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Reactive Oxygen Species in Clinical Practice 
Aruna Nathan and Mervyn Singer 

Reactive oxygen species (ROSs) are oxidants produced in both 
health and disease by various processes, for example, from the 
phagocytic respiratory burst, during mitochondrial aerobic 
respiration, and as a by-product of both ischemia and reper
fusion. In health, ROSs serve a variety of roles, including 
defense, cell signaling, and as a trigger for inflammation 
(Fig. 18.1). A number of endogenous mechanisms are in place 
to protect the body against excessive oxidant effect, including 
circulating antioxidants (e.g., albumin) intracellular antioxidants 
(e.g., reduced glutathione), and specific enzymes (e.g., superox
ide dismutase) (Table 18.1). When the equilibrium is grossly 
disrupted by excess production of oxidants or loss of endogenous 
defenses, widespread damage can ensue to protein, lipid, DNA, 
and mitochondria. This damage is implicated in various local or 
systemic clinical syndromes, such as after reperfusion of an 
ischemic heart, limb, or bowel, or with acute respiratory distress 
syndrome (ARDS) or sepsis. 

Chemistry 

Reactive oxygen species mayor may not contain one or more 
unpaired electrons (e). Those that do are termed free radicals. 
Oxygen exists in air in a molecular form (02, dioxygen) that 
contains two unpaired electrons. In this form, oxygen is not 
highly reactive, as the electrons have the same spin quantum 
number (parallel spin). Only when this spin restriction is 
overcome does oxygen become highly reactive. 

Fonnation of Reactive Oxygen and Nitrogen Species 

Reactive oxygen species can be formed in the body via several 
mechanisms (Fig. 18.2). Aerobic metabolism, the most efficient 
method of generating energy from metabolic substrate, utilizes 
02 to generate adenosine triphosphate (ATP). During this 
process, 02 is reduced via a series of reactions to generate 
ROSs, including hydroperoxyl and hydroxyl free radicals and 
hydrogen peroxide. At physiologic pH the hydroperoxyl radical 
dissociates into the superoxide radical, which can be further 
converted to other reactive oxygen species. 

0; + e + H+ -+ HO; 

HO; -+ H+ +02 
0; + 2H+ + e -+ H20 2 

(hydroperoxyl radical) 

(superoxide radical) 

(hydrogen peroxide) 

H20 2 + e -+ -OH- + OH- (hydroxyl radical) 

OH- + e + H+ -+ H20 

The clinically relevant species are the superoxide radical, 
hydrogen peroxide, and the highly reactive hydroxyl radicals. 
Superoxide (0;) is formed by adding one electron to 02' Its reac
tivity is variable. Superoxide is a weak oxidizing agent, though it 
is a strong reductive agent able to reduce iron-containing 
complexes such as cytochrome c. Superoxide dismutates into 
hydrogen peroxide (H202) and H20 in solution. This reaction is 
accelerated by the presence of the enzyme superoxide dismutase 
(SOD).l This enzyme is found in various forms in plant and 
animal cells and forms an important defense mechanism against 
oxidative stress. The HO; radical is highly reactive but is 
present only in minute quantities at physiologic pH. H20 2 is 
much less reactive and is stable in the absence of transitional 
metal ions. It readily diffuses across biologic membranes and 
can form the highly reactive hydroxyl (OH-) radical in the 
presence of metal ions, especially iron and copper. It is removed 
by enzymes, including catalase and glutathione peroxidase. The 
o H- radical is a powerful oxidant that can cause severe tissue 
damage. The presence of iron accelerates the formation of OH
from H20 lh as described by the Fenton reaction.2 

Fe2+ + H20 2 -+ FeH + OH- + OH-

FeH + H20 2 -+ Fe2+ + HO; + H+ 

Ferrous (Fe2+) Hiron is rapidly oxidized to ferric (Fe3; iron in 
the presence of phosphate and 02' 0; is formed by the addition 
of one electron to 02 during this process, as is perferryl iron 
(Fe2+ 02 and Fe3+ 0;). 

Hypochlorous acid (HOCI), formed by the enzyme my
eloperoxidase, catalyzes the formation of HOCI from H20 2 and 
chloride ions in phagocytes. HOCl can itself generate OH -.3,4 

Some of the oxides of nitrogen are free radicals, as they also 
have unpaired electrons. They include the nitrosyl radical, 
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FIGURE 18.1. Putative role of reactive 
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produced by the one-electron reduction of nitric oxide (NOj, 
and nitrogen dioxide (NO;). These reactive oxygen species may 
affect other biological molecules by oxidation, nitration, or 
nitrosalation.5,6 

Studies have shown both cytotoxic and cytoprotective roles 
for NO.5,7,8 These roles mayor may not involve the generation 
of reactive NO species.9-11 

In the presence of 0;, RNOSs such as peroxynitrite 
(ONOO-) and N20 3 are formed. 12,13 Concomitant genera
tion of NO and 0; produces ONOO-, a more highly 
reactive molecule than either of its congenitors; but it may 
not be particularly toxic in normal situations.7 Nitric oxide 
synthase may also generate NO· directly,14,15 which can be 
reduced to NO by electron acceptors such as superoxide 
dismutase. 

Nitric oxide may also be generated indirectly through the 
formation of N-hydroXY-L-arginine (HO-Arg), which gener
ates NO· under conditions of oxidative stress. 16,17 NO· can 
also be formed during the decomposition of S-nitrosothiols 
and in conditions of nitrosative stress. 18 The cytotoxic effect 
of NO· can result in DNA double strand breaks. 19 This effect 
is enhanced by oxygen, which may continue the process of 
lipid peroxidation initiated by NO· or can enhance generation of 
ONOO- . Toxicity might be influenced by low cellular levels of 
reduced glutathione (GSH). NO· oxidizes thiols including GSH, 
thereby enhancing the toxicity of RNOSs and ROSs. Co
generation of NO· and ROS may also enhance the toxicity of 
H20 2 owing to reduced levels of intracellular GSH.5 

Lipid Peroxidation 

Free radicals oxidize lipids, proteins, and DNA. The oxidation 
of polyunsaturated fatty acids, termed lipid peroxidation, 

TABLE 18.1. Examples of Antioxidants. 

Antioxidant 

Enzyme antioxidants 
Glutathione peroxidase 
Superoxide dismutase 
Catalase 

Non enzymatic antioxidants 
Membrane antioxidants 
Vitamin E 
fJ-Carotene 
Coenzyme Q 

Mode of action 

Removal of H20 2, hydroperoxides 
Catalytic removal of O2 

Catalytic reduction of H 20 2 to H20 

Chain-breaking antioxidant 
Scavenger of ROS 
? Antioxidant role 

Compounds that reduce availability of transition metals 
Transferrin Binds ferric iron 
Lactoferrin Binds ferric iron at lower pH 
Haptoglobins Bind hemoglobin 
Albumin Binds heme and copper 

Scavengers 
Bilirubin 
Uric acid 
Ascorbic acid 
Mucus 
Ceruloplasmin 

Thiol group donors 
Reduced glutathione 

(GSSH) 

Synthetic antioxidants 
N-Acetylcysteine 
Desferrioxamine 
Allopurinol 
Lazaroids 

Mannitol 

Scavenges peroxyl radicals 
Scavenges FOR (Free Oxygen Radicals) 
Scavenges hydroxyl radical 
Scavenges hydroxyl radicals 
Scavenges 0;, binds copper ions 

Binds free radical, SH group oxidized to 
disulfide group (GSSG) 

Increases intracellular GSSH 
Heavy metal chelator 
Xanthine oxidase inhibitor 
Free radical scavengers; inhibitors of 

lipid peroxidation 
Free radical scavenger 

involves a chain reaction that progresses through three stages: 
initiation, propagation, and termination.20 When a hydrogen 
atom is removed by a free radical from a methylene group 
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FrGURE 18.2. Derivation of reactive oxygen 
and nitrogen oxygen species (NO·, nitric 
oxide; Cu, copper; Fe, iron; e-, unpaired 
electron; O2, superoxide; Off', hydroxyl 
radical; DNA, deoxyribonucleic acid). 

molecular oxygen superoxide anion hydrogen peroxide hydroxyl radical water 
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(-CH2-), an unpaired electron is left behind on the carbon atom 
(-·CH-). This is the process of initiation. Compounds that can 
initiate lipid peroxidation include OH·, alkoxyl (Raj, and 
peroxyl (ROO-) radicals. Alkoxyl radicals are formed when 
reduced or oxidized metal complexes react with lipid peroxides. 
The radical then undergoes a conformational change to form a 
conjugated diene, which can direcdy react with O2 to form 
peroxyl radicals (ROO·). The peroxyl radical is a powerful 
oxidant, and the process is thereby continued. 

Lipid peroxides are stable except in the presence of transi
tional metals or metal complexes. Iron complexes can accelerate 
lipid peroxide decomposition, as can heme proteins such as 
hemoglobin and the cytochromes, by releasing chelatable iron.21 

Iron ions are free radicals that play a vital role in lipid 
peroxidation by catalyzing the formation of the highly reactive 
OH- from 0;. This action is probably site-specific, as the iron 
and copper complexes are normally bound to specific molecules. 
The peroxidation reaction is usually terminated when it reaches 
a protein. These damaged proteins are detected in and removed 
from the cell.22,23 

Markers of ROS Generation 

Electron spin resonance (ESR) spectroscopy is the only 
technique that measures free radical activity direcdy. Com
pounds ("spin traps") that react with the free radicals to form 
more stable adducts can be added if desired. ESR spectroscopy, 
however, is both sophisticated and expensive. Indirect markers 
of ROS generation are used, seeking evidence of damage (e.g., 
lipid peroxidation) or depletion of endogenous antioxidants. 
This subject was well reviewed by Gutteridge.20 

Natural Antioxidant Systems 

The body has both enzymatic and nonenzymatic antioxidant 
defense systems that protect against reactive oxygen species. 

Nonenzymatic defense systems include vitamins E and C, 
(X-lipoic acid, vitamin A, p-carotene, and the reduced form of 
glutathione. Enzyme systems include superoxide dismutase 
(SOD), catalase, and glutathione peroxidase. SOD exists in 
three forms: cytosolic Cu SOD, mitochondrial Mn SOD, and 
extracellular Zn SOD. SOD catalyzes the conversion of 0; to 
H20 and H20 2• Catalase is found mainly in peroxisomes and 
catalyzes the conversion of H20 2 to H20 and O2• Glutathione 
peroxidase reduces Hll0 2 to H20 by oxidizing glutathione 
(GSH). The oxidized glutathione (GSSG) is reduced back to 
glutathione by glutathione reductase in the presence of reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) 
(Fig. 18.3). 

H20 2 + 2GSH --t GSSG + 2H20 

GSSG + NADPH + H+ --t 2GSH + NADP+ 

All these enzymes require metal cofactors, such as iron for 
catalase, selenium for glutathione peroxidase, and copper, zinc, 
or manganese for SOD. 

Mechanisms of Damage 

Oxidative stress occurs in clinical conditions involving tissue 
hypoxia, ischemia, and reperfusion. Such conditions include 
shock of different etiologies; revascularization of ischemic limbs, 
bowel, or heart; pancreatitis; organ transplantation; and the 
systemic inflammatory response syndrome (SIRS). ROSs 
formed in these situations initiate lipid peroxidation and protein 
and nucleic acid damage, generate chemotactic substances, and 
induce expression of cell adhesion molecules, resulting ill micro
vascular thrombosis.24 ROSs are also generated by mitochond
rial oxidation, metabolism of arachidonic acid, activation of 
NADPH oxidase in phagocytes, and activation of xanthine 
oxidase (Fig. 18.4). Apart from increasing the activity of this en
zyme, ischemia and hypoxia also increase its substrate (hypo
xanthine/xanthine) via increased ATP hydrolysis and a 
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subsequent increase in adenosine monophosphate (AMP) levels. 
Metabolism of hypoxanthine/xanthine leads to increased gen
eration ofOi.2s 

Xanthine/hypoxanthine + H20 + 202 

--+ uric acid + 0; + 2H+ 

Clinical ·Overview 

Sepsis 

Sepsis-related multiple organ failure is the leading cause of death 
in intensive care units.26 Infection incites a systemic inflamma
tory response, with neutrophil infiltration, activation, and 
phagocytosis. During the "respiratory burst" 0; is generated 
by the NADPH-dependent oxidase present in neutrophils,27 as 
is HOCI (generated by myeloperoxidase) and NO·. Nitric oxide 
further reacts with 0; to form ONOO·, ultimately generating 
the toxic hydroxyl (OHj radical. 

Inflammatory cascade activation results in ongoing genera
tion of proinflammatory mediators plus induction of nitric oxide 
synthase (iNOS). Increased expression of iNOS has been found 
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(phagocytes) metabolism 

\ 
hypoxanthine + O2 
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FIGURE 18.3. Protective role of mitochondrial glut
athione (GSH reduced form, GSSG oxidized form) 
against hydrogen peroxide (H202) and restoration 
of its reduced form by reactions involving nicotin
amide adenine dinucleotide phosphate (NADPH 
and NADP) and a nonspecificed NADP reducing 
system (DH2 and D). 

in circulating neutrophils of patients with sepsis or SIRS.28 

Endothelial cells have also been shown to produce 0; by 
xanthine oxidase activation induced by activated neutrophils 
and mediators.29,3o Increased xanthine oxidase activity plus 
evidence of ROS-mediated damage was found by Galley et al. 
in septic patients, although it was lowest in those who died.:n 

Studies conducted on whole blood oxidant output and super
oxide production in leukocytes of septic patients and controls 
suggest impaired phagocyte function. Although total oxidant 
output was increased, the normalized oxidative output for the 
individual phagocytes was subnormal in response to a variety of 
stimuli.32 The apparent increase in total oxidative output may 
be due to the increased number of leukocytes. 

Breakdown products of lipid peroxides have been found in 
organs and plasma of septic animals.32-36 Lipid peroxide levels 
were also found to be elevated in critically ill, ventilated 
patients.37 

Cellular antioxidant defense mechanisms limit the damage 
produced by free radicals. (X-Tocopherol (vitamin E) is the major 
chain-breaking antioxidant found in cellS.38 Ascorbic acid 
(vitamin C) is a powerful antioxidant that reduces 0;, H20~l> 
and OH-, forming dehydroascorbic acid (DHA).39 Glutathione 
reductase reduces DHA back to ascorbic acid. Another impor-

FIGURE 18.4. Sources of intracellular oxidative stress. 
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tant function of ascorbic acid is regeneration of ex-tocopherol 
from the tocopherol radical. Under certain situations, ascorbic 

'd ' 'd al' th . f F 3+ F 2+ aC1 IS promo ant, cat yzmg e conversIOn 0 e to e 
which fuels the Fenton reaction leading to formation of OH·,40 
{J-Carotene (provitamin A) is also believed to exert an antiox
idant function in hypoxic conditions.41 Trace elements contrib
ute to antioxidant mechanisms as they form the metal centers of 
enzyme systems.39 

In those with sepsis the above defense mechanisms may be 
compromised. Low concentrations of vitamin C42 and vitamin 
E43--46 have been found in septic patients. In the study of Goode 
et al.46 low antioxidant vitamin concentrations were associated 
with increased lipid peroxidation and urinary nitrite excretion. 
The highest values of lipid peroxidation were found in patients 
with three or more organ failures, acute inflammation, and 
altered protein metabolism. Borelli et alY found decreased 
vitamin C levels and high copper/zinc ratios in patients 
developing multiple organ failure, in association with increased 
levels of interleukin-6 (IL-6) and soluble tumor necrosis factor 
(TNF) receptors. A low total antioxidant capacity has also been 
shown in the critically ill, in those with uremia, and in renal 
transplant recipients.48 Of interest, Pascual et al.49 found that 
total antioxidant activity was subnormal in septic patients but 
elevated in those in septic shock. Fukuyama et al,50 reported a 
marked increase in plasma nitrite/nitrate and nitrotyrosine 
levels in chronic renal failure patients with septic shock, 
suggesting excessive ONOO- formation. Hammarqvist et al.51 

found decreased levels of reduced glutathione in skeletal muscle 
of critically ill patients and a low reduced/total muscle 
glutathione ratio. 

Treatment with antioxidants including SOD, catalase, and 
N-acetylcysteine (NAG) have produced variable results.52,53 
Their benefits in human sepsis are still unclear. NAC is a 
low-molecular-weight precursor of glutathione that possibly 
replenishes intracellular glutathione stores. NAC also has 
antiinflammatory effects on neutrophils and monocytes. Pre
treatment with NAC had a positive effect on myocardial function 
in a canine model of endotoxic shock. 54 It was attributed to 
enhanced glutathione peroxidase activity and inhibition of TNF 
release secondary to a decrease in ROS release, Interestingly, it 
did not increase plasma total antioxidant potential (TAP) in 
critically ill patients. 55 Although NAC may restore intracellular 
glutathione levels, it may not reflect on the TAP. Galleyet al.56 

reported an improvement in hemodynamic parameters in septic, 
critically ill patients treated with intravenous antioxidants. 
Ascorbate loading in septic patients and healthy controls resulted 
in increased ascorbyl radical activity in both groups, revealing 
suboptimal ascorbate levels in the controls and rapid consump
tion of ascorbate in septic patients.57 

Specific Infections 

Reactive oxygen species and NO mediate pathophysiologic 
changes in bacterial meningitis-related brain injury.58 Injury 
due to cerebral malaria is considered to result in part from free 
radical-mediated lipid peroxidation of cellular and subcellular 
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structures. Oxidative stress is also involved in the neutrophil
mediated destruction of these parasites. 59 Hemolysis and 
dyserythropoiesis are common in children with malaria and 
are associated with increased transferrin saturation. The resul
tant increase in free iron can fuel formation of free radicals. 
Gordeuk et al.60 found that elevated transferrin saturation was 
associated with delayed recovery in those with cerebral malaria. 

Oxidant stress also plays a role in viral illness [e.g., influenza
related cytotoxicity61 and human immunodeficiency virus (HIV) 
replication J . Malorni et al. [62J found that an increase in 
intracellular oxidant stress resulted in activation of latent HIV 
and that pretreatment with NAC could decrease the degree of 
virus activation and apoptosis. Diethyldithiocarbamate, which is 
used for the treatment of acquired immunodeficiency syndrome 
(AIDS), has powerful antioxidant properties, scavenging HOCI 
and OH· radicals and inhibiting SOD and cytochrome P450.63 

Acute Renal Failure 

Acute renal failure may result from conditions involving 
hypoperfusion, hypotension, or tissue hypoxia. Reactive oxygen 
species are involved in the pathogenesis of both ischemia
mediated and immune complex-mediated renal failure. In vitro 
experiments have demonstrated the generation of 0;, H20 2, 

and OH- by proximal tubule cells under normoxic conditions.64 

Free radical production was increased, during hypoxia and 
reoxygenation, as was lipid peroxidation. There was an effiux of 
adenine metabolites and a decrease in cellular ATP concentra
tion and cell lysis. 0; is generated by increased expression of 
xanthine oxidase and by activated neutrophils that adhere to the 
vascular endothelium in the ischemic kidney.65 

Drug-Induced Toxicity 

Aminoglycoside nephrotoxicity is well recognized. It is of 
interest that gentamicin has been shown to enhance generation 
of 0;, H20 2, and OH-66,67 and to produce a time- and dose
dependent increase in the release of iron from renal cortical 
mitochondria.68 Reactive oxygen species are also involved in 
cyclosporin A-induced nephrotoxicity. Oxidant mechanisms in 
toxic acute renal failure have been reviewed by Baliga et al.69 

Rhabdomyolysis 

The acute renal failure secondary to rhabdomyolysis is now 
considered to be related to iron-catalyzed free radical formation 
and lipid peroxidation of proximal tubular cell membranes, 
rather than myoglobin tubular blockage per se. The terminal 
mitochondrial electron transport chain may be a source of these 
free radicals.7o The heme iron from myoglobin might fuel the 
Haber-Weiss reaction with formation of OH·, or it may 
produce highly reactive iron-based free radicals, namely ferryl 
or perferryl radicals. Heme oxygenase (HO) seems to playa 
significant role in this injury by generation of free iron from the 
heme moiety.71 
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ROSs in Hepatic and Pancreatic Disease 

Oxidative damage occurs in the liver, mainly as a consequence 
ofischemia/repeIfusion injury (as in shock states), metabolism of 
toxic substances (e.g., alcohol), and iron overload. The liver 
generates up to 80% of total body glutathione, a tripeptide of 
glutamate, cysteine, and glycine, with the thiol (SIl) group of 
the cysteine moiety conferring significant reducing capacity. 
The reduced form of glutathione (G8H) can be oxidized to the 
disulfide (8-S) form. Ninety percent of cellular GSH is cytosolic, 
the remainder being mitochondrial. During normal aerobic 
mitochondrial respiration, 1-5% of total oxygen consumption is 
used to generate superoxide, which is converted by SOD to 
H20 2• Mitochondrial GSH provides the reducing power to 
inactivate H 20 2, thereby protecting the mitochondria against 
this oxidative stress. GSH is also involved in the detoxification of 
oxidants and electrophilic compounds. Malnutrition reduces 
GSH levels and is associated with an increased risk of multiple 
organ dysfunction syndrome (MODS) and death in septic 
patients.72 These two effects may be linked. In a rodent model of 
sepsis, Robinson et al.73 found that starvation increased ROS 
generation by 200% following endotoxemia. 

Hepatocytes produce a variety of reactive oxygen and 
nitrogen intermediates in response to cytokines, microbes, or 
hypoxia.74 NO seems to exert a protective role on oxidant injury 
of the liver.75 Studies by Shu et a1. 76 suggested that NO might 
enhance oxidative stress by modifYing the GSH content of 
hepatocytes. They suggested that during sepsis, especially in the 
presence of acidosis, it is important to normalize the acidosis 
prior to inhibition of NO, the rationale being that both OH
and ONOO- are more stable at acidic pH, and a reduced OH 
baseline results in increased intracellular GSH. Enhanced ROS 
production has also been described in patients with cirrhosis and 
portal hypertension and as part of the repeIfusion injury 
following orthotoptic liver transplantation.77 Several animal 
studies also indicate a role for ROSs in the pathogenesis of acute 
pancreatitis.18 Allopurinol, a xanthine oxidase inhibitor, had a 
significant protective effect in a rat model of L-arginine-induced 

.. 79 acute pancreatltls. 

Acute Lung Injury and Acute 
Respiratory Distress Syndrome 

Acute lung injury (ALI) and the acute respiratory distress 
syndrome (ARDS) are clinical syndromes that represent in
creasing severity of lung injury associated with the myriad 
conditions causing SIRS and multiple organ dysfunction. 
Although the numbers involved are small, several studies have 
demonstrated evidence of oxidative stress in ARDS. In a study 
of eight patients with severe ARDS requiring high-frequency jet 
ventilation, survivors had higher plasma thiol levels than 
nonsurvivors; the latter also had rising protein carbonyl levels. 80 

A deficiency of glutathione in the alveolar fluid has also been 
d . . 'th ARDS 81,82 reporte m patlents WI • 

Both ROSs and peroxynitrite (ONOO-) are implicated in the 
injury process.83 ROSs can cause indirect damage by damaging 
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enzymes and depleting antioxidants. They may also lead to 
pulmonary endothelial dysfunction, which appears to be asso
ciated with impaired NO synthesis and release. These ROSs 
could be produced by activated neutrophils or endothelial cells. 
Nitrotyrosine residues, the metabolites of ONOO-, have also 
been found in the lungs of ARDS patients.84 Enhanced 
formation of ROSs has been demonstrated with other pulmo-

8586 'd . . nary conditions, as well, such as asthma,' aCl asprratlon 
pneumonitis,87 and inhalational burns,88 and in patients 

d . ulm . 89 un ergomg p onary resectlon. 

Ischemia/Reperfusion Injury 

It is known that ischemia/repeIfusion injury lies behind a host of 
clinical conditions, such as ischemic hepatitis, pancreatitis, brain 
injury, major vascular surgery, myocardial infarction, and 
cardiopulmonary bypass. It is also common following global 
insults such as cardiac arrest and shock states. 

Acute coronary syndromes are associated with enhanced 
generation of ROSs. Reilly et al.90 have shown that urinary 
excretion of isoprostanes (a marker of lipid peroxidation) is 
increased after acute coronary angioplasty. In a study on 
isolated peIfused rat hearts, Samaja et al.91 found that the 
severity of the repeIfusion injury depended more on the low 
oxygen supply than on low coronary flow. Preconditioning has a 
putative protective effect from subsequent ischemic stress on the 
heart. Upregulation of antioxidant systems is one mechanism by 
which it occurs.92 In a small study, pulmonary vascular 
Permeability was found to be increased in patients following 

tha . al b' 93 cardiopulmonary bypass compared to t m norm su ~ects. 
These patients had increased markers of lipid peroxidation 
products and decreased antioxidant levels, Endothelial cells have 
been shown to generate ROSs upon reoxygenation following a 
period ofhypoxia.94 There is evidence that ROSs are involved 
in cerebral ischemia/reperfusion following carotid endarterec
tomy.95 SOD activity seems to be reduced in patients with 
ischemic strokeS.96 ROSs have also been implicated in the patho-

. d Co 11' ul 91-99 physiology of tlssue amage 10 owmg vasc ar surgery . 

Conclusions 

There has been an increasing appreciation of the role of reactive 
oxygen and nitrogen--oxygen species in clinical disease states. 
However, no antioxidant therapeutic modalities are yet in 
routine use, except N-acetylcysteine for acetaminophen (para
cetamol) poisoning. 
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