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Summary. Increased free radicals formation derived from abnormal metabolism of oxygen 
has been implicated in over 100 different human diseases which may be classified into six 
categories: chemical and xenobiotic toxicity, radiation injury, hypen:~xygenation syndromes, 
inflammatory conditions, postischemic reperfusion injury and degenerative conditions. As 
their in vivo evidence always remains a difficult challenge, there is, however, a great deal of 
confusion about their precise role in the development of human diseases. Whatever the precise 
mechanism, preventing free radical generation by appropriate antioxidant therapy should 
provide beneficial clinical consequences. 

Introduction: The "oxygen paradox" 

Oxygen, friend or foe? Oxygen, a poison required for life. Oxygen, a 
dangerous friend. Oxygen, from Charybdis to Scylla. Oxygen represented 
as Janus. All these cliches are regularly used in the scientific literature and 
meetings discussing that oxygen that is so indispensable to our life, is also 
toxic ( "oxygen paradox"). This is due to its ability to generate reactive 
intermediates (superoxide anion, hydroxyl radical, hydrogen peroxide, 
singlet oxygen, perferryl ion, nitrogen oxides) (see [1]). 

In the 19th century, this "oxygen paradox" was described for the first 
time by Louis Pasteur, when he demonstrated that anaerobic organisms 
rapidly died after exposure to air containing the 20% oxygen required for 
the survival of aerobic organisms. In the middle of 1950s, Gerschman et 
al. [2] and Harman [3] resurrected this concept and respectively postu­
lated the hypothesis that death of animals exposed to X-irradiation in 
presence of high oxygen tensions and the aging process were partially due 
to abnormal metabolism of oxygen, leading to toxic free-radical reac­
tions. In France, Laborit et al. [4] attracted everyone's attention to the 
possible toxicity of high-pressure oxygen in divers through the produc­
tion of free radicals, and suggested the use of certain antioxidants in 
biology. As discussed in detail in this book, a free radical (superoxide 
anion, hydroxyl radical) is defined as any species capable of independent 
existence that contains one or more unpaired electrons. This confers high 
reactivity to the molecule and, therefore, allows it to damage multiple 
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biological substrates, including proteins, lipoproteins, deoxyribonu­
cleic acid (DNA), carbohydrates, and polyunsaturated fatty acids. 
Moreover, they can also act as second messengers in the induction of 
molecular processes [5]. 

The "free radical story" in biology and medicine really started with 
the discovery by McCord, Keele and Fridovich in 1969 [6] of superox­
ide dismutase, an enzyme capable of destroying the superoxide anion 
radical resulting from the univalent reduction of oxygen. Since then, 
there has been an exponential increase in scientific articles indicating 
that excessive production of "reactive oxygen species" (ROS) or "free 
radical" is implicated in the pathogenesis of diseases in humans. Cur­
rently, Free Radicals in Biology and Medicine and Free Radicals Re­
search Communications are the two specific journals encompassmg 
medical approaches to oxygen free radical research. 

When does free radical production become dangerous? 

If reactive oxygen species are generally regarded as dangerous, it must 
be kept in mind that our metabolism produces free radicals under 
normal conditions. Thus, a small amount of oxygen (2%) is continu­
ously reduced to ROS in the mitochondrial electron transport chain. 
Moreover, free radical species also playa key role in many physiologic 
reactions. Typical examples are the killing of bacteria by granulocytes 
and macrophages [7], the oxidation of xenobiotics by cytochrome PA50 
[8], the regulation of smooth muscle by "endothelium-derived relaxing 
factor" (EDRF), now recognised as the nitric oxide (NO·) radical, and 
even fertilization [9]. To regulate these free radical reactions, our 
organism has developed antioxidant defenses including not only en­
zymes (superoxide dismutase, catalase, glutathione peroxidase) and 
small molecules (vitamins A, C, and E, uric acid, glutathione, albumine 
or bilirubin), but also repair systems which prevent the accumulation of 
oxidatively damaged molecules. 

However, in human diseases, increased free radical activity can occur 
either as a primary (e.g., excess radiation exposure) or a secondary (e.g., 
tissue damage by trauma) event, mediated by several biochemical pro­
cesses: extracellular release of ROS by granulocytes, xanthine oxidase 
activation, iron release from sequestered sites, phospholipase activation, 
alteration of electron transport in the mitochondrion, etc. Conse­
quently, antioxidant defenses can be rapidly overwhelmed, leading to 
increased tissue injury. These situations can be considered as "oxidative 
stress" since, as defined in detail by Sies [10], there is a profound 
disturbance of the prooxidant-antioxidant balance in favour of the 
former, leading to lipid peroxidation, denaturation of proteins or en­
zymes or mutagenic damage to nucleic acids. The dual nature of free 
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radicals in biological systems is perfectly illustrated by activated neu­
trophils, which can be involved in both physiologic (bacteria kiHing 
with controlled intracellular production of ROS) and pathophysiologic 
(inflammation with uncontrolled extracellular production of ROS) 
events. Similarly, excessive production of NO·, initiated by activation of 
the glutamate receptor after cerebral ischemia, is thought to participate 
in tissue injury in the brain (via the generation of oxidizing peroxyni­
trite anion from the reaction between the superoxide anion and nitric 
oxide). 

A critical point: Assays for measuring free radical formation in .,ivo 

Increased ROS formation has been implicated in over 100 pathophysio­
logic conditions [11]. The transient nature of free rad·icals makes in vivo 
assessment of their production a difficult challenge; the role of ROS in 
such a variety of processes may reflect this difficulty. 

Most currently used techniques are called "fingerprint assays," be­
cause they examine the chemical changes that free radicals caused by 
interacting with targets such as lipids, proteins and DNA as measured 
by end-products of lipid peroxidation, protein carbonyls and 8-hydrox­
yguanine. Until recently, the most popular method involved the mea­
surement of malondialdehyde (MDA) and thiobarbituric acid-reactivity 
as markers of lipid peroxidation [12], but this assay lacks specificity and 
accuracy. This has led to some controversy about the importance of free 
radicals in human diseases. Detection of other molecules, such as 
4-hydroxynonenal or hydrocarbons (ethane, pentane), has also been 
proposed to assess lipid peroxidation, but these too require great caFe in 
data interpretation [13]. 

A more realistic strategy for monitoring free radical reactions in vivo 
is the measurement of antioxidant defences present in human plasma 
[14], red blood cells, and even tissue. As a typical example, vitamin E or 
(a-tocopherol), acting as a chain-breaking antioxidant, can protect 
membrane lipids against oxidative damage by virtue of its potent 
scavenging. Its consumption can thus be considered to be a specific, 
although indirect, index of in vivo peroxidative processes [15]. Measur­
ing the product of attack of ROS on uric acid has also been proposed 
as a potential marker of oxidative damage [16]. 

All of this evidence is, however, indirect and does not afford detailed 
information about the exact role played by free radicals in including in 
vivo tissue injury. Efforts have been made recently to directly demon­
strate the formation of free radicals in biological samples as complex as 
blood or plasma, using the techniques of aromatic hydroxylation (e.g., 
salicylate, see [17]) and spin trapping associated with electron spin 
resonance (ESR) spectroscopy, as trapping assays. 
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The ESR methodology is currently considered to be the technique of 
choice for detecting free radicals in vivo since it allows to detect the free 
radical by measuring the absorption of energy due to interaction of the 
unpaired electron present in the free radical with an applied external 
magnetic field produced by a magnet. Direct ESR can detect the 
ascorbyl radical in plasma at room temperature or the NO' radical in 
frozen blood [18]. More often, however, spin trapping agents are 
required in ESR to increase the half life of free radicals generated in 
vivo. Such agents react with short-lived free radicals to form more stable 
species (spin adducts) that can be detected, identified and sometimes 
quantitated. Numerous spin trapping agents, such as 5,5-dimethyl-l­
pyrroline I-oxide (DMPO) or alpha-phenyl-N-tert-butyl nitrone (PBN) 
are available. These agents cannot be administered safely to human 
patients, but this problem can be avoided by using a non-invasive 
spin-trapping technique involving drawing blood .samples into syringes 
containing the spin-trap agent (ex-vivo reaction). (For a general review 
about all described methodologies, see [19].) 

Some examples of human diseases associated with free radicals 

Clinical conditions in which free radicals are though to be involved are 
numerous. For a complete listing, we suggest reviews by Halliwell [20] 
and Gutteridge [II]. Diseases may be classified into two groups depend­
ing on the target (Fig. I). Inflammatory-immune injury [21], ischemia­
reflow states [22], drug toxicity [23], iron overload [24], nutritional 
deficiences [25], alcohol toxicity [26], radiation injury [27], aging [28], 
cancer [29] and amyloid diseases [30] belong to the first group. In the 
primary single organ group are found erythrocytes [31], blood vessels 
[32, 33], lung [34-36], the heart and cardiovascular system [37], kidney 
[38, 39], the gastrointestinal tract [40], joint abnormalities [ 41, 42], brain 
[43 -45], eye [46] and skin [47]. 

In 1990, Sinclair et al. [48] classified diseases associated with increased 
free radical production as having an intracellular (hyperoxygenation, 
hypo-oxygenation, chemicals and drugs, alcoholic liver disease, haemo­
lytic iron overload, Parkinson's disease, aging), an extracellular (inflam­
matory states, immunological and autoimmune diseases, diabetes melli­
tus, atherosclerosis, cataractogenesis), or both intra- and extracellular 
(radiation, chemical carcinogens, smoking, air polluants) origin. 

More recently, Bulkley [49] classified the human diseases into groups 
based on pathophysiologic categories: chemical and xenobiotic toxicity, 
radiation injury, hyperoxygenation syndromes, inflammatory condi­
tions, postischemic reperfusion injury and degenerative conditions. 

Herein only a limited number of examples will be discussed: ischemia­
reperfusion states in cardiac surgery and organ transplantation, septic 
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Fig. I. Spectrum of human diseases where an excessive free radical production is thought to 
playa significant role in developing tissue injury. For each pathology, the reader will find 
references in text. 

shock, rheumatoid arthritis and acquired immunodeficiency syndrome 
(AIDS). 

Ischemia -reperfusion 

Ischemia-reperfusion injury is a field that has been seized upon largely 
by clinical investigators. It is considered to play a major role in the 
organ dysfunction accompanying trauma, shock and sepsis, but also in 
cardiovascular diseases and organ transplantation. 

Interruption of blood flow (ischemia) to an organ results in a cascade 
of biochemical events that predispose to production of increased reac­
tive oxygen species on reperfusion. This has been unequivocally demon­
strated by ESR spin trapping studies in both in vitro and in animal 
models [50-56a]. Sources of free radicals in the reperfused organ are: 
activation of xanthine oxidase and phospholipase, alteration in the 
electron transport chain, where superoxide anion is produced at two 
sites (Ubiquinone and NADH dehydrogenase), increased metabolism of 
arachidonic acid by cyclooxygenase and lipooxygenase, accumulation 
and activation of granulocytes, hemoglobin oxidation and iron release 
from ferritin mediated by superoxide anion [56b]. 

Myocardial ischemia 
Clinically, reperfusion of ischemic myocardium is recognized as benefi­
cial because mortality is directly related to infarct size, which in turn is 
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related to the severity and duration of ischemia. However, restoration of 
normal blood flow to the heart using methods such as angioplasty, 
thrombolytic agents or aorta-coronary bypass grafting, can lead to 
specific lesions (arrhythmias, decreased in contractility, necrosis), the 
importance of which is dependent on the time of ischemia. Using ESR 
methodology with blood drawn into PBN, Coghlan et al. [57] showed 
an increased free radical production after reperfusion of infmcting 
tissue in a patient undergoing delayed repair of a transected aorta. The 
same authors also demonstrated ESR signals in blood taken from the 
coronary sinus of patients undergoing percutaneous translurninal coro­
nary angioplasty, as ideal model of myocardial ischemia-reperfusion 
[37]. Because only small ESR signals could be detected during ischemia, 
the authors concluded that reperfusion was a necessary condition for 
significant detection of radicals. In patients undergoing cardiopul­
monary bypass (CPB) for cardiac surgery (repair -of aortic aneurysms, 
coronary bypass grafting), an increased free radical activity in plasma 
has been shown to occur following aortic unclamping as shown by 
increased granulocyte activation [58], loss of antioxidant [59-61], iron 
overload [62], protein oxidation [63] and the appearance of ESR signals 
in blood drawn into spin-trapping agents [64, 65]. 

Organ transplantation 
Organ transplantation is a typical example of ischemia-reperfusion, 
since between harvesting and reperfusion in the recipient, the procedure 
includes several steps during which severe damage to the organ can 
occur: cardioplegic arrest (only for heart transplantation) and cooling, 
storage for varying periods (cold ischemia), warm ischemia during the 
surgical procedure, and reperfusion. In humans, few studies have been 
conducted to investigate the generation of free radical under such 
condition [66-68]. During human kidney transplantation, we observed 
a decrease of antioxidant vitamin E early after the onset of reperfusion 
in blood samples specifically from the renal vein, when compared to the 
value observed in the renal artery just before reperfusion (Fig. 2). A 
similar decrease was shown in the systemic blood, indicating the occur­
rence of lipoperoxidation processes [39]. Using ESR methodology, we 
also directly demonstrated that a burst of free radical production 
occurred within the first minutes of reperfusion; this was related to 
increased granulocyte activation. Oxidative damage has also been 
shown to occur in human liver transplantation. 

Septic shock 

Severe shock or trauma are often associated with organ dysfunction 
occurring days after the initiating event. This is also seen after septic 
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Fig. 2. Evidence of lipid peroxidation processes during human kidney transplantation (two 
patients) as assessed by the decrease of vitamin E in blood specifically taken from the renal 
vein since the beginning of graft reperfusion. Reference value was that found in the blood 
sample drawn from the renal artery just prior to inducing reperfusion. 

shock, defined as sepsis with hypotension despite adequate fluid resusci­
tation, in the presence of perfusion abnormalities. Among the several 
syndromes which are related to septic shock in man are the adult 
respiratory distress syndrome (ARDS) or "shock lung syndrome" and 
multiple systems organ failure (MSOF). 

Many papers provide evidence for increased free radical activity in 
such diseases, which often have a fatal outcome. Because of changes in 
microcirculatory perfusion, ischemia-reperfusion phenomena are 
present in sepsis and are considered to be the main source of radical 
production [69]. In ARDS and septic patients, neutrophils are also 
another important source; they have been shown to be in an activated 
state, as demonstrated by high levels of neutrophil proteins (mye1oper­
oxidase, elastase) found in plasma [70] and in bronchoalveolar lavage 
(BAL) fluids [71] of such patients. lXI-proteinase oxidized by excess 
production of hypochlorous acid (mediated by MPO activity) can be 
detected in BAL fluid of ARDS patients [71]. Other evidence for 
increased rates of lipid peroxidation and oxidative damage to proteins 
as well as depletion of plasma antioxidants has been described in 
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critically ill patients, in ARDS patients, and during human septic shock 
[72-79]. Serum catalase was found to be increased in ARDS patients 
with sepsis [80]. Both hydrogen peroxide and pentane were found in the 
expired air of ARDS patients [81, 82]. Despite all this evidence, it is, 
however, not clear if oxidative stress is a significant mediator of organ 
injury in ARDS and/or MSOF. The clinical trials with antioxidant 
therapies-are crucial to clarify this question. 

Rheumatoid arthritis 

The glycoaminoglycan hyaluronate rapidly loses its viscosity in the 
presence of free radical generating systems; this can be correlated with 
the decreased viscosity of synovial fluid from the joints of patients with 
rheumatoid arthritis. The presence of activated neutrophils [83] as well 
as the release of iron from lysed cells contribute to free radical activity 
[84]. Evidence consistent with oxidative stress in rheumatoid disease is 
abundant although indirect: increased exhalation of pentane [41], in­
creased products of lipid peroxidation [85], loss of antioxidant in both 
serum and synovial fluid [85], the presence of oxidation products of uric 
acid [16], and evidence of aromatic hydroxylation [17J. 

Acquired immunodeficiency syndrome (AIDS) 

Recently, a considerable number of papers has been devoted to oxygen 
free radicals in AIDS (see [86]). Caused by the human immunodefi­
ciency virus (HIV), this disease is characterized by depletion of the T 4 + 
T-cell population and cellular dysfunction that affects several cell types 
such as the T8 + T-cell subset. 

Numerous studies have shown that the generation of activated oxygen 
species is impaired in mononuclear phagocytes from HIV-infected pa­
tients. In a very elegant study, Postaire et al. [87] have described increased 
release of pentane (a marker of lipid peroxidation) in the alveolar air of 
HIV patients. An increasing number of investigations has shown that HIV 
patients were severely depleted of antioxidants (for review, see [88]). GSH 
levels were profoundly depressed both in plasma and in peripheral blood 
mononuclear cells and lymphocytes [89, 90]. In comparison to healthy 
subjects, Favier et al. [91] reported, in stages II and IV of the disease, very 
low levels of all antioxidant micronutrients, particularly carotene. Retinol 
deficiency is also observed [92]. Moreover, several workers have clearly 
established a significant deficiency in trace element factors, especially of 
selenium [92]. This element is related to antioxidant activity via the enzyme 
glutathione peroxidase which is decreased significantly in plasma of 
patients in stages II and IV [91]. 
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These data indicate the presence of an oxidative stress (a profound 
imbalance between pro oxidant and antioxidant activities) during HIV 
infection. This is of primordial importance, since in vitro studies have 
revealed that oxidative stress can activate the HIV transactivation [93] 
by stimulating transcription of the nuclear factor K-B (NF-KB) [5]. On 
the basis of all these observations, a place for an antioxidant therapy in 
HIV infection has been suggested. 

Antioxidant therapy 

The studies described above suggest that excessive free radical produc­
tion occurs in many human diseases. Currently, the prevalent idea is 
that an initial insult induces a secondary increase in the rate of free 
radical production, and that oxidative damage exacerbates the primary 
tissue injury. Whatever the precise mechanism, preventing free radical 
generation should provide beneficial clinical consequences, and develop­
ment of appropriate antioxidant therapy represents an important chal­
lenge for the future. 

As previously reported, an antioxidant can be defined as "any sub­
stance that, when present at low concentrations compared to those of 
the oxidizable substrate, significantly delays, or inhibits, oxidation of 
that substrate" [1]. However, an antioxidant may act at a different stage 
of the production of free radicals, therefore making the design of 
appropriate antioxidant drugs for clinical studies difficult. Antioxidant 
substances can be divided into two large classes - those with enzymatic 
and those with non-enzymatic activities. In the first group are enzymes 
that remove ROS (superoxide dismutase, catalase, glutathione peroxi­
dase), molecules blocking enzymatic activity (e.g., allopurinol, xanthine 
oxidase inhibitor) and molecules capable of trapping metal ions, which 
are potent catalysts of free radical reactions (desferrioxamine or 
lazaroid compounds). In the second group are molecules which interact 
mole by mole with the free radical and are, therefore, consumed during 
the reaction. Vitamin A (a quencher of singlet oxygen), vitamin C, 
glutathione, mannitol, albumin, probucol, N-Acetylcysteine are such 
free radical scavengers. Also in this group, vitamin E has a special status 
since, as a lipid soluble chain-breaking antioxidant, it is also consumed; 
it can, however, be regenerated via a catalytic cycle involving glu­
tathione or ascorbic acid. 

Meetings are increasingly organized throughout the world to critically 
consider the role of antioxidants in therapy. Several papers have re­
cently reviewed in detail current studies using antioxidants in several 
human diseases [27, 33,36,49,94-110]. 

Despite encouraging results [106, 109 -113], most studies on the role 
of antioxidants in humans have been rather disappointing [114, lIS]. 
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In the concluding remarks of his talk at the meeting "Antioxidant 
Therapy-The Way Forward", which was held in Liverpool in 1993, 
Professor Gutteridge recognized "that, so far, antioxidants have made 
little or no impact on the treatment of serious diseases" (SFFR 
Newsletter nr. 14, 1994). The lack of efficacy could be attributed to 
difficulties in site-delivery of the drug (see [116] and [117] for SOD) at 
appropriate concentrations [56]. During ischemia-reperfusion studies on 
animals, the timing of antioxidant administration (before, during of 
after reperfusion, following short or long ischemia times) appears to be 
crucial to the outcome of the study. It is therefore crucial to define a 
therapeutic window for antioxidants during ischemia-reperfusion [107]. 
At least it should also be kept in mind that any antioxidant agent can 
be associated with a pro-oxidant action. An example is seen with 
ascorbic acid in the presence of iron [118], but also with N-acetylcys­
teine, which may generate thiol-derived free radical species [119]. This 
could therefore limit the beneficial effect of administration of thiol 
antioxidants. A pro-oxidant activity for desferrioxamine has also re­
cently been described [120]. 

Conclusions 

There is increasing evidence implicating free radical generation in clini­
cal situations. However, there is also a great deal of confusion about the 
precise role of these species in the development of human diseases. 
Because of this, the use of reliable markers for detecting reactive oxygen 
species in clinical situations is absolutely necessary. Due to its direct 
nature, we feel that the use of electron spin resonance spectroscopy, 
especially the actual development of a new generation of devices, for in 
vivo studies, may become feasible in the near future. Indeed, because of 
its ability to provide an integrated measure of free radical production 
over a given interval of time (e.g., in ischemia-reperfusion states), this 
methodology can delineate the time-course of production of free radi­
cals. Direct correlation between free radical production and clinical 
parameters should become possible; this would be helpful to clarify our 
knowledge about antioxidant therapy, which is now considered as 
controversial [121] or even a myth [122]. 
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