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Abstract 

The paradox of aerobic life, or the ‘Oxygen Paradox’, is that higher eukary- 
otic aerobic organisms cannot exist without oxygen, yet oxygen is inherently 
dangerous to their existence. This ‘dark side’ of oxygen relates directly to the fact 
that each oxygen atom has one unpaired electron in its outer valence shell, and 
molecular oxygen has two unpaired electrons. Thus atomic oxygen is a free radical 
and molecular oxygen is a (free) bi-radical. Concerted tetravalent reduction of 
oxygen by the mitochondrial electron-transport chain, to produce water, is 
considered to be a relatively safe process; however, the univalent reduction of 
oxygen generates reactive intermediates. The reductive environment of the cellular 
milieu provides ample opportunities for oxygen to undergo unscheduled univalent 
reduction. Thus the superoxide anion radical, hydrogen peroxide and the 
extremely reactive hydroxyl radical are common products of life in an aerobic 
environment, and these agents appear to be responsible for oxygen toxicity. 

To survive in such an unfriendly oxygen environment, living organisms 
generate - or  garner from their surroundings - a variety of water- and lipid- 
soluble antioxidant compounds. Additionally, a series of antioxidant enzymes, 
whose role is to intercept and inactivate reactive oxygen intermediates, is synthe- 
sized by all known aerobic organisms. Although extremely important, the anti- 
oxidant enzymes and compounds are not completely effective in preventing 
oxidative damage. To deal with the damage that does still occur, a series of damage 
removal/repair enzymes, for proteins, lipids and DNA, is synthesized. Finally, 
since oxidative stress levels may vary from time to time, organisms are able to  
adapt to such fluctuating stresses by inducing the synthesis of antioxidant 
enzymes and damage removal/repair enzymes. 

In a perfect world the story would end here; unfortunately, biology is seldom 
so precise. The reality appears to be that, despite the valiant antioxidant and repair 
mechanisms described above, oxidative damage remains an inescapable outcome of 
aerobic existence. In recent years oxidative stress has been implicated in a wide 
variety of degenerative processes, diseases and syndromes, including the following: 
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mutagenesis, cell transformation and cancer; atherosclerosis, arteriosclerosis, heart 
attacks, strokes and ischaemia/reperfusion injury; chronic inflammatory diseases, 
such as rheumatoid arthritis, lupus erythematosus and psoriatic arthritis; acute 
inflammatory problems, such as wound healing; photo-oxidative stresses to the 
eye, such as cataract; central-nervous-system disorders, such as certain forms of 
familial amyotrophic lateral sclerosis, certain glutathione peroxidase-linked adoles- 
cent seizures, Parkinson's disease and Alzheimer's dementia; and a wide variety of 
age-related disorders, perhaps even including factors underlying the aging process 
itself. Some of these oxidation-linked diseases or disorders can be exacerbated, 
perhaps even initiated, by numerous environmental pro-oxidants and/or pro- 
oxidant drugs and foods. Alternatively, compounds found in certain foods may be 
able to significantly bolster biological resistance against oxidants. Currently, great 
interest centres on the possible protective value of a wide variety of plant-derived 
antioxidant compounds, particularly those from fruits and vegetables. 

The radical nature of oxygen 

Oxidative stress is an inevitable result of life in an oxygen-rich environment. 
For aerobic organisms oxygen is paradoxically both vital for existence and 
inherently dangerous. The Oxygen Paradox derives from the chemical nature of 
oxygen itself [l-51 which in atomic form (0) exists as a free radical, and in 
molecular form (0,) is a bi-radical. The outer valence shell of atomic oxygen 
contains one unpaired electron. When two oxygen atoms combine to form 
molecular oxygen, the outer valence shell electrons do not spin-pair but remain as 
two unpaired electrons. A radical is defined as any atom or molecule with one or 
more unpaired electrons in an outer valence shell. Therefore, molecular oxygen is 
a true bi-radical. 

The radical nature of molecular oxygen permits some very interesting 
oxidation/reduction chemistry [l-51. In a non-enzymic, univalent, reduction 
pathway oxygen can undergo four successive one-electron reductions as shown in 
Fig. 1. Unlike the concerted four-electron (Le. tetravalent) reduction of oxygen 
catalysed by cytochrome oxidase at the end of the mitochondrial electron 
transport chain, the non-enzymic univalent pathway for oxygen reduction results 
in the generation of several reactive intermediates. The first one-electron reduction 
of oxygen generates the superoxide anion radical (02'-) which is generally referred 
to simply as superoxide. Addition of a second electron and two protons (to 02*-) 
generates the active species hydrogen peroxide (H202). A third electron addition 
produces the highly reactive hydroxyl radical ('OH) and releases a hydroxide ion 
(OH-). A fourth electron addition harmlessly generates a water molecule. 

It is interesting to note in Fig. 1 that both 0, and 02*- are oxygen radicals 
(0, is a bi-radical, 02'- is a mono-radical) whereas H202, despite being a reactive 
oxygen species, is not a radical since all outer valence shell electrons are paired. 
The highly reactive hydroxyl radical is, of course, a true radical species. Also worth 
noting at this point is the fact that superoxide generation frequently occurs by 
hydrogen transfer (from a donor reductant) via a transient hydrodioxyl species 
(HO,'). As shown in Fig. 2 the hydrodioxyl radical is a protonated superoxide 
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0, + 02.- + H 0 + 'OH + H20 
f 2 \  f 

2H+ OH' H+ 

02'- = superoxide 

H20, = hydrogen peroxide 

'OH = hydroxyl radical 

Fig. I. The univalent pathway for oxygen reduction. 

0, + RH -. HO,' + R' 

HO,' + 0,'- + H+ (pKa = 4.81 

RH = a hydrogen donor (reductant) 
HO,' = hydrodioxyl radical 

O,& = superoxide 

Fig. 2. Hydrodioxyl radical and superoxide. 

molecule and, at physiological pH,  can rapidly dissociate to form 02'- and H+.  
Since HO,' has a pK, of 4.8 [I] it is possible that limited concentrations of this 
radical may be achieved in the acidic local environments of the outer surface of the 
inner mitochondrial membrane (where proton pumping generates a ApH) and 
within phagolysosomes of neutrophils, macrophages and monocytes. 

Several oxygen species act as biological oxidants; but 02*- is actually a mild 
reductant [6]. The simple addition of a proton to 02*- (forming H027 converts 
this mild reductant into a fairly active oxidizing agent. The redox potential of 'OH 
at approximately 1.77 V, however, clearly marks this radical as a highly oxidizing 
species [6]. Singlet molecular oxygen ('0,) is not produced by redox reactions but 
by absorption of electromagnetic energy which transiently inverts the spin of one 
of oxygen's two unpaired electrons, such that both spins attain an anti-parallel 
orientation [7]. Molecular oxygen or 0, (also called ground state or triplet 
oxygen) is unable to  accept two electrons directly (bivalent reduction) because the 
addition of a pair of anti-parallel electrons is restricted in the spins-parallel ground 
state. Singlet oxygen, however, with its anti-parallel valence electron spins has no 
such spin-restrictions on reactivity and is a very good two-electron oxidant for 
many biomolecules [l-71. The absorption of large amounts of electromagnetic 
energy by 0, to generate '0, is largely restricted to  photochemical events, 
however, and interest in singlet oxygen is, therefore, largely centred on environ- 
mental chemistry, plant biology and oxidant reactions in the tissues of the skin 
and the eye. Singlet oxygen is unstable and decays to the ground state with a 
lifetime of only 2-7 ps, emitting light as it decays [7]. 
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Biological sources of reactive oxygen species 

Over 95% of all the oxygen we breathe undergoes a concerted tetravalent 
reduction to produce water in a reaction catalysed by cytochrome oxidase 
(cytochrome c: oxygen oxidoreductase) of Complex IV in the mitochondrial 
electron transport chain (0, + 4e- + 4 H +  +2H20). Cytochrome oxidase is the 
terminal electron acceptor in the chain and must give up its reducing equivalents 
in order to  allow continued electron transport; if electrons stop flowing through 
the chain the proton motive force dissipates, and ATP production cannot 
continue. Thus, the major role of oxygen for all aerobic organisms is simply to act 
as a sink or  dumping ground for electrons. 

Although the mitochondrial electron transport chain is a very efficient system 
the very nature of the alternating one-electron oxidation-reduction reactions it 
catalyses (generating a constantly alternating series of 'caged' radicals) predispose 
each electron carrier to side reactions with molecular oxygen. Thus, for example, 
as ubiquinone within the electron transport chain cycles between the quinone 
(fully oxidized) and semi-quinone (one-electron reduction product) and quinol 
(fully reduced by two electrons) states, there is a tendency for an electron to pass 
to oxygen directly (generating 02*-) instead of to  the next electron carrier in the 
chain. Several iron-sulphur clusters within the respiratory chain are also subject to  
such toxic, 02'--generating, side-reactions with oxygen. Thus it is commonly held 
that mitochondrial generation of 02*- represents the major intracellular source of 
oxygen radicals under physiological conditions [2]. With estimates of 1-270 of the 
total daily oxygen consumption going to mitochondrial 0,'- generation, a 60 kg 
woman would produce some 160 to 320 mmol of superoxide each day from 
mitochondrial respiration alone (based on an 0, consumption of 6.4 1 kg-' day-') 
and an 80 kg man would produce some 215 to 430 mmol of 02'- per day. 

Other potentially major sources of oxygen radical generation are phagocytic 
cells such as polymorphonuclear leucocytes (neutrophils), monocytes and 
macrophages. Such cells utilize an NADPH oxidase enzymic system to directly 
generate 02*- as part of their armoury against invading micro-organisms [8]. 
Under normal conditions most of the 0,'- (and related species) generated by the 
N A D P H  oxidase should be accurately directed against micro-organisms enveloped 
within the phagocytic phagolysosome. Under conditions of chronic inflammation, 
however, surrounding tissues are directly exposed to  high levels of 02.- and its 
metabolites. Such chronic inflammatory states are characteristic of many diseases 
such as rheumatoid arthritis, lupus erythematosus and psoriatic arthritis. Certain 
extreme acute inflammatory responses, such as those following extreme trauma, 
also appear to involve 'accidental' exposure of health tissues to bursts of 02*- 
generation. Various mammalian cell types express NADH- and/or NADPH- 
linked oxidases on their surfaces. Such oxidase complexes appear to function in a 
manner similar to  phagocytic cell N A D P H  oxidases, and may generate a constant 
stream of 02*- to maintain a local environment that discourages bacterial/fungal 
infection; a sort of 'antiseptic superoxide tone'. 

Autoxidation of biological molecules may account for a fairly significant 
source of oxygen radical production in vivo. Reduced carbon compounds are 
inherently susceptible to oxidation and this certainly includes the lipids, proteins, 
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carbohydrates, D N A  and RNA of which we are made. Historically, great interest 
has been focused on the autoxidation of membrane lipids and this approach 
enabled important advances in the food chemistry field, including the development 
of successful antioxidant compounds and packaging processes that enable foods to 
be stored for long periods without spoilage. Attention to lipid oxidation also 
paved the way for our understanding of the importance of the physiological 
antioxidant, vitamin E, that is lipid-soluble and partitions in all of our membranes 
[9]. Over the past IO to 15 years new findings have revealed that cell proteins, 
carbohydrates and nucleic acids are also highly susceptible to autoxidation. Such 
agents as vitamin C (ascorbic acid), and uric acid, seem to provide significant 
protection against the effects of protein, carbohydrate and nucleic acid oxidation 
in the aqueous compartments of cells and organisms [IO]. In reality, many of the 
protein, lipid, carbohydrate and nucleic acid oxidations that initially appear to be 
autoxidation reactions turn out to  be metal-catalysed oxidations after more 
detailed investigations. The role of transition metals, such as iron and copper, in 
non-enzymic biological oxidations cannot be overestimated. 

Fundamentals of oxidative stress 

Oxidative stress may be considered as a state of increased turnover of 
biomolecules induced by elevated rates of non-enzymic oxidation. We usually 
think of the term oxidative stress as applied to cells, tissues, or organisms 
(including human beings) as an outcome of oxidative damage to biologically 
important molecules, such as proteins, lipids, carbohydrates and nucleic acids 
(DNA and RNA). 

Proteins, lipids, carbohydrates and nucleic acids have all been studied for 
sensitivity to oxidative modification by a wide variety of free radicals and reactive 
oxygen species. Superoxide is not particularly reactive with lipids, carbohydrates, 
or nucleic acids, but does exhibit limited reactivity with certain proteins. The 
evidence to date indicates that 02*- will react with proteins that contain tran- 
sition-metal prosthetic groups, such as haem moieties or  iron-sulphur clusters 
[11,12]. Such transition-metal-mediated reactions result in damage to amino acids, 
usually those directly attached or proximal to the metal catalyst, and loss of 
protein/enzyme function. A good example of such reactions is the loss of 
aconitase activity that follows exposure of bacteria to 02*- [I I]. 

One of the most important reactions of superoxide is actually with another 
superoxide molecule, as shown in Fig. 3. All of the reactions shown in Fig. 3 are 
dismutation reactions in which one molecule of 02*- or H02' acts as the 
reductant and the other acts as the oxidant. Importantly, H202 and 0, are the 
products of superoxide dismutation, whether one starts with 02'- or H02'. The 
rate constants for superoxide dismutation [I] do vary quite substantially, as shown 
in Fig. 3, depending on whether one starts with 02*- or HO,' and depending on 
whether the enzyme superoxide dismutase is used to catalyse the reaction. If one 
combines the information shown in Fig. 1 with that shown in Fig. 3, it will 
become clear that the second electron in the univalent pathway of Fig. 1 typically 
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Rate constant 
Uncatalysed dismutation reactions 

0,’- + HO,’ + H+ -. H,O, + 0, 8.5 x lo7  M” sec-’ 

HO,’ + HO,’ + H+ -c H,O, + 0, 7.6 x I O 5  M-’ sec-’ 

0;- + 0;- + 2H+ -. H,O, + 0, -c 1 x I O 2  M-’ sed’ 

Superoxide dismutase catalysed reaction 

0;- + 0,’- + 2H+ -c H,O, + 0, 

Fig. 3. The dismutation of superoxide. 

1.9 x I O 9  M” sec‘’ 

1) 02*- + 0,’- + 2H+ -. H,O, + 0, 

2) 0;- + Fe3+ -. 0, + Fe2+ 

3) H,O, + Fa2+ -. ‘OH + OH‘ + Fe3+ 

Net: 02*- + H,O, -. ‘OH + OH’+ 0, 

Fig. 4. Generation of hydroxyl radical. 

is derived from Oz*- (or HO,’). Thus, whenever 0,’- (or HO,’) is generated 
there will always be a concomitant production of H202. 

Hydrogen peroxide is clearly a major common intermediate, generated by 
multiple oxidation pathways. Hydrogen peroxide is an oxidant for many biological 
molecules, especially those containing sulphydryl groups, iron-sulphur clusters, 
reduced haem moieties and copper prosthetic groups [l-51. Hydrogen peroxide 
can also readily react with transition-metal reductants/catalysts to generate the 
hydroxyl radical (‘OH), as shown in Fig. 4. Eqn. 3 in Fig. 4 shows that reduced 
iron (Fez+) is oxidized by H202 to generate ‘OH; this is basically the reaction 
described by Fenton in 1894 [13]. As also shown in Fig. 4, however, 0,’- can act 
as the reductant to  re-reduce Fe3+ to Fez+. This ‘iron-catalysed Haber-Weiss 
reaction’ was first proposed as one of several possible reaction schemes in 1934 
[14] and has gained quite widespread support in recent years [15]. It should be 
noted that copper can substitute for iron as the transition metal in Fig. 4. The 
hydroxyl radical is the most reactive of all the oxygen radicals and will readily 
oxidize proteins, lipids, carbohydrates, DNA and RNA. In closely related 
reactions, proteins containing iron or  copper prosthetic groups can react with 
H202 to produce high oxidation states of the bound metal. For example, 
haemoglobin can react with H20z to produce a ferryl-haemoglobin (Fe4+) state 
[16]. Such high oxidation states can act as “OH’, ‘pseudo-’OH’, or ‘crypto-’OH’ 
causing significant oxidative damage. The main difference is that true ‘OH is a free 
radical which responds to  Brownian motion in solution and reacts at nearly 
diffusion controlled rates. In contrast, agents like ferryl-haemoglobin have more 
limited mobility, and reactivity is hindered or determined by the position of the 
metal on the protein, and the access that a potential reactant may (or may not) 
have. 
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Other oxygen-based species also play major roles in the oxidative stresses to  
which we are subjected. One of the most common is hypochlorous acid or 
hypochlorite, which exists as a 50/50 ratio of HOCl/OCl- at physiological pH.  
HOCl/OCl- is generated by the enzyme myeloperoxidase in certain phagocytic 
cells such as neutrophils. It will be remembered from the previous section that 
phagocytes generate 02*- via a membrane NADPH oxidase system [SI. The 02*- 
so produced dismutates to H202 (as shown in Fig. 3) and neutrophils utilize 
myeloperoxidase to  oxidize the abundant halide chloride to form hypochlorous 
acid/hypochlorite. Such cells then use the HOCl/OCl- to kill invading organisms 
such as bacteria [17]. HOCl/OCl- can directly oxidize proteins and increase their 
turnover [17-191 and it can generate secondary oxidants, such as chloroamines, 
that can migrate far from the site of production to cause multiple effects [17-191. 

Various oxides of nitrogen are experienced as widespread environmental 
pollutants and some are actually generated intracellularly. Nitric oxide (NO’) and 
nitrogen dioxide (NO,’) are common components of photochemical smog [20]. 
Nitric oxide, however, is also actively generated by the enzyme nitric oxide 
synthase in mammalian tissues, where it is used as a physiological vasodilating 
agent [21]. There is now serious concern [22-241 that NO’ may also be causing 
unwanted oxidative stress in our cells either directly, or through production of 
related species such as peroxynitrite (ONOO-). Of course ozone (0,) is another 
oxygen-based species that can cause significant oxidative stress [24,25]. In recent 
years there has been serious concern over the apparent loss of ozone from earth’s 
upper atmosphere; the ‘ozone hole’. At stratospheric levels ozone is extremely 
useful because it absorbs UV radiation and thereby protects animals and plant life 
on our planet from what would otherwise be dangerous, even life-threatening, 
exposure levels. In the lower atmosphere, however, ozone is decidedly undesirable 
because it is a powerful oxidizing agent [6,24,25]. Unfortunately ozone, like NO’ 
and NO,’, is a common by-product of industrial combustion processes, and the 
internal combustion engine. Mankind’s environmental ozone, nitric oxide and 
nitrogen dioxide exposures are man-made problems. 

Antioxidant defences 

So far I have painted a fairly dismal picture involving a cast of dangerous and 
damaging oxygen radicals, and other activated oxygen species, to which we are 
constantly exposed. Thankfully we are not defenceless against this onslaught. All 
aerobic organisms, including human beings, utilize a series of primary antioxidant 
defences in an attempt to  protect against oxidant damage, and numerous damage 
removal and repair enzymes to  remove and/or repair molecules that do get 
damaged [26]. This section will concentrate on the non-enzymic and enzymic 
primary antioxidant defences. 

Antioxidant compounds 
Our  cells utilize a series of antioxidant compounds, many of which are 

reviewed in Table 1, to directly react with oxidizing agents and disarm them 
[9,10,26,27]. Such antioxidants are said to  be ‘scavengers’ and their role 



8 

Table I .  Antioxidant compounds 

The paradox of aerobic life 

Vitamin E 
Caeruloplasmin 
Vitamin C 
Ferritin 
/I-Carotene 
Selenium 
Glutathione 
Manganese 
Ubiquinone 
Zinc 
Uric acid 
Copper (?) 
Iron (?) 

is unavoidably suicidal. Thus, as has already been mentioned, vitamin E 
(a-tocopherol) is a major membrane-bound antioxidant, and vitamin C (ascorbic 
acid) is a major aqueous-phase antioxidant. The fact that these compounds are 
both human vitamins underscores their vital importance in maintaining health. 
Recently there has been significant in vitro evidence for a redox cycle in which 
vitamin C may re-reduce (i.e. regenerate) vitamin E [28]. If shown to be operative 
in vivo such a redox cycle would significantly alter our view of antioxidant 
functions. 

Other lipid-soluble agents may also play important antioxidant roles in vivo 
(Table 1). These include P-carotene and ubiquinone [9,10,26,27]. A derivative of 
vitamin A (retinoic acid), P-carotene, has shown great promise as an antioxidant 
dietary supplement in several studies. Recently, however, a study from Finland has 
raised questions about the advisability of dietary p-carotene supplements [29]. 
Clearly more research is needed to resolve this important question and several 
major studies are, indeed, currently underway. 

Other water-soluble antioxidant compounds (Table I )  include uric acid 
[30-321, glutathione and caeruloplasmin [33]. Uric acid, the end product of purine 
metabolism in humans, is particularly interesting because it may function both as 
a classic suicidal antioxidant and as a chelator of transition metals [30-321. By 
binding iron and/or copper, uric acid may inhibit metal-catalysed oxidation 
reactions without itself becoming oxidized [32]. The very facility with which 
transition metals can act as oxidation/reduction catalysts, however, makes them 
ideal active-site constituents of many antioxidant enzymes. Thus, as discussed in 
greater detail below, various members of the superoxide dismutase family utilize 
copper, zinc, manganese, or iron as active-site catalysts [1,3,34,35]. Most 
glutathione peroxidases utilize selenium as the active-site catalyst [36], whereas 
catalases utilize iron [31]. Because of the absolute requirement of these metals for 
operation of the antioxidant enzymes, I suggest that selenium, manganese, zinc, 
copper and iron should be included in any list of requirements for antioxidant 
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compounds (which is why they appear in Table I). Diets deficient in these 
important metals result in serious oxidant disorders, in addition to other serious 
problems. So, for example, the selenium-deficient diets which can result from 
grasses and grains grown in selenium-poor New Zealand soils, have been shown to 
result in dangerously high levels of oxidative damage [4,10]. 

Interestingly those of us who live in the so-called ‘developed’ countries ingest 
larger quantities of antioxidant compounds and transition-metal chelators in 
virtually all processed foods. Thus a typical ‘Western’ diet contains significant 
quantities of the antioxidants butylated hydroxytoluene (BHT) and butylated 
hydroxyanisole (BHA) which are widely used as food preservatives in everything 
from potato chips (or crisps) to frozen lasagne! Also widely employed, and 
therefore ingested, is the transition-metal chelator EDTA. Significant tissue levels 
of BHT, BHA and EDTA are now to be found in humans (and many animals) 
from Western countries and these compounds presumably add a significant 
component to our antioxidant defences. 

Antioxidant enzymes and proteins 
Aerobic organisms also synthesize numerous antioxidant enzymes (reviewed 

in Fig. 5) in an attempt to minimize oxidative damage. Perhaps the best known of 
these enzymes is superoxide dismutase [1,3]. No single discovery was of greater 
significance to the development of the free-radical field than the discovery of the 
enzyme family of superoxide dismutases (SODS) [34]. The SODS catalyse the 
reaction 02’-+02’-+H202+02 which readers will recognize from Figs. 3 and 4. 
As reported in Fig. 3 the rate constant of this important dismutation reaction is 
increased severalfold by SOD. All members of the SOD family utilize transition 
metals at their active sites [35]. Bacteria employ an Fe-SOD and an Mn-SOD, 
whereas mammals utilize distinct cytoplasmic and extracellular forms of Cu,Zn- 
S O D  and a mitochondrial Mn-SOD that in evolutionary terms is closely related to 
the bacterial Mn-SOD [35]. Genetic deletion of S O D  has been shown to be a 
lethal mutation in lower organisms [35] , underpinning the essential importance of 
this enzyme family. 

The product of S O D  is H202, which is clearly toxic and must be rapidly 
removed. In mammalian cells this is accomplished by two enzyme families; the 
glutathione peroxidases and the catalases (Fig. 5). Both glutathione peroxidases 

Glutathione Peroxidase: 
H202 + GSH + GSH + GS-SG + H2O + H2O 

Glutathione Reductase: 
GS-SG + NADPH + H+ -m 2GSH + NADP+ 

Catalase: 
H20, + H202 4 HZO + H,O + 0 2  

DT Diaphorase: 
0 + 2e- + 2H’ + QH2 

GSH = reduced glutathione (L-y-glutamyl-L-cysteinyl-glycine) 
GS-SG = oxidized glutathione 
Q = an oxidized quinone; QH, = a fully reduced quinol 

Fig. 5. Mechanisms of antioxidant enzymes. 
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[36] and catalases [37] detoxify H202 by reducing it to  water and oxygen. 
Glutathione peroxidases utilize the reducing power of glutathione (GSH), a 
tripeptide consisting of L-y-glutamyl-L-cysteinyl-glycine, to detoxify H202 [36]. 
The sulphydryl moiety of the cysteine residue supplies the actual reducing equiva- 
lents required for glutathione peroxidase activity. Two molecules of GSH are 
oxidized, to form the disulphide-bonded compound GS-SG, in the reduction of a 
molecule of H202 (Fig. 5). The companion enzyme glutathione reductase utilizes 
N A D P H  to re-reduce one molecule of GS-SG to two molecules of GSH, thus 
permitting the continuous action of glutathione peroxidase (Fig. 5). So important 
are the roles of glutathione-utilizing enzymes to normal functions that most cells 
contain concentrations of GSH in excess of 5 mM [36]. 

Although the mechanism of action of catalase (Fig. 5) appears much simpler 
than that of glutathione peroxidase, appearances may be deceiving. There are 
reports in the literature for example that catalases may require NADH/NADPH 
for their continual operation [38], although there does not appear to be 
widespread acceptance of this concept. Certainly catalases are interesting enzymes, 
and they certainly do not follow classical Michaelis-Menten kinetics [37,38]. 

A good deal of interest has centred on the question of whether glutathione 
peroxidases or catalases are more important in detoxifying intracellular H202. In 
red blood cells Cohen and Hochstein [39,40] have reported that glutathione 
peroxidase is mostly responsible for removing the low levels of H202 generated 
by cellular metabolism and haemoglobin autoxidation, whereas catalase is 
important in dealing with the large H202 production rates induced by oxidizing 
drugs such as phenylhydrazine. Although well established, this view of red-blood- 
cell antioxidant functions has recently been questioned [41]. In other cell types 
there must be a very real question of the overall contribution of catalases to  
general scavenging. This is simply because, in most mammalian cell types, catalase 
is exclusively found within peroxisomes where it has a clear function of removing 
the H202 generated by P-oxidation of long-chain fatty acids [42]. Since catalase is 
not generally found in the cytoplasm of most mammalian cells, and since both 
H202 diffusion from the cytoplasm into peroxisomes seems rather unlikely, it 
seems probable that glutathione peroxidases largely deal with cytoplasmic H202 
and catalases largely deal with peroxisomal H 2 0 2 .  

Another important antioxidant enzyme is DT diaphorase, which is also called 
quinone reductase [43]. DT diaphorase is able to catalyse the direct bivalent 
reduction of many (dehydro)quinones to  (dihydro)quinols, as shown in Fig. 5. By 
catalysing a direct two-electron reduction of substrate quinones, DT diaphorase 
avoids production of reactive semiquinone radical intermediates (such as Q’- and 
QH’). DT diaphorase may play an important role in the detoxification of many 
quinonoid drugs and environmental agents by stabilizing the, relatively safe, quinol 
form, prior to conjugation and elimination by other enzyme systems. 

Two non-enzymic proteins, ferritin [44] and ceruloplasmin [33], also appear 
to play important roles in transition-metal storage and antioxidant defence in vivo 
(and are included in Table 1). Transition metals such as iron and copper are 
involved in both metal-catalysed (‘auto’)oxidations, and reactions leading to 
hydroxyl radical production from superoxide, as discussed in detail in the previous 
two sections. Ferritin, which binds iron in mammalian cells, and ceruloplasmin, 
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which binds copper in plasma, are thought by many to contribute a significant 
antioxidant capacity to bodily fluids [33,44]. 

Recently, despite the enormity of the task, significant progress has been made 
in detailed and quantitative analysis of the total antioxidant status of various 
bodily fluids [45]. 

Direct repair systems 

Damage removal and/or repair systems may be classified as either direct or 
indirect [27,46,47] as shown in Fig. 6. Direct repair, about which we know only a 
little, has so far only been demonstrated for a few classes of oxidized molecules. 
One important direct repair process is the re-reduction of oxidized sulphydryl 
groups on proteins. Cysteine residues in proteins are highly susceptible to  autoxi- 
dation and/or metal-catalysed oxidation. When two nearby cysteine residues 
within a protein oxidize they often form a disulphide bond, producing a more 
rigid protein. Disulphide bonds can also form between two proteins, promoting 
the formation of large supramolecular assemblies of inactivated enzymes and 
proteins; this is called intermolecular cross-linking. Both intramolecular disulphide 
cross-links and intermolecular disulphide cross-links can be reversed to some 
extent by disulphide reductases within cells [47]. Our  understanding of such 
enzymic reactions is still at an early stage. Another important sulphydryl oxidation 
process is the oxidation of methionine residues to methionine sulphoxide, typically 
causing loss of enzyme/protein function. The enzyme methionine sulphoxide 
reductase can regenerate methionine residues within such oxidized proteins and 
restore function [48]. As with disulphide reductases, our understanding of methio- 
nine sulphoxide reductases is still in its infancy. 

Fig. 6. Damage removal and repair systems. 
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Direct repair of DNA hydroperoxides by glutathione peroxidase has been 
reported from in vitro studies [49]. The extent to which D N A  peroxides are 
actually formed in vivo, however, is not completely clear. Also not yet studied is 
the extent to which D N A  peroxides may be directly repaired by glutathione 
peroxidases in vivo. Other, relatively straightforward, mechanisms of D N A  repair 
are also being explored [50]. 

Damage removal and repair systems (indirect ‘repair’) 

Although our knowledge of direct repair systems, as outlined above, is still 
rather rudimentary a great deal more is known about indirect repair systems (Fig. 
6). Indirect repair involves two distinct steps [27,47]; first the damaged molecule 
(or the damaged part of a molecule) must be recognized and excised, removed, or 
degraded. Next, a replacement of the entire damaged molecule must be synthe- 
sized, or  the excised portion of the damaged molecule must be made and inserted. 

Degradation and replacement of oxidized proteins 
Extensive studies have revealed that oxidized proteins are recognized by 

proteases and completely degraded (to amino acids); entirely new replacement 
protein molecules are then synthesized de novo [27,51-651. It appears that 
oxidized amino acids within oxidatively modified proteins are eliminated, or  used 
as carbon sources for ATP synthesis. Since an oxidatively modified protein may 
contain only two or three oxidized amino acids it appears probable that most of 
the amino acids from an oxidized and degraded protein are re-utilized for protein 
synthesis. Thus, during oxidative stress, many proteins synthesized as damage 
replacements are likely to contain a high percentage of recycled amino acids. 
During periods of particularly high oxidative stress the proteolytic capacity of cells 
may not be sufficient to cope with the number of oxidized protein molecules 
being generated. A similar problem may occur in aging, or with certain disease 
states, when proteolytic capacity may decline below a critical threshold of activity 
required to cope with normal oxidative stress levels [46]. Under such circum- 
stances oxidized proteins may not undergo appropriate proteolytic digestion, and 
may, instead, cross-link with one another or form extensive hydrophobic bonds. 
Such aggregates of damaged proteins are detrimental to normal cell functions and 
lead to further problems. A summary of protein oxidative damage, recognition and 
degradation by proteases, or  cross-linking and aggregation is presented in Fig. 7 
and represents a pictorial synthesis of many detailed studies [57-651. 

In bacteria such as Escherichia coli a series of proteolytic enzymes act co- 
operatively in the recognition and degradation of oxidatively modified soluble 
proteins [57,58]. A similar series of proteolytic enzymes appear to conduct the 
degradation of oxidatively modified soluble proteins in mammalian mitochondria 
[59]. In bacteria and in mitochondria, therefore, the proteolytic role shown for 
proteasome in Fig. 7 is actually played by a series of cooperative proteases. In the 
cytoplasm and nucleus of eukaryotic cells, however, oxidized soluble proteins 
largely appear to be recognized and degraded by the proteasome complex [60-651 
as shown in Fig. 7. Proteasome is a 670 kDa multi-enzyme complex that appears 
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7. Protein oxidation and the degradation of oxidatively modified 

proteins by proteasome in eukaryotic cells. 

to be ubiquitously expressed in the cytoplasm and nuclei of all eukaryotic cells. 
More than 15 individual polypeptides, each present in multiple copies, with 
molecular masses ranging from 20000 Da to 35 000 Da make up the proteasome 
complex; the exact composition varies with species and cell type. Each of the 
component proteasome polypeptides is encoded by a separate gene and many of 
these genes have now been cloned and sequenced [66]. The results of such cloning 
and sequencing studies reveal that proteasome is a completely non-classical 
protease complex. Indeed, the proteasome subunits have no discernable sequence 
identity with any known proteins, except for a small degree of sequence overlap 
with some of the heat shock proteins [66]. 

The core 670 kDa (20s) proteasome can combine with other, ubiquitin- 
conjugating and ATPase subunits to form a 1500 kDa (26s) proteolytic complex 
(sometimes called ubiquitin conjugate degrading enzyme or U.C.D.E.N.). This 
1500 kDa form of proteasome is responsible for the ATP- and ubiquitin- 
dependent or  stimulated proteolysis within eukaryotic cells, and probably plays an 
important role in antigen processing and cell differentiation [66]. The 1500 kDa 
proteasome form, however, appears not to recognize oxidized proteins [60]. It is 
in fact the 670 kDa ‘core’ proteasome complex that recognizes oxidatively 
modified proteins and selectively degrades them in an ATP- and ubiquitin- 
independent manner [60-651. In this regard it is interesting that although reticulo- 
cytes contain both the 1500 kDa and the 670 kDa forms of proteasome, mature 
erythrocytes contain only the 670 kDa core proteasome [60]. Presumably the 
terminally differentiated erythrocyte can survive perfectly well without ATP/ 
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ubiquitin-stimulated proteolysis, and has no need for antigen processing or further 
differentiation. The housekeeping function of recognizing and degrading 
oxidatively damaged proteins, however, conducted by the 670 kDa core protea- 
some, appears to  be required throughout the entire life of the erythrocyte 
[27,47,60]. 

Recognition of oxidized soluble proteins in the cell cytoplasm and nucleus by 
proteasome appears to  occur via binding to exposed hydrophobic patches on the 
damaged proteins [60-651. Although the process of protein oxidation (which of 
course means oxidation of consistent amino acids) often involves changes that 
make some amino acid residues more hydrophilic, changes in charge relationships 
on a protein can cause significant unfolding or partial denaturation. Such partial 
denaturation exposes previously shielded stretches of primary sequence that are 
hydrophobic in nature. Exposed hydrophobic patches on the surface of oxidized 
proteins appear to  act as recognition and binding sequences for the 670 kDa core 
proteasome [60-651. 

Proteasome appears equally able to recognize and degrade damaged protein 
substrates generated by a wide variety of oxidant exposures. Thus, haemoglobin 
damaged by the indiscriminate hydroxyl radical is selectively degraded by protea- 
some at about the same efficiency as haemoglobin damaged by metal-catalysed 
oxidation with hydrogen peroxide at the haem moiety [60,61]. Similarly, Cu,Zn- 
S O D  is recognized and degraded by proteasome equally well following either 'OH 
exposure or specific copper-catalysed active-site inactivation by the enzymes 
product, H202 [60,61]. Again, the common link between the non-specific damage 
caused by 'OH, and the site-specific oxidation caused by H202 reacting with a 
protein-bound transition-metal catalyst, is the partial denaturation and exposure of 
hydrophobic patches caused by both. Hydrophobic and bulky residues are the 
preferred substrates for proteolytic cleavage by the core proteasome [27,47,66]. 
Recently this laboratory has shown that treatment of epithelial cells in culture 
with an antisense oligonucleotide directed against the proteasome C-2 subunit 
gene, drastically diminishes C-2 expression, overall proteasome activity, and the 
ability of these mammalian cells to successfully degrade oxidatively modified 
proteins following an imposed oxidative stress [65]. 

Degradation and replacementhepair of oxidized membrane lipids 
Lipid peroxidation was the first type of oxidative damage to be studied. 

Membrane phospholipids are continually subjected to oxidant challenges. The 
process of lipid peroxidation is comprised of a set of chain reactions which are 
initiated by the abstraction of a hydrogen atom (from carbon) in an unsaturated 
fatty acyl chain [67,68]. In an aerobic environment, oxygen will add to the fatty 
acid at the carbon-centred lipid radical (L') to  give rise to a lipid peroxyl radical 
(LOO'). Once initiated, LOO' can further propagate the peroxidation chain 
reaction by abstracting a hydrogen atom from other vicinal unsaturated fatty acids 
[67,68]. The resulting lipid hydroperoxide (LOOH)  can easily decompose into 
several reactive species including lipid alkoxy1 radicals (LO'), aldehydes (e.g. 
malonyldialdehyde), alkanes, lipid epoxides and alcohols [67,68]. Cholesterol has 
also been shown to undergo oxidation, to give rise to  a variety of epoxides and 
alcohols. 
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Peroxidized membranes become rigid, lose selective permeability and, under 
extreme conditions, can lose their integrity. Water-soluble lipid peroxidation 
products (most notably the aldehydes) have been shown to diffuse from 
membranes into other subcellular compartments [68-711. Dialdehydes can act as 
cross-linking reagents, and are thought to  play a role in the protein aggregation 
which forms the age pigment lipofuscin [72]. Several laboratories are investigating 
the possibility that lipid peroxidation products may form D N A  adducts, thus 
giving rise to mutations and altered patterns of gene expression [71]. Others have 
noted inhibition of enzyme function by lipid peroxidation products. It is very 
clear that the process of lipid peroxidation, and its products, can be detrimental to 
cell viability. Cumulative effects of lipid peroxidation have been implicated as 
underlying mechanisms in numerous pathological conditions including athero- 
sclerosis, haemolytic anaemias, and ischaemia reperfusion injuries [68]. 

Lipid bilayers which have been oxidized become better substrates for 
phospholipase enzymes (Fig. 6) .  Phospholipase A, acts at the sn-2 position of the 
phospholipid glycerol backbone to generate a free fatty acid and a lysophospho- 
lipid. Phospholipase A, has been shown to preferentially hydrolyse fatty acids 
from oxidized liposomes [73]. Structural perturbations due to changes in 
membrane microviscosity, and the increased hydrophilic nature of oxidized lipids, 
may be responsible for the increased susceptibility to  phospholipase A, action 
[70,74]. Removing fatty acid hydroperoxides from the membrane compartment 
will help prevent further propagation reactions. Additionally, it has been 
demonstrated that fatty acid hydroperoxides released into the cytosol are 
substrates for glutathione peroxidase. Glutathione peroxidase detoxifies fatty acid 
hydroperoxides by reducing them to their corresponding hydroxy fatty acids [74]. 
Lysophospholipids left in the membrane possess potential detergent properties 
which have been shown to disrupt membrane structure and function. 
Lysophospholipids can serve as substrates for re-acylation reactions (re-addition of 
fatty acids to the sn-2 position) to  regenerate intact phospholipids [75,76]. 

Recent work suggests that it is possible to  reduce fatty acid hydroperoxides 
(to their corresponding alcohols) without hydrolysis and release from the 
membrane compartment [49,77-791. A member of the glutathione peroxidase 
family, phospholipid hydroperoxide glutathione peroxidase, which acts preferen- 
tially on phospholipid hydroperoxides, has been characterized by Ursini, Maiorino 
and their co-workers [77-801. A glutathione transferase with activity towards lipid 
hydroperoxides has also been extracted from nuclei [49]. 

Peroxidized membranes and lipid oxidation products represent a constant 
threat to aerobic cells. It is now widely held that, in addition to preventing 
initiation of peroxidation (with compounds like vitamin E), cells have also 
developed a variety of mechanisms for maintaining membrane integrity and 
homoeostasis by repairing oxidatively damaged lipid components (Fig. 6). 

Repair of oxidized DNA 
RNAs and DNAs are also vulnerable to  oxidative damage and, perhaps most 

importantly, DNA has been shown to incur oxidative damage in vivo [81-871. 
Although D N A  is a relatively simple biopolymer, made up of only four different 
nucleic acids, its integrity is vital to  cell division and survival. Oxidative alterations 
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to nucleic acid polymers has been shown to disrupt transcription, translation, and 
D N A  replication, and to give rise to  mutations and (ultimately) cell senescence or 
death [87-931. Despite the precious nature of the genetic code, it too appears to 
be a target for oxidative damage. The amount of oxidative damage, even under 
normal physiological conditions, may be quite extensive, with estimates as high as 
one base modification per 130000 bases in nuclear D N A  [86]. Damage to  
mitochondrial DNA is estimated to be even higher at one per 8000 bases. 
Fragments of oxidatively modified mitochondrial D N A  have been implicated in 
cancer and aging [85]. 

Oxidants can elicit a wide variety of DNA damage products, several of which 
have been carefully characterized [87,94]. The types of D N A  damage can be 
grouped into strand breaks (single and double), sister chromatid exchange, DNA- 
D N A  and DNA-protein cross-links, and base modifications. All four DNA bases 
can be oxidatively modified; however, the pyrimidines (cytosine and, especially, 
thymidine) appear to  be most susceptible [93]. Bases undergo ring saturation, ring 
opening, ring contraction and hydroxylation. These types of alteration usually 
result in a loss of aromaticity and planarity, which can cause local distortions in 
the double helix [93]. Depending on the type and extent of damage, the altered 
bases can be found either attached to, or dissociated from, the DNA molecule to 
generate apurinic/apyrimidinic (AP) sites [84,93,95]. 

Radical interactions with D N A  appear to  be fairly non-specific; hence, the 
phosphodiester backbone may also be oxidatively damaged. Damage to the sugar 
and phosphate moieties, which form the backbone, may result in strand breaks 
[87,94]. Depending on the site of radical attack, unusual 3' and 5' ends (i.e. non- 
3'-OH, non-5'-P04) can be generated. These abnormal ends are not substrates for 
D N A  polymerases, and must be removed before any repair can occur [95]. 

Reports of glutathione transferases [95] and peroxidases using thymidine 
hydroperoxide as a substrate have been published (Fig. 6). D N A  may also undergo 
oxidative demethylation [93,94]. D N A  methylases may play an important role in 
restoring methylation patterns and maintaining epigenetic phenomena. Inhibition 
of poly(ADP-ribose) polymerase has been shown to exacerbate H202 genotox- 
icity, although the mechanism for this is not yet clear [92]. There is ample 
evidence that several prokaryotic and eukaryotic enzymes repair oxidatively 
damaged D N A  by both direct [49,93,94], and excision-repair mechanisms 
[83,84,92-1011 as shown in Fig. 6. Pilot studies using cell-free extracts in vitro 
indicated that some endo- and exo-nucleases preferentially cleave oxidized DNA. 
Bacterial mutants deficient in these putative DNA oxy-repair enzymes: ntb- 
(endonuclease III), xtb- (exonuclease III), and nfo- (endonuclease IV) were used 
to  continue these studies in vivo [lO2]. It was found that strains deficient in 
exonuclease I11 (xth-) are hypersensitive to H202 [102]. Endonuclease IV 
deficiency (nfo-) also produced a hypersensitivity to organic hydroperoxides, and 
to oxidants generated by bleomycin [lO2]. When the nfo and xtb mutations were 
combined, lethal oxidant effects are drastically increased. 

The activity of these prokaryotic enzymes, with regard to  oxidative D N A  
repair, has been extensively studied [96,99,102-1041. Endonuclease I11 has been 
shown to cleave at the 3' side of AP sites [103]. Endonuclease 111 also appears to  
possess an N-glycosylase activity for thymine glycol and urea residues; two 
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common products of oxidative damage to DNA. Exonuclease I11 possesses a 3’ to 
5’ nucleolytic activity which may be responsible for removing the sugar fragments 
generated during oxidative strand breakage [94,103]. Exonuclease I11 is really a 
poor name for this enzyme which actually expresses 85% of the 5’ AP endo- 
nucleolytic activity in E. coli. Endonuclease IV is also a 5’ AP endonuclease. 

Eukaryotic investigations are not as far along but several parallels with the 
results of prokaryotic studies have already been published [95,97,98,105]. Several 
glycosylases which act on D N A  oxidation products have been characterized. A 
3’-repair diesterase in yeast is apparently responsible for removing damaged 3’ 
termini left by free radical reactions [95]. A mammalian endonuclease has been 
isolated based on its specificity for oxidatively modified D N A  [97,98]. It bears 
remarkable similarities to the bacterial endonuclease 111 including molecular mass 
( - 30 kDa), lack of bivalent cation requirement, and substrate specificity. The 
term ‘redoxyendonucleases’ (as used in Fig. 6) has been proposed for all nucleases 
which participate in repairing oxidatively damaged D N A  [97]. 

There is mounting evidence that redoxyendonucleases function in higher 
eukaryotic cells (Fig. 6). DNA damage which appears in cells as a result of an 
acute oxidant challenge (including base damage and single-strand breaks) has been 
shown to diminish as a function of time [83]. These results suggest that a removal 
of lesions is being carried out by intracellular systems. Oxidatively damaged bases 
(8-hydroxydeoxyguanosine, thymine glycol and thymidine glycol) have been 
measured in animal urine [86]. Again this suggests that there is systematic excision 
and excretion of oxidized D N A  in vivo. The vital importance of such D N A  
excision-repair processes was recently highlighted by the selection of D N A  repair 
as the ‘Molecule of the Year’ for 1994 by Science magazine [106]. 

Inducible defence and repair systems 

Thus far the picture of antioxidant defences and repair systems I have 
painted, although extensive, is a static one. In reality, however, both prokaryotes 
and eukaryotes are able to dramatically up-regulate their armoury of oxidant 
protections in response to an oxidative stress. Many researchers have utilized a 
fairly common cell-culture adaptive response protocol first used in heat-shock 
studies to  study such phenomena. This approach involves first finding an oxidant 
concentration that is lethal to most of the cells. Next new cultures are exposed to 
much lower levels of the same oxidant (pretreatment exposures) for various 
periods of time before being exposed to  the normally lethal concentration (the 
challenge dose). What has now been widely found is that, in cells from E. coli to 
human hepatocytes, pretreatment conditions can be found that will enable cells to  
survive the subsequent challenge dose. Such adaptive responses to oxidative stress 
have been shown to involve widespread alterations in gene expression 

In bacteria adaptation to hydrogen peroxide [109,112-1281 has been shown 
to involve the oxyR regulon [114,115,119-1261. The oxyR gene encodes the OxyR 
protein that can bind to the nine or so target genes whose expression it regulates. 
In the reduced state the OxyR protein allows a basal level of transcription to  

[46,107-1111. 
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occur. When oxidized, during the oxidative stress of H202 exposure for instance, 
the OxyR protein dramatically up-regulates transcription of its target genes, 
including a catalase, an alkyl-hydroperoxide reductase, a glutathione reductase, a 
non-specific DNA-binding protein, and the heat-shock protein DNAK. Each of 
these enzymes/proteins provides a clear advantage to oxidatively stressed cells. 
Recent work has revealed the existence of a second H202-inducible regulon, 
tentatively called the oxoR regulon, that appears to provide inducible protection in 
E. coli [107-1091. When E. coli are exposed to  superoxide, instead of H202, the 
soxRS regulon provides inducible protection [96,99,127-1341. Genes induced 
by soxRS include a Mn-SOD, exonuclease IV, glucose-6-phosphate dehydrogenase, 
fumarase C, and an antisense RNA regulator. 

Our  understanding of eukaryotic adaptation to oxidative stress is not as 
advanced as the bacterial work. Limited studies have been performed with yeast, 
where it is clear that transcriptionally regulated adaptation to  H202 exposure does 
occur [107,110,128,135-1381. Limited studies have also been performed in 
mammalian cell cultures. Mammalian H202 adaptation is a much slower, less 
extensive process than that seen for bacteria or yeast, but it does still occur 
[111,139-1421. Transcription of several genes has been shown to increase during 
mammalian responses to oxidative stress [143-1531. In this laboratory we have 
shown that HA-1, CHO, V79, C 3 H  10T1/2, and clone 9 liver cells all adapt to 
H202, although to  varying degrees [ 11 11. 

At the moment we are concentrating on H202 adaptation in the HA-1 cell 
line (a Chinese hamster ovary cell derivative) which relies on de novo protein 
synthesis for adaptation but does not appear to induce any of the classical anti- 
oxidant enzymes. A temporary growth arrest appears important for the successful 
H202 adaptation of HA-1 cells, and this growth-arrest includes expression of the 
gaddl53 and gadd#5 genes [144,152], as well as a novel growth-arrest-associated 
RNA transcript, called adapt l j ,  that we are investigating [108]. A mammalian 
genetic library has been constructed that has sequences known to be induced by 
D N A  damage [152]. Levels of transcripts which cross-hybridize with probes from 
this library have been shown to increase after H202 treatment, suggesting 
oxidative induction of D N A  repair enzymes in mammals [144,152]. Haem 
oxygenase [145], DT diaphorase or quinone reductase [146], and a protein- 
tyrosine phosphatase [ 1531 have all been shown to exhibit peroxide-inducible 
increases in expression, but the relative importance of any or all of these proteins 
to  actual adaptation remains unclear. Obviously, the contribution of multiple 
proteins and enzymes to  overall oxidative-stress adaptation remains an important 
area for future investigations. 

Oxidative stress and disease states 

Despite the antioxidant compounds, antioxidant enzymes, damage removal 
and repair enzymes, and inducible defences discussed in the previous sections 
many common diseases are thought to involve a significant oxidative-stress 
component. While a detailed review of disease states involving oxidative stress is 
beyond the scope of this chapter, an introduction to the topic is presented below. 
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Mutagenesis, cell transformation, and human cancers have all been linked with 
exposure to free radicals and other reactive oxygen species [29,154-1561. Encour- 
agingly, at least some studies suggest that dietary antioxidants provide some 
protection against cancer [154-1561, although recent work also advises caution 

Atherosclerosis, arteriosclerosis and ischaemia/reperfusion events are all 
thought to involve elements of oxidative stress. Thus, devastating events such as 
heart attacks and strokes now appear to  involve free radicals. Oxidized low-density 
lipoproteins (LDLs) appear to play a major role in the formation of fatty lesions 
and fibrous plaques in the endothelial lining of blood vessels [157,158]. Such 
events are also associated with monocyte adherence and further LDL oxidation 
[159]. 

Atherosclerotic and arteriosclerotic blood vessels are, of course, the causes of 
heart attacks and strokes. Many heart attacks and strokes seem to involve an 
ischaemic period, during which blood flow and tissue oxygenation are minimal, 
followed by a reperfusion period, during which blood flow and oxygenation are 
re-established. Much research indicates that the ischaemic period is not the cause 
of irreversible tissue damage, provided that it is not too prolonged. Rather, it 
appears that events which occur during reperfusion, and reoxygenation, are the 
true causes of heart attack and stroke damage. An elegant hypothesis integrating 
all of these findings and explaining damage in terms of oxygen radical damage 
during reperfusion, was proposed by McCord [160] and has stimulated an 
enormous research effort. Although the original hypothesis has undergone some 
revisions, the basic idea that reperfusion involves an oxidative stress still seems 
tenable and is now supported by a good deal of experimental data [161]. 

Inflammatory diseases clearly involve significant exposure to oxidative stress. 
Acute inflammations, such as those associated with wound-healing, are probably 
relatively benign, but chronic inflammation is an altogether different matter. It is 
now quite clear that oxidative stresses involved in chronic inflammatory diseases 
are significant contributors to  disease progression [19,162-1671. Diseases such as 
rheumatoid arthritis, lupus erythematosus and psoriatic arthritis involve chronic 
inflammation of joint tissues, with oxidant-associated gradual deterioration of joint 
structures [ 19,162-1 671. 

Several diseases and disorders of the eye involve photo-oxidative stresses. One  
of the earliest diseases to be associated with photo-oxidative stress was cataract 
formation. The damage and cross-linking of lens proteins, particularly the crystal- 
lins, that characterize cataract are clearly a photo-oxidative event [ 1681. More 
recently studies have focused on the interaction of photo-oxidative damage and 
age-associated declines in protease and peptidase activities as causes for cataract 
[169-1721. In the young lens it is quite clear that photo-oxidative damage occurs 
but proteases like the proteasome complex, and peptidases such as leucine 
aminopeptidase, appear to remove damaged proteins and prevent cross-linking and 
cataract formation [169-1721. 

Several central-nervous-system diseases or syndromes are now thought to 
involve oxygen radicals. Most recently great excitement has been generated by the 
finding that amyotrophic lateral sclerosis (ALS) may involve a genetic defect in 
the gene encoding Cu,Zn-SOD [173-1761. While it now appears that only a 
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percentage of those patients with the familial form of ALS exhibit SOD 
mutations, and the familial form of ALS accounts for less than 10% of all ALS 
cases, this still appears to be a case of an antioxidant genetic defect resulting in 
serious disease. Low glutathione peroxidase activity in red and white blood cells is 
associated with chronic seizures in children [177], and vitamin E deficiency can 
lead to lipid peroxidation, demyelination, and neuronal ceroid lipofuscinosis 
[178,179]. Similarly, abnormally low copper levels in the brain have been 
associated with diminished Cu,Zn-SOD activity, mental deterioration and even 
death [180]. Parkinson’s disease [181-1831 and Alzheimer’s dementia [184-1911 
have both been associated with free radicals and oxidative stress, and the 
possibility that such associations may be causal in nature is now under very active 
investigation. 

It will be noted that many of the diseases discussed above may be said to be 
‘age-associated disorders’. The concept that the aging process itself may actually be 
a free radical disease was advanced many years ago [192] and has recently received 
great attention [46,193,194]. Certainly aging is commonly associated with 
increased incidence of many degenerative diseases and disorders, an example being 
the age-associated decline in immune function that may be preventable by dietary 
(antioxidant) manipulation [195]. Whether aging is actually a free radical disease 
or a natural phenomenon may be more a question of semantics than of science, 
but it is, I suggest, abundantly clear that oxidative stress is at least a component 
of the aging process [46]. 

Environment, drugs and foods 

The purpose of this volume is to emphasize the role of free radicals and 
oxidative stress as induced or affected by environmental factors, drugs and food 
additives. Each of these areas is now discussed in an introductory manner below. 

Environmental sources of oxidative stress 
The question of environmental exposure to singlet oxygen, as a photo- 

oxidative event, was covered in the first section (‘The radical nature of oxygen’) of 
this article. Similarly, the question of environmental production of, and exposure 
to, ozone and oxides of nitrogen such as NO’ and NO,’ were discussed in the 
section entitled, ‘Fundamentals of oxidative stress’. 

Another major environmental source of oxygen radical exposure is through 
radiation. Many forms of electromagnetic radiation, including y-rays and X-rays, 
are fairly common environmental ‘pollutants’. Of major concern is the direct 
radiolysis of water that y-rays and X-rays induce, since human beings are 
composed mostly of water and since water is 55 M in concentration. For most 
purposes this means that direct effects of radiation, on molecules such as DNA, 
are minimal in comparison with the indirect effects of radiation, mediated by the 
free radicals generated by radiolysis of water [196]. Radiolysis splits H 2 0  into 
‘OH and the solvated electron (eaq.). Since our tissues contain oxygen, the e-aq. so 
produced reduces oxygen to form 02’-, which then dismutates to form H202. 
Thus radiation results in the generation of ‘OH, 02*- and H202 whose effects 
have already been reviewed in detail earlier in this introductory chapter. 
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Toxins released into the environment may affect oxidative metabolism. One 
compelling example is that of the industrial pollutant carbon tetrachloride. 
Although carbon tetrachloride itself is essentially harmless, it is oxidized by 
cytochrome P-450 enzymes, in the endoplasmic reticulum of the liver, to form the 
highly reactive trichloromethyl radical. Elegant and detailed investigations, 
spearheaded by Trevor Slater and Mario Dianzani over a period of decades, have 
given us a very intimate understanding of the free radical nature of carbon 
tetrachloride toxicity [197-1991. 

Studies are increasingly demonstrating the free radical (or non-radical 
oxidant) nature of an enormous variety of components found in cigarette, cigar 
and pipe smoke [3,5,10,24,25]. Radicals such as NO', NO2', multiple carbon- 
centred radical species and 0, are formed in vast quantities from the combustion 
of tobacco products. Also produced are multiple quinonoid compounds which 
may redox-cycle with mitochondrial or microsomal electron transport chains to 
generate oxygen radicals. The extent to which such tobacco-based radicals and 
other pro-oxidant species contribute to diseases in smokers, and those around 
them, is currently the subject of intense investigation. 

Drugs and oxidative stress 
Several medically useful drugs exhibit a variety of undesirable side-effects 

caused by generation of reactive oxygen species. One of the most widely studied 
of such free-radical-generating drugs is the anthracycline antibiotic doxorubicin, 
which is commercially (and clinically) known by the tradename Adriamycin. Ring 
B of Adriamycin's four-ring anthracycline structure is an unsubstituted quinone, 
that can readily redox cycle with appropriate electron donors. Detailed studies 
have shown that mitochondrial, microsomal (endoplasmic reticulum) and 
sarcosomal (sarcoplasmic reticulum) electron transport chains are good electron 
donors for Adriamycin [200-2071. Complex I is the mitochondrial site of 
Adriamycin one-electron reduction [203,205,206] to generate the semiquinone 
drug radical (QH'  or  Q*-, depending on the local pH).  The Adriamycin semiqui- 
none radical next acts as a reductant for molecular oxygen, regenerating the native 
drug and producing superoxide [203,205,206]. Naturally the 02*- generated can 
participate in all the reactions detailed in Figs. 1-4. 

Adriamycin can also undergo one-electron redox cycling with cytochrome 
P-450 species in the endoplasmic reticulum of the liver and the sarcoplasmic 
reticulum of cardiac muscle [201,202]. As with mitochondrial reduction above, a 
drug semiquinone radical (QH' or Q'-) is the immediate product. Again, 
oxidation of the Adriamycin semiquinone radical by molecular oxygen generates 
02*- and the native drug [201,202]. Both mitochondrial and cytochrome 
P-450-dependent redox cycling of Adriamycin are thought to account for most of 
the toxicity exhibited by this valuable anti-tumour agent [200-2061 although non- 
oxidative inhibitory effects on mitochondrial electron transport are observed at 
high drug concentrations [207]. Cardiotoxicity is clearly the major form of 
damage seen with Adriamycin in clinical usage [200-2071. So severe is this toxicity 
that Adriamycin dosage treads a relatively fine line between anti-tumour effective- 
ness and cardiac death. A number of related drugs including daunorubicin, rubida- 
zone, and aclacinomycin A are toxic for the same reasons detailed above for 
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Adriamycin [204]. Interestingly, an imino-substitution of Adriamycin’s quinone 
ring, which produces 5-iminodaunorubicin, makes a drug that can no longer 
redox-cycle and is much less toxic [203,205,206]. Unfortunately, 5-iminodauno- 
rubicin has not been widely tested as an anti-tumour agent, and must currently be 
considered to  be an ‘orphan drug’. 

Tylenol or acetaminophen (called paracetamol in the U.K.) has long been 
used as an effective, mild analgesic and antipyretic drug. Unfortunately, Parace- 
tamol can cause severe hepatic necrosis, and even death, when taken in very high 
doses [208]. Paracetamol poisoning clearly involves metabolism by cytochrome 
P-450 to generate the extremely reactive N-acetyl-p-benzoquinone imine [209]. 
Multiple toxic effects are exerted by the benzoquinone imine intermediate, 
including glutathione depletion [210,21 I], oxidation of protein thiols [212,213], 
oxidation of N A D P H  [213], depletion of ATP [213], and arylation/oxidation of 
the plasma membrane Ca2+-ATPase, with a consequent rise in cytosolic calcium 
[2 13,2 141. 

Naturally this section of my introduction to free radicals and oxidative stress, 
could expand to book-size if all possible drugs were included. For the purposes of 
this introduction it is enough to  note that several widely available over-the- 
counter drugs (e.g. paracetamol) as well as an even larger number of prescription 
drugs (e.g. Adriamycin) can cause serious toxicity through the generation of free 
radicals. In some cases redox cycling by mitochondrial and cytochrome P-450 
systems causes toxicity via superoxide generation, in other cases the drug may 
undergo an irreversible P-450-mediated oxidation to generate a powerful intracel- 
lular oxidant. It should also be noted in this section that several drugs appear to  
exert significant antioxidant effects that may underlie at least part of their clinical 
effectiveness. Examples of this category of ‘antioxidant drugs’ includes the 
corticosteroids, penicillamine, and many of the non-steroidal anti-inflammatory 
drugs (such as Piroxicam, Naproxen, and Ibuprofen) which are widely used in 
treating such chronic inflammatory diseases as rheumatoid arthritis, gout and 
lupus erythematosus [2 15,2 161. 

Foods and oxidative stress 
The past few years have seen an explosive interest from the general public in 

food additives. Significant attention has been paid to such additives as BHT, BHA 
and EDTA, with concern over possible mutagenic or carcinogenic effects. The 
reality, however, is that toxicity from such additives appears not to occur, whereas 
the carcinogens (formed by oxidation of foodstuffs) whose formation they inhibit 
are clearly undesirable [2 17,2 181. 

A major growth area in the last few years has included detailed investigations 
of many naturally occurring antioxidant compounds for potential use as food 
additives or dietary supplements. Of course interest in, and use of, vitamin C, 
vitamin E and p-carotene by the general public has skyrocketed in recent years. 
These antioxidants are now widely available as dietary supplements and are also 
being incorporated into a large number of food products. 

Newer ‘natural’ antioxidants are also being explored. Olive oils (particularly 
the first, or cold-pressed, variety) are widely considered to  be healthy foods 
because they contain no cholesterol, have high levels of mono-unsaturated fatty 
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acids (but low levels of saturates and polyunsaturates), and boast a wide variety of 
natural antioxidant compounds [219]. Considerable interest has also centred on 
the idea that moderate consumption of red wines may provide protection against 
heart attacks, possibly due to antioxidant properties of such wines. The concept 
that certain leaves, roots, or plant extracts may be useful as health aids is, of 
course, not new, and herbal or ‘medicinal’ teas have long been widely available. It 
has also been widely promulgated, and is now generally accepted, that diets rich in 
fruits and vegetables are associated with a diminished risk of cancer, heart attacks, 
strokes and other diseases [217]. There is, naturally, a strong desire to isolate, 
identify, and market the ‘active-ingredients‘ in fruits and vegetables that promote 
such healthy lives. 

Recently a considerable effort to extract potentially useful antioxidants from 
plants has begun. In addition to P-carotene, which has been of interest for a long 
time, other carotenoids such as P-cryptoxanthin, canthaxanthin, lutein, lycopene 
and bixin, are being studied and show early promise of significant antioxidant 
capacity [220-222]. Also under investigation (with promising initial results) are 
plant hydroxycinnamic acids such as ferulic acid, caffeic acid and p-coumaric acid 
[223-2261. 

Polyphenolic flavonoids are being extracted from fruits, vegetables, teas and 
wines, and studied as potentially useful antioxidants [223,227,228]. Research by 
Rice-Evans et al. [223] and others [227,228] indicates that both the classical 
antioxidant properties of the polyphenolic flavonoids (contributed by the 
hydrogen-donating capacity of their phenolic moieties) and their metal-chelating 
properties (effectively preventing transition metals from catalysing oxidation 
reactions) may be important elements in the overall effectiveness of such 
compounds against free radical oxidations [223]. Multiple polyphenolic flavonoids 
are currently being studied: these include the flavonols such as quercetin and rutin, 
the flavanols such as catechin and epicatechin, the anthocyanidins such as cyanidin 
and apigenidin, the flavones such as chrysin, and the flavanones such as taxifolin 
[223,227,228]. 

Many of the above plant antioxidants have demonstrated greater free radical- 
scavenging (hydrogen-donating) activity in vitro than urate, ascorbate, or 
glutathione. The flavonol quercetin and the flavanol catechin appear to exert 
particularly efficacious synergistic effects [223] and, since both are apparently 
absorbed by humans, may hold real promise for development as dietary 
supplements. 
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