
equilibrium with 0; at pH 7.4.36 The potassium salt of superoxide (K+O;) is avail- 
able commercially and may be used as an alternative source of 0; (e.g. referen- 

Some controls are essential in using these simple "test-tube" methods to investigate 
scavenging of 0; , particularly in systems using xanthine oxidase 

i) it must be checked that the substance under test does not inhibit 0; generation, 
e.g. by inhibiting xanthine oxidase. This can be checked in the case of the enzyme by 
measuring uric acid formation'" (using HPLC, or spectrophotometrically). 

1. CeS180.184d 
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I2 9. HALLIWELL 

ii) it must be checked that the substance does not itself reduce cytochrome c or NBT. 
This is a particular problem with cytochrome c, which is easily reduced (e.g. by 
ascorbic acid and by thiols at high concentration), especially at high pH. The author's 
experience is that it is less of a problem with NBT, provided that pH values of 7.4 or 
less are used. 
iii) One must consider the possibility that a radical formed by attack of 0; on a 
substance could itself reduce cytochrome c or NBT. This will be revealed as deviations 
from linear competition kinetics at high scavenger concentrations. Thus the nitroxide 
radical formed when 0; reacts with desferrioxamine can probably reduce cytochrome 
c, since it reduces many other molecules.'85 

Hydrogen peroxide 

H, 0, is easily and sensitively measured by using peroxidase-based assay systems. The 
most common employs horseradish peroxidase, which uses HzO, to oxidize scopoletin 
into a non-fluorescent product.186.'86a Thus if a putative scavenger is incubated with 
H 2 0 2  and the reaction mixture sampled for analysis of H,02 at various times, rates 
of loss of H,O, can be measured to allow calculation of rate constants. The essential 
control is to check that the substance being tested is not itself a substrate for 
peroxidase, which could compete with scopoletin and cause an artefactual inhibition. 
Thus ascorbic acid and thiol compounds can be oxidized by horseradish peroxidase; 
hence they seriously interfere with peroxidase-based assay  system^.'.'^ In order to 
check if a substance might be oxidized by peroxidase, one should look for changes in 
the absorption spectrum when the compound is added to a peroxidase-H,0, mixture: 
radicals derived by peroxidase-dependent oxidations often have spectra very different 
from those of the parent compounds, and there will be spectral changes in the 
peroxidase itself if it is oxidizing the compound under test. 

If the compound does interfere with peroxidase-based systems, other assays for 
H,O, can be used. Thus H,O, can be estimated by simple titration with acidified 
potassium permangante or by measuring the 0, release ( 1  mole of 0, per 2 moles of 
H 2 0 2 )  when a sample of the reaction mixture is injected into an 0, electrode contain- 
ing buffer and a large amount of catalase.' Varma9 has described a sensitive radio- 
chemical assay for H,O,, based on its ability to decarboxylate ['4C]-labelled 2-oxog- 
lutarate. Measurement of 14C0, is performed by scintillation counting. Electrodes 
that detect H,O, have also been described (e.g.'87*'87a), although they are subject to 
interference. 

Hjfdroxyl radical 

The definitive technique for measuring the rate constant for reaction of a substance 
with .OH, and for studying the products of that reaction, is pulse radioly~is. '~~ Most 
compounds react with .OH with rate constants of lo9 - 10 '0M- ' s~ ' . ' *76  

If pulse radiolysis facilities are not available, approximate rate constants can often 
be calculated using the "deoxyribose method". Hydroxyl radicals are generated by a 
mixture of ascorbic acid, H202 and Fe3+ -EDTA. Those radicals not scavenged by 
other components of the reaction mixture attack the sugar deoxyribose, degrading it 
into a series of  fragment^,^^ some or all of which react on heating with thiobarbituric 
acid (TBA) at low pH to give a pink ~ h r o m o g e n ' ~ ~ . ' ~ ~  which is an adduct of TBA with 
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ANTIOXIDANT CHARACTERIZATION 13 

mal~ndia ldehyde . ’~~. ’~  If a scavenger of .OH is added to the reaction mixture, it will 
compete with deoxyribose for the .OH radicals and inhibit deoxyribose degradation, 
to an extent depending on the scavenger’s concentration and on its rate constant for 
reaction with -OH. Competition plots allow this rate constant to be calculated, 
assuming that deoxyribose reacts with -OH with a rate constant of 

The deoxyribose assay works well with most s u b s t a n ~ e s . ~ ~ ~ ~ ~ ” ~ ’ ~ ’ ~ ~ ~ ~  Essential con- 
trols include checking that 

i) the substance does not react rapidly with H202 ,  which could block .OH formation. 
This has rarely been a problem because H20,  is poorly reactive. 
ii) the substance is not a powerful iron chelator, capable of removing iron ions from 
EDTA. This is again rarely a problem. 
iii) attack of .OH upon the substance does not produce TBA-reactive material. A 
control should be performed in which deoxyribose is omitted from the reaction 
mixture. 
iv) the substance does not interfere with measurement of deoxyribose degradation 
products. This can be checked by showing that it does not inhibit when added to the 
reaction mixture at the end of the incubation, with the TBA and 

As argued previously, direct scavenging of .OH is a generally-unlikely mode of 
antioxidant action in vivo, simply because very high concentrations of scavenger are 
required to compete with biological molecules for any -OH generated. It is therefore 
of interest to examine the ability of a putative antioxidant to chelate metal ions in such 
a way that it interferes with metal ion-dependent generation of *OH, particularly that 
involving iron ions bound to a target (“site-specific” Fenton chemistry). The deoxyri- 
bose method affords a way of doing this also (Figure 4). When iron ions are added 
to the reaction mixture as FeCl, (not chelated to EDTA), some of them bind to 
d e o ~ y r i b o s e . ’ ~ ~ . ’ ~ ~  The bound iron ions still participate in Fenton chemistry, but any 
-OH radicals formed immediately attack the sugar and are not released into free 
s01ution.I~~ Hydroxyl radical scavengers, at moderate concentrations, do not inhibit 
this deoxyribose degradation because they cannot compete with the deoxyribose for 
.OH generated by bound iron ions.195 The only substances that do inhibit in this assay 
are those that bind iron ions strongly enough to remove them from the deoxyri- 
bo~e.’~’*’’ Hence this assay indicates the potential ability of a compound to interfere 
with “site-specific” generation of -OH radicals catalyzed by bound iron ions. Indeed, 
the assay has been used to evaluate the abilities of anti-inflammatory taurine 
and its precursors’” and carnosine, homocarnosine or anserine’” to act in this way. 
The essential controls are numbers (i), (iii) and (iv) above, i.e. the compound must not 
scavenge Hz O2 rapidly, be degraded to TBA-reactive material or interfere with 
measurement of the deoxyribose degradation products. 

It must be emphasized that this version of the deoxyribose assay (Figure 4) 
measures a combination of two factors: the ability to remove iron ions from deoxyri- 
bose and to render those iron ions inactive or poorly active in generating -OH. Thus 
EDTA removes iron ions from deoxyribose, but iron-EDTA chelates are very effec- 
tive in generating .OH (for reasons discussed in196) so that the deoxyribose is still 
degraded - this time by *OH in “free solution”, rather than by *OH formed upon 
the deoxyribose molecule. 

If a compound inhibits site-specific radical damage to deoxyribose by chelating iron 

3.1 x 1 0 9 ~ - ~ ~ - ~ . ~ 9 ~  
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H202 
+ 
reducing 

system 

B. HALLIWELL 

Deoxyribose 

+ 
Buffer, pH 7.4 

add FeCl,/ \ add FeC1,-EDTA 

+ 
Fe( I l l  )-deoxyribose 

complex 

HzOz 
+ 
reducing system 

7 
.OH formed on sugar 

Not accessible to scavengers 
(at moderate concentrations) 

k s  EDTA) 

.OH "in free solution'' 

Accessible to scavengers 

degradation / 
\ I  TBA-reactive 

fragments 

FIGURE 4 
and the ability to inhibit site-specific -OH generation. 

Principles of the use of the deoxyribose assay to measure scavenging of hydroxyl radicals. 

ions and rendering them less active in producing .OH, two possibilities can account 
for the latter property. First, the inhibitor-metal ion complex may be incapable of 
reacting with 0; or HzOz, so blocking .OH formation. Second, it may be that the 
inhibitor-metal ion complex still undergoes redox reactions, but that the -OH is 
largely intercepted by the inhibitor and is not allowed to escape into free solution, i.e. 
damage is directed onto the inhibitor and away from the deoxyribose. To distinguish 
between these mechanisms, one can examine the fate of the inhibitor in the reaction 
mixture. For example, HPLC analysis should show whether or not the inhibitor is 
undergoing degradation as the reaction proceeds. 

To summarize, the deoxyribose method performed in the absence of EDTA may 
represent an approximate, but simple, test of the ability of a compound to interfere 
with iron ion-dependent site-specific Fenton chemistry. 

Water-soluble peroxyl radicals 

To what extent water-soluble peroxyl radicals contribute to oxidative damage in vivo 
is uncertain, since they are usually easily "repairable" by ascorbic Indeed, 
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ANTIOXIDANT CHARACTERIZATION 15 

a recent study of the reactivity of peroxyl radicals produced as a result of attack of 
.OH on several anti-inflammatory drugs in the presence of O2 suggested that such 
radicals are, in general, of limited reac t i~ i ty .~~ However, damage to biological targets 
by several such radicals has been demon~t ra t ed~’ .~~ .~ . ’~ ’  and a complete “screen” of 
antioxidant ability should therefore include an assessment of the capacity of a 
putative antioxidant to scavenge peroxyl radicals. How can this be done? Peroxyl 
radicals derived from anti-inflammatory drugs can easily be generated by pulse 
radiolysis under appropriate conditions, and their scavenging by antioxidants stu- 
died.W.197 Attack of .OH upon uric acid produces radicals that may be observed by 
ESRI9* and that can attack certain  protein^.^'.^' The ability of antioxidants to scavenge 
the ESR-detectable species and/or to protect the proteins against inactivation may be 
examined, as has been done for ascorbic a ~ i d . ~ ~ * ’ ~ *  

Another method of examining peroxyl radical scavenging is the TRAP assay, 
introduced by Ingold et u1.32.199 and much used in studies of antioxidants in body 

Peroxyl radicals are generated at a controlled rate by the thermal 
decomposition of a water-soluble “azo initiator”, such as ABAP (Figure 5) .  They are 
allowed to react with a lipid, whereupon they cause peroxidation. Thus by analyzing 
the effect of a water-soluble antioxidant on the rate of peroxidation, a relative rate for 
its reaction with peroxyl radicals can be measured.3’-1W.’04 A suspension of linoleic acid 
or an ester of it is frequently used as lipid substrate.’0.3’.’W-20’ Studies of the ability to 
protect linoleic acid or other lipids against peroxidation by ABAP-derived radicals 
have been used to show, for example, that ascorbic acid is an excellent scavenger of 
water-soluble peroxyl  radical^^^.'^^-^^' whereas desferrioxamine is a much-poorer 
scavenger.’04 

fluids. 10.199-203 

RN = NR -. N, + 2R. + R,, other reactions 
conirollrd 

r*lC 

1202 

1 
2R0, .  

peroxyl radicals 
add lipid 

lipid peroxidation 

CHI CH, CH, CHI CH, 
I I I I I 

I I 
HCIHN=C-C-N=N-C-C=NHHCI CH, -CH-CH, -C-N=N-C-CH, CH-CH, 

I , HN 1 HC CN CN 

ABAP AMVN 

2.2’ azo bis(2-amidino propane) 2.2’ azo bis(2.4 dimethylvaleronitrile) 
dihydrochloride 

FIGURE 5 Decomposition of ABAP and AMVN leading to peroxyl radical generation. 
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16 B. HALLIWELL 

Lipid-soluble peroxyl radicals 

Peroxyl radicals are the major chain-propagating species in the process of lipid 
peroxidation in membranes.' Thus a standard test of antioxidant ability is the action 
of a substance in inhibiting peroxidation of membranes such as erythrocytes, tissue 
homogenates, liposomes or microsomes.'0~20S-208 Although such studies are widely 
performed, several points must be considered in interpreting them. Firstly, the lipid 
systems are usually maintained under ambient PO,, although some antioxidants work 
best at  lower 0,  concentration^."*'^^ Variable results may arise because rapid peroxi- 
dation often depletes 0, in the reaction mixture. 

Secondly, how should peroxidation be measured? O2 uptake is one possibility 
[reviewed in.'] The thiobarbituric acid (TBA) test is widely used and works well in 
liposomal and microsomal  system^^^^-^'^ but it is essenrial to ensure that the apparent 
antioxidant effect of an added compound is not due to interference with the TBA test 
itself. Table 3 shows why this control is necessary: much of the apparent antioxidant 
effect of carnosine and anserine in inhibiting microsomal lipid peroxidation is still 
seen when these compounds are added with the TBA and acid, i.e. they are interfering 
with the assay.'84 Detailed reviews of methods for measuring lipid peroxidation in 
biological material have recently been p ~ b l i s h e d , ' ~ ~ ~ ~ - ~ ' ~  so I will not dwell on these 
points here. 

The third major point to consider is how peroxidation of the lipid substrate can be 
started. If a water-soluble azo initiator such as ABAP (Figure 5 )  is used, it will be 
difficult to distinguish whether an antioxidant acts by direct scavenging of the ABAP- 
derived peroxyl radicals, or by scavenging of the lipid peroxyl radicals within the lipid 

TABLE 3 
Action of the putative antioxidants anserine and carnosine on lipid peroxidation: interference with the 
thiobarbituric acid assay. Peroxidation of rat-liver microsomes was studied, using a standard TBA test as 
described in.'w4 Desferrioxamine exerted its inhibitory effect during the incubation: when added with the 
TBA reagents it had little effect. By contrast, much of the apparent inhibition of lipid peroxidation by 
carnosine and anserine is due to interference with the TBA test. Results abstracted from.'84 

Peroxidation Extent of 
stimulated by peroxidation 

YO Inhibition by 
antioxidant added 

12 mM 12mM 0.2 mM adding AS,? 

carnosine anserine desferrioxamine 

at start of during at start of during at start of during 
expt TBA expt TBA expt TBA 

assay assay assay 
only only only 

Fe'+ /ascorbate 1.18 75 61 80 53 84 I 

Fe'* -ADP/NADPH I .22 19 54 81 40 80 0 

Fe' ' I .05 66 58 54 50 15 5 

Fez+ -ADP 1.13 69 56 62 48 75 13 

(lOOO/,) 

(loo%) 

(100%) 

( I  0 0 Y O )  
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ANTIOXIDANT CHARACTERIZATION 17 

subtrate. This problem is not overcome by treating the membrane with a lipid-soluble 
azo initiator such as AMVN (Figure 5). Although the hydrophobic AMVN decom- 
poses within the membrane interior to form peroxyl radicals, it is still difficult to 
distinguish whether an antioxidant that has entered the membrane is acting by 
scavenging the AMVN-derived radicals, or the (more biologically-important) peroxyl 
radicals arising from the fatty acid side-chains within the membrane. 

Peroxidation can also be accelerated by adding iron salts to r n e m b r a n e ~ ~ ~ ~ - * ~ '  e.g. 
as Fe2+, FeCI, plus ascorbate or FeCI,-ADP plus NADPH (in the case of mi- 
crosomes). In metal ion-dependent systems, an added antioxidant might act not only 
by scavenging peroxyl radicals but also by binding iron ions and stopping them from 
accelerating peroxidation. However, these two possibilities can be distinguished 
easily. If the antioxidant is acting by metal binding, it will not be consumed during 
the reaction, as shown by direct analysis (e.g. by HPLC). A chain-breaking antioxi- 
dant is consumed by reaction with peroxyl radicals in the membrane. Chain-breaking 
antioxidants at low concentrations often introduce a lag period into the peroxidation 
process, corresponding to the time taken for the antioxidant to be consumed, whereas 
metal-binding antioxidants will give a constant inhibition throughout the reaction. 

Most lipid peroxidation in vivo is metal ion-dependent, probably involving 
i r ~ n ' . ' ~ . ~ . ~ ~ '  The author therefore feels that the most biologically-relevant evaluation 
of ability to inhibit lipid peroxidation is achieved by testing a putative antioxidant 
against iron-stimulated lipid peroxidation in liposomes, microsomes or other biologi- 
cal membranes, paying particular attention to possible artefacts in the assay methods 
used'.210-212 and to checking what is actually happening to the antioxidant in the 
reaction mixture. I t  should, of course, be noted that microsomal fractions will already 
contain variable amounts of endogenous antioxidants, such as a-tocopherol.205 If 
peroxidation is started by adding NADPH plus Fe3+ -ADP to the microsomes, a 
control should also be performed to check that an added compound does not inhibit 
enzymic reduction of the iron complex.207 This is usually done by measuring consump- 
tion of NADPH. Addition of NADPH to microsomes also activates the cytochrome 
P-450 system, which is capable of metabolizing certain antioxidants. Thus the ob- 
served inhibitory effect of chlorpromazine on NADPH-dependent peroxidation of 
microsomes was claimed to be due to its conversion into antioxidant hydroxylated 
derivatives by microsomal mixed function o ~ i d a s e s . ~ ' ~  

Peroxidation may also be started by adding Fe" /ascorbate mixtures. This avoids 
problems with the mixed function oxidase system, but it should be noted that 
ascorbate may well be capable of chemically reducing lipid-soluble radicals (derived 
by reaction of the antioxidant with peroxyl radicals), back to the antioxidant mole- 
cule, so facilitating antioxidant action. Such a reaction will only occur, of course, if 
the antioxidant-derived radicals become accessible for reduction at the membrane 
surface, as has been shown to be the case for a-tocopheryl radicals in membranes, and 
in low-density lipoproteins isolated from human p1asma.'o*1".2162'6 Th us it is possible 
that the antioxidant activity of some lipid-soluble chain-breaking antioxidants might 
appear to be greater in systems containing ascorbic acid, as has been observed with 
some plant phenolics.II2 Hence it is wise to compare antioxidant ability using peroxi- 
dation started by several different mechanisms (e.g. Table 3). The importance of 
checking that an antioxidant in lipid systems does not exert pro-oxidant effects in 
non-lipid systems'08.1'2 has already been stressed. 
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Phagocyte-derived oxidants 

Methods for isolating phagocytic cells and measuring their production of 0; and 
HzOz are well-described in the literature (e.g."') and in a recent b ~ o k . ' ~ ~ * ' * ~  Standard 

can be used to check the ability of compounds to interfere with 
phagocyte oxidant production after triggering the respiratory burst. It is essential to 
ensure that compounds do not interfere with the methods used to measure oxidant 
production, e.g. by directly reducing cytochrome c or by interfering with peroxidase- 
based measurement of H 2 0 2  (see previous sections). The concentrations of com- 
pounds tested must also be comparable to those present in vivo. 

In recent studies, Ames et al.20'~2'7 have used neutrophils, activated by exposure to 
phorbol myristate acetate, as a physiological source of oxidants, in order to examine 
the antioxidant defences in human plasma. Ascorbic acid was the first product to be 
oxidized: its complete consumption was associated with the detection of lipid peroxi- 
dation products in plasma lipids. Depletion of ascorbic acid has already been noted 
to occur at sites of inflammati~n,*~' .~ '~ '  such as in synovial fluid from the knee-joints 
of patients with active rheumatoid ar thr i t i~ .~"."~ Ascorbic acid oxidation might occur 
by its reaction with 0; ' I 9  and HOCI,"3 and by its ability to reduce a-tocopheryl 
radicals at the surface of rnembrane~.~ ' ' .~ '~  

Compounds can also be tested for their potential to interfere with tissue damage by 
HOCI, which they could do by scavenging HOCl and/or by inhibiting its production 
by myeloperoxidase. M yeloperoxidase can be assayed in several ways including 
standard tests of peroxidase activity' (e.g. its ability to oxidize guaiacol to a chro- 
mogen in the presence of H 2 0 z  220) or by specific measurements of HOCl production 
using monochlorodimedon [discussed in2"]. Often the former type of assay is easier 
to use in looking for inhibition, since the latter type of assay is prone to interference 
if compounds that can also act as HOCl scavengers are tested. If an apparent 
inhibition of myeloperoxidase is found, it should be checked whether the compound 
is really inhibiting myeloperoxidase or is simply acting as a competing substrate 
(perhaps being oxidized to damaging  product^).'^^.'^^^'^' 

If it has been established that a compound does not inhibit myeloperoxidase 
directly, then scavenging of HOCl can be examined using myeloperoxidase/H2 O2 /Cl 
as a source of this substance.''' More simply, HOCl can be made as required by 
acidifying commercial sodium hypochlorite (Na+ OC1- ) to pH 6.2 and using a molar 
absorption coefficient of 100 at 235 nm to calculate its concentration."' Thus a 
concentration of the putative antioxidant that is achievable in vivo can be mixed with 
a,-antiproteinase, a protein that is highly susceptible to attack by HOCI. A good 
scavenger of HOCl should protect a,  -antiproteinase against inactivation when HOCl 
is added subsequently. Such a method has been used to show that 5-aminosalicy- 
late,136 N-a~etylcysteine,'~ ascorbic acid,'" albumin,'* some anti-inflammatory 
drugs,"' bile pigments,"' hypotaurine,'" mercaptopr~pionylglycine''~ and tetracy- 
cline224 could conceivably act as scavengers of HOCl in vivo. 

If a substance fails to protect aI -antiproteinase against inactivation by HOCl in this 
assay system, there are two possible explanations. Firstly, its reaction with HOCl may 
be too slow, or nonexistent. Secondly, its reaction with HOCl may form a "long- 
lived" oxidant that is also capable of inactivating a, -antiproteinase. Taurine has been 
shown to do this'" and the possibility must always be considered for other com- 
pounds. 
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ANTIOXIDANT CHARACTERIZATION 19 

Singlet oxygen 

Singlet 0, can be easily generated by photosensitization reactions, but it is important 
to ensure that any damage caused to a biological molecule in such systems is due to 
singlet 0, rather than by direct interaction with the excited state of the sensitizer or 
by reactions involving other oxidants, such as 0; and .OH, that can sometimes be 
generated in illuminated pigment-containing systems.’ A simple technique has been 
de~cribed”~ in which singlet 0, is generated by an immobilized sensitizer and allowed 
to diffuse a short distance to react with the target molecule. This system has proved 
useful for studying biological damage produced by singlet 0, 226 and it should be easily 
applicable to studies of quenching and scavenging activity. Both ascorbic a ~ i d ’ ~ * - ’ ~ ~  
and some sulphur-containing compounds (e.g.227) might be efficient protectors against 
singlet O2 generated in aqueous media, whereas carotenoids may play a similar role 
in membranes under certain Singlet O2 can also be 
generated by the thermal decomposition of endoperoxides, such as 3,3’-( 1,4-na- 
phthylidene)dipropanoate.105a 

Ferry1 species 

Mixtures of H,O, and haemoglobin or myoglobin stimulate peroxidation of fatty 
acids and of microsomes, apparently by the action of haem-associated ferryl radi- 

The ability of a substance to react with ferryl species can be examined cals*’48-’5’.155 

spectrophotometrically by looking for loss of the ferryl myoglobin (or haemoglobin) 
spectrum. Such studies have been carried out with ascorbic acid, desferrioxamine, 
thiol compounds and salicylic acid.155-159.223.”9.230 A good “quencher” of ferryl, such as 
ascorbate, will inhibit ferryl-dependent peroxidation of fatty acids or membrane 
lipids. In using this assay it is essential to check that the compound does not act as 
a chain-breaking antioxidant as we11.’55~159~223 

Exposure of haem proteins to a large molar excess of HzO, causes haem breakdown 
and iron ion release (Figure 3). Some antioxidants, such as ascorbic acid, prevent this 
process by reducing the ferryl species. The ability to inhibit release of iron ions 
provides an additional assay method for testing the effect of putative antioxidants on 
haem protein-H,02 systems.”’ 

PROVING THAT A PUTATIVE ANTIOXIDANT IS IMPORTANT IN VZVO 

The battery of tests outlined above enables one to examine the possibility that a given 
compound could act as an antioxidant in one or more ways in vivo. The tests may 
show that an antioxidant role is unlikely, as has been concluded for tau~ine.”~ 
Alternatively, they could show that an antioxidant action is feasible, in that the 
compound shows protective action at concentrations within the range present in vivo. 
In the latter case, how then can one prove that the compound actually does act as an 
antioxidant in vivo? 

In some cases involving naturally-occurring antioxidants, it has been possible to 
remove the compound and look for increased oxidant damage. Thus mutants of E. 
coli genetically-engineered to lack both MnSOD and FeSOD show severe damage 
when grown aer~bical ly ,~”.~~’  and damage can be minimized by introducing a gene 
coding for SOD, even mammalian CUZ~SOD.’~’ This and 0 the8”q~~~  experiments 
clearly illustrate the physiological antioxidant role of SOD. For antioxidants of 
dietary origin, the effect of removing them from the diet can sometimes be studied. 
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20 B. HALLIWELL 

Thus examination of patients with disorders of intestinal fat absorption has shown 
that severe deficiency of vitamin E in humans produces neurological symptoms that 
are consistent with, although certainly not yet proved to be caused by, increased 
oxidative damage in vivo.9*236 

For most putative antioxidants, such as uric acid, this approach has not been 
feasible. Evidence consistent with an antioxidant role in vivo can then be provided by 
at least two types of method. Firstly, is the compound depleted under conditions of 
oxidant stress? Thus ascorbic acid is rapidly oxidized in synovial fluid in the knee- 
joints of patients with rheumatoid a r th r i t i~ . "~ .~ '~  Presumably ascorbate is acting to 
scavenge oxidants derived from the many activated phagocytes Ascor- 
bate is also rapidly oxidized in the plasma of patients with adult respiratory distress 
syndrome, in which there is often massive infiltration of neutrophils into the lung, 
where they become However, antioxidant action in vivo need not neces- 
sarily result in depletion of the antioxidant. Thus the a-tocopheryl radical can be 
"repaired" by ascorbic acid, as discussed previously. 

Secondly, if a compound acts as a radical scavenger, it might be degraded to form 
specific products whose concentrations increase during oxidant stress, and can be 
measured. Thus oxidation of uric acid by -OH. HOCl or ferryl species produces a 
range of products, including a l l a n t ~ i n . ~ ' ~  Increased allantoin concentrations have 
been detected in the plasma of patients with rheumatoid a disease in which 
oxidant formation in vivo is known to be increa~ed.'.'~ This perhaps suggests that uric 
acid is exerting at least some scavenging activity in 

As far as the ability of administered "foreign" compounds (such as drugs) to act 
as antioxidants in vivo is concerned, specific assays are now becoming available to 
measure rates of DNA damage and lipid peroxidation due to oxidant attack in vivo 
(reviewed in239). For example, when the putative antioxidant probucol is administered 
to humans, low-density lipoprotein subsequently isolated from the plasma is more 
resistant to peroxidation in v i m ,  showing that suggestions that probucol acts as an 
inhibitor of peroxidation in are at least feasible. Methods for measuring rates 
of formation of H202,'.43.241-24' and possibly . OH"6*239*2"6.247 in vivo are now available 
and may be of use in assessments of antioxidant ability. 

TABLE 4 
Antioxidant roles of ascorbic acid 

Scavenges 0; and HO,. (overall rate constant about 2.7 x I05M-'s - '  a t pH7.4). 
Scavenges water-soluble peroxyl (RO,. ) radicals. 
Scavenges thiyl and sulphenyl radicals. 
"Repairs", and so prevents damage by, radicals arising by attack of *OH upon uric acid. 
Can reduce carcinogenic nitrosamines to inactive products. 
Powerful scavenger of HOCl and an alternative substrate for myeloperoxidase (slowing HOCl formation). 
Quencher and scavenger of singlet oxygen. 
Inhibits lipid peroxidation by haemoglobin- or myoglobin-H,O, mixtures. and prevents haem breakdown 

Powerful scavenger and quencher of singlet 0, in aqueous solution. 
Regenerates a-tocopheryl radicals in membranes, so generating a renewable lipid-soluble chain-breaking 

Scavenges nitroxide radicals, e.g. the radicals formed by attack of 0; or -OH upon desferrioxamine.lR5 

Protects plasma lipids against peroxidation induced by activated n e ~ t r o p h i l s . ~ ' ~ ~ ' ~  
May protect against oxidants present in cigarette smoke.249 

to release iron ions, by being preferentially oxidized by ferryl proteins. 

antioxidant (a-tocopherol). 

Scavenges -OH radicals (rate constant > IO9M-'s- '  ). 
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ANTIOXIDANT CHARACTERIZATION 21 

CAN ANTIOXIDANTS BE PRO-OXIDANT? THE CASE OF ASCORBIC 
ACID 

The importance of testing putative antioxidants for pro-oxidant properties has alre- 
ady been stressed. Ascorbic acid has a multiplicity of antioxidant properties, as 
reviewed previously in this article and in248: these properties are summarized in Table 
4. Ascorbate’s ability to show antioxidant properties is related to the fact that the 
semidehydroascorbate radical is poorly r e a c t i ~ e . ~ ~ * ~ ’  Enzymic systems exist in vivo to 
reduce this radical back to ascorbate at the expense of NADH (the NADH-semidehy- 
droascorbate reductase enzyme) or of GSH (the dehydroascorbate reductase enzyme). 
However these enzymes seem to be largely intracellular’ and so ascorbic acid is rapidly 
depleted in human extracellular fluids under conditions of oxidant stress, probably by 
the reactions 

(3) ascorbate - semidehydroascorbate 

2 semidehydroascorbate dispropor“ona‘ion ascorbate + dehydroascorbate (4) 

radical attack 

dehydroascorbate r a P i ~ r ~ ~ ~ ~ ~ i c r  oxalate, threonate, other oxidation products 

( 5 )  

Thus H 2 0 2  produced in the eye has been suggested to arise from the non-enzymic 
oxidation of a~corba te .~’~  Mixtures of copper or iron salts and ascorbic acid are 
well-known to stimulate lipid peroxidation and formation of reactive oxygen species 
such as Indeed, all of the reported pro-oxidant properties of ascorbate 
probably involve its interaction with transition metal ions.33.250.254.255 Thus ascorbate 
has sometimes been described as mutagenic when to cells in culture2” but metal ions 
added to, or contaminating, the culture media could easily account for this.’ 

One of the major antioxidant defences in mammals is the sequestration of transition 
metal ions in forms incapable of stimulating free radical  reaction^.'-'^-'*-'^-^^ Thus iron 
and copper complexes capable of accelerating such reactions are not generally avail- 
able in the extracellular fluids of the human body, except in some “metal overload” 
disease states such as iron overload’~’2~’8~39~57~25”259 and after severe injury, when metal 
ions can be released as a result of cell It therefore follows that 
the antioxidant properties of ascorbic acid in the human body will normally predomi- 
nate, a conclusion supported by the available clinical e ~ i d e n c e . ” ~ . ~ ~ l * ~ ~ ~  However, 
administration of ascorbic acid to iron-overloaded patients is contra-indicated unless 
desferrioxamine is being simultaneously given.33 

Ascorbic acid has also been reported to show pro-oxidant properties (e.g.’3-2*25’ 1. 
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