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Retrospect 

Free radicals are a chemical species with an unpaired 
electron in their structure. For many years this meant 
that they were forbidden to exist. The theoretical 

foundations of modern chemistry were laid toward the 
end of the 19th century; and the obligatory pairing of 
electrons, closely related to the doctrines of valency 
and molecular weight, was part of these foundations. 
The explanation is very complex or very simple. 
Though electrons are best envisaged as negative 
charges orbiting around positively charged nuclei, 
each electron also has a 'magnetic moment', ie it 

behaves like one pole of a magnet. One of the endur- 
ing wonders of school physics is that, however many 
times a magnetised rod is divided between its north 

and south poles, each fragment will instantly re-form 
the missing pole. Similarly, stable molecules and ions 
in solution will always maintain?or try to maintain?a 
paired electron complement. 
True to this rule, an ordinary chemical bond, con- 

ventionally written as a dash, is a two-electron struc- 

ture to which each side contributes one electron. 

Water can be represented as 

where each circle is an electron belonging to the oxy- 
gen atom and the crosses are electrons contributed by 
the hydrogen atoms. Even when, in the course of a 
chemical reaction, such a bond splits, electron pairing 
ls preserved. The ionisation of water, for example, gen- 
erates two fragments: the hydroxy fragment carries off 
both bonding electrons and the hydrogen fragment is 
left with none: 

(The rules of roulette do not apply; nought counts as 

paired'.) In chemical parlance this is heterolytic fis- 
sion. 
The law of electron pairing had hardly been enunci- 

ated when apparent exceptions began to be noticed. 

In a celebrated review just over 50 years ago Hey and 
Waters interpreted several such anomalies in terms not 
of heterolytic but of equal or homolytic fission [1]. If 
this happened to water the products would be two 
fragments, each with an unpaired electron?a hydro- 
gen atom and a hydroxy free radical: 

(Unpaired electrons are conventionally symbolised by 
a dot.) 
About the same time Michaelis, eponymous hero of 

enzyme kinetics, suggested that in some oxidation- 
reduction reactions the transfer of the electron pair 
(in the form of two hydrogen atoms) from reductant 
to oxidant occurred in two stages. The intermediate 
stage had to be a free radical [2]: 

It does not detract from the boldness of this assertion 
that these two-stage transfers were not free-radical 
reactions in the currently accepted sense: they 
involved the temporary separation of an electron pair 
but not the interaction of a free radical with a previ- 
ously stable molecule. The animals, in other words, 
still had to enter Noah's Ark in pairs but they could 
now proceed in a single file. More relevant to current 
free-radical concepts was the work of Farmer and his 
group during World War II (sadly overshadowed by 
the contemporary development of penicillin and the 
atomic bomb). In a series of papers they unravelled 
the age-old mystery of rancidification?the massive, 
irreversible and seemingly unpredictable breakdown 
of unsaturated fats and oils [3]. The self-catalysing 
chain reaction they described still represents a key to 
free-radical behaviour. 

Let it be assumed that at irregular intervals in a 
lipid suspension a single electron (in the form of a 
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hydrogen atom) is abstracted from the hydrocarbon 
chain of a lipid molecule (Lj). This, by definition, cre- 
ates a lipid free radical (L^). In the absence of oxygen 
the event would be of little consequence. Free radicals 

attract each other, and in the fullness of time two lipid 
free radicals would collide, interact and, by gaining or 

losing a single electron, mutually restore their electron 

pairing. But for complex reasons oxygen molecules, ie 
two linked oxygen atoms or 02, behave in some 

respects not like molecules but like a pair of free radi- 
cals stuck together. Such 'biradicals' are almost as 

strongly attracted to free radicals as are other free radi- 
cals. In a lipid suspension at equilibrium with air, oxy- 
gen molecules are of course everywhere. One such 
molecule will instantly interact with the lipid free radi- 
cal, generating a new free-radical species?the lipid- 
peroxy free radical: 

Lipid-peroxy free radicals are far more aggressive in 

seeking a single electron than ordinary lipid free radi- 
cals; instead of waiting for another lipid free radical to 
come along, they will tear an electron from a previous- 
ly stable lipid molecule. With its paired electron com- 

plement thus restored, the lipid-peroxy free radical 
becomes a lipid peroxide molecule, but a second lipid 
free radical has been generated. The second lipid free 
radical will at once interact with a second oxygen 
molecule to generate a second lipid-peroxy free radi- 
cal, and the second lipid-peroxy free radical will dis- 

rupt a third lipid molecule. So the chain continues: 

Lipid peroxides, though not of course free radicals, 
are themselves unstable; spontaneously (often involv- 

ing other free-radical reactions) or enzymically they 
break down to an unstable constellation of smaller 

fragments, the source of the characteristic smell and 
taste of rancid fat. 
The understanding of this autocatalytic process rev- 

olutionised the food industry. Within a few years it also 
transformed everyday life. All plastics and polymers? 
fabrics, glues, paints, explosives, the list is almost end- 

less?are the products of self-catalysing free-radical 
chain reactions, and their control became a prime 
objective of industrial chemists. Indeed, almost the 

only branch of chemistry that seemed free-radical- 

proof was biochemistry. Szent-Gyorgyi speculated 
seductively about foot-loose electrons in biological 
material [4], and a few pioneers began to explore 
their possible pathological significance [5, 6], but as 

recently as the early 1960s a speculative article in The 
Lancet on 'biological rancidification' provoked an emi- 
nent and very cross correspondent to state that 'free- 
radical reactions are inherently incompatible with 

organised life'. 

These not-so-remote attitudes are worth recalling 
not for their tepid anecdotal interest but for their con- 
tinued relevance. Attitudes in medicine often move 

from one extreme to the other and free radicals are 

now moving centre-stage. Ironically perhaps the dis- 

covery of superoxide dismutase (SOD) was a great 
populariser [7]. Although the enzyme is important, its 

impact probably owes more to the kind of reasoning 
scientists usually deplore. Since SOD uses the superox- 
ide free radical as its substrate, the superoxide free 
radical must also, at least potentially, exist [8], and if 
one free radical exists, why should not others? It is 

therefore useful to remember that many of the objec- 
tions to their existence are as valid today as they were 
25 years ago. Free radicals are an 'improbable' biologi- 
cal species; their detection is fraught with difficulties; 
and, perhaps most important, their biological 'role' is 

different from that of any other chemical breed. 

Characteristics 

Improbability 

In the lipid autoxidation sequence outlined above, 
free radicals seem to tumble over each other, but the 

scheme is introduced with the words 'let it be 

assumed'. Such exhortations should never be allowed 

to pass unchallenged. This particular one glosses over 
the fact that, while a single free radical can trigger off 
a fast (sometimes explosively fast) free-radical chain 
reaction, the mechanism that brings forth the initiat- 

ing species usually remains obscure. In a lump of but- 
ter there are probably three necessary ingredients. 
First, polyunsaturated lipids have a number of double 
bonds in their hydrocarbon chain, and double bonds 

encourage the momentary drifting apart of electrons. 
Second, such material always contains traces of transi- 
tion metals (eg Fe, Cu) which gain or lose a single 
electron in transit between valency states. Third, oxy- 
gen can convert a temporary estrangement between 
electrons into a permanent separation. Even though 
these ingredients are all present in organised biologi- 
cal systems, the essence of organisation is that they are 

kept strictly apart. Moreover, especially vulnerable 
structures such as lipid membranes are lavishly provid- 
ed with protective mechanisms [9]. Underlying these 
difficulties is the problem of the energy source. The 

preference of electrons to remain in pairs means that 
a correspondingly strong wrench, ie a large single 
quantum of energy, is needed to separate them. This 

can be provided from the outside by ionising or ultra- 
violet irradiation; it is how radiation works. But few if 

any of the enzymic reactions which make up the inter- 

locking cycles of normal intermediate metabolism 
cater for such quanta. (Massed minutiae sometimes 
obscure the fact that the central purpose of intermedi- 

ate metabolism is the parcelling up of food energy into 
minute quanta.) How then are biological free-radical 
reactions initiated in a normally functioning cell? The 
answer?with a few important but isolated excep- 
tions?may be that they are not. 

L* + 02 ?* L! OO* 

L] OO + L2 * Lj?OOH + h-2 

L2 + 02 ?* L2?OO etc 
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That free radicals can damage organised living tis- 

sue was one of the opening salvos of free-radical bio- 
chemistry, but it is still not generally recognised that 
the relationship is reciprocal. The essential ingredient 
which is, by definition, missing from a normally func- 
tioning cell is structural damage. It may not matter 
much what the damaging agent is, whether it is 

mechanical, chemical, immunological, microbiological 
or simple wear and tear, but some degree of structural 
disruption is probably essential. There are two reasons 
for this. First decompartmentalisation allows the com- 
ponents of free-radical generation actually to interact. 
Second, in terms of energy structural disruption is 

always, to a greater or lesser extent, a reversal of struc- 
tural construction. Whatever individual steps lead to 
the construction of a biological unit, the overall bal- 
ance is always highly energy-consuming. Much of this 
energy remains latent in the finished product. When 
the product is damaged or destroyed some of it is 
released. The event may provide the explosive force 
necessary to tear an electron pair apart. 

Detection 

All free radicals of biological significance have a life- 
span of the order of milliseconds or less, and even in a 

lump of fat actually going rancid the concentration of 
unpaired electrons at any moment is far too small to 
be detectable by conventional chemical methods. The 
only way of catching the species in flagrante is by elec- 

tron-spin resonance (ESR) spectroscopy. The tool 
required is a powerful electromagnet whose magnetic 
field is deflected by the unbalanced magnetic pole of 
unpaired electrons. It is, as medical research grants go, 
expensive, and considerable expertise is required to 
interpret signals from different free radicals. Also, bio- 
logical sample preparation is not easy since the free 

radicals present at any moment have to be trapped by 
instant freezing. (Free radicals can also be trapped 
chemically over an extended period by letting them 
form relatively stable free-radical adducts with certain 
groups of chemicals [10]. Unfortunately the chemical 
traps available at present are highly toxic.) All these 
difficulties are gradually being overcome: ESR spec- 
troscopy has already been successfully applied to the 
study of cancer of the human uterus [11]. But on a 
wide front biological free-radical research will have to 
rely for many years yet on indirect evidence. There are 
several possible approaches. 

First, although free radicals as such may be unde- 
tectable, some products of free-radical mediated reac- 
tions are relatively stable and can therefore serve as 
markers'. Almost 50 years ago a human brain 

removed at necropsy was inadvertently (one pre- 
sumes) left lying on the laboratory bench. It devel- 

oped a 'storage' product which gave a pink colour 
when heated with thiobarbituric acid (TBA) [12]. The 

product was subsequently identified as malonyldialde- 
hyde (MDA) and later as a mixture of lipid peroxida- 
tion products all of which break down to MDA in the 

assay [13]. The compound or mixture of compounds 

is still the most widely used free-radical marker, and 
the improved assay gives a fairly accurate and repro- 
ducible if essentially comparative estimate of free-radi- 
cal mediated lipid peroxidation [14, 15]. Under 
appropriately controlled conditions the measurement 
of 'diene conjugation', a characteristic shift in the 
double-bond sequence of free-radical damaged lipids, 
can be both more sensitive and more specific, but 
dietary and other extraneous influences have to be 
taken into account [16]. Free-radical damaged lipids 
also release small, volatile hydrocarbon fragments such 
as ethane and pentane, and these can be measured in 
the gas phase of an experiment or in expired air [17]. 
Quite subtle changes in proteins exposed to free-radi- 
cal activity are detectable under certain conditions by 
monitoring changes in their fluorescence characteris- 
tics [18]. 

Second, on the assumption that cells and tissues 
in vivo live under the constant threat of uncontrolled 
free-radical activity and therefore need elaborate pro- 
tection, the effectiveness of one or several protective 
mechanisms can be measured. The results are often 
interesting but ambiguous. The decreased concentra- 
tion of a 'protective' enzyme (eg SOD) can be inter- 
preted as suggesting increased free-radical activity but, 
since enzyme concentrations tend to be partly gov- 
erned by the amount of substrate provided by the sys- 
tem, it may also suggest the exact reverse. One hopes 
at least for some consistency. 
The need for constant and effective protection also 

underlies a variety of assays in which cells or tissues are 
exposed to free-radical generating stress and their 
response is measured. Red blood cells, for example, in 
a wide range of haemolytic diseases generate signifi- 
cantly more TBA-reactive material than normal red 
cells when exposed to high concentrations of hydro- 
gen (or organic) peroxide [19]. Conversely, plasma or 
other biological fluids can be added to a test system 
undergoing free-radical autoxidation and their antiox- 
idant potency measured [20, 21]. 
Other approaches can be useful in limited, mostly 

experimental fields. The oxygen electrode can record 
the dramatic burst of oxygen uptake (misnamed 'res- 
piratory' burst) in polymorphonuclear and other 
phagocytic cells. It reflects the massive generation of 
oxygen-derived free radicals, an essential step in the 
destruction of engulfed microorganisms [22]. The 
mechanism is defective in chronic granulomatous dis- 
ease so that the engulfed organisms survive [23]. Elec- 
tron microscopy can beautifully display the characteris- 
tic blebbing of cell membranes damaged by free 
radicals [24]. Chemiluminescence is a useful if still 
somewhat non-specific tool [25]. More indirectly, 
changes in the concentration of protein thiols or in 
the composition and relative concentration of polyun- 
saturated and saturated lipids can give a hint of free- 
radical activity [26, 27]. To all these methods?and the 
above list is by no means exhaustive?the general rule 
of indirect evidence applies. The data can be valuable 
provided one knows (more or less) what one is mea- 
suring. The reverse is equally true. 
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Role 

At the risk of generalising in a field where general 
statements tend to return like boomerangs and flatten 
the generaliser, there may yet be some merit in trying 
to contrast free-radical and classical, ie enzymic, bio- 

chemistry. Although enzymes can and do act in free 
solutions, their special qualities are best displayed 
when they are part of a functioning organised biologi- 
cal structure. In such structures their action is continu- 

ous and repetitive but also flexible, a complex hierar- 

chy of regulators ensuring that their rate of activity is 

finely attuned both to external pressures and to inter- 
nal demand. This enables them to maintain the struc- 

tural and functional constancy of the unit of which 

they are part. Insofar as one can ascribe to them a sin- 

gle overriding objective, it is to process the energy in 
food into energy for living cells to use (either immedi- 

ately or after a period of storage) to accomplish their 
varied biological tasks. The simplest way of characteris- 

ing free-radical mediated processes is to say that none 
of these generalisations applies to them. 

In contrast to the essentially homeostatic action of 

enzymes, free-radical reactions tend to change a sys- 
tem rather than preserve it, and the change often 
means destruction. They are trigger mechanisms 
(whether they trigger off a single shot or a volley of 
shots) and the effect is usually unrepeatable and irre- 
versible. In terms of energy economy they are no more 
useful than an explosion in a fuel tank. Although their 

activity can be influenced by 'promoting' and 

'inhibitory' agents?eg antioxidants, vitamins, some 

specialised proteins, metal chelators?they are not sus- 

ceptible to continuous fine monitoring and regula- 
tion. Such attributes may conjure up a somewhat nega- 
tive image, and at the cellular level there is indeed 
some justification for regarding them as agents and 

products of doom. They are so regarded by many bio- 
chemists, but in the context of complex organisms 
?and that means human pathology and medicine? 
the opposite is true. 
The survival of a complex organism depends most 

critically perhaps on the continuous destruction of its 
constituent units. The reason is not just the survival 
value of processes like phagocytosis and platelet 
clumping or the obvious need to eliminate damaged, 
inefficient and potentially harmful cells. In general 
terms destruction is a precondition of normal 
turnover. Theoretically, it has to be said, a balanced 

turnover could be achieved from the production end 

just as easily as from the destruction end; the rate of 

production of new cells, for example, could set the 
rate of destruction of old ones. It just happens that 
this is not how nature operates. In the human body, 
without any known exception, it is always the rate of 
destruction that determines the rate of production. 
Without an efficient self-destruct mechanism built into 

every cell and without a feedback system activated by 
this mechanism there would therefore be no cell 

turnover, and without cell turnover there would be no 

survival. (Since this is also true of subcellular particles 

the principle also applies to tissues with an apparently 
stable cell population.) There is much circumstantial 
evidence, though no proof, that the self-destruct 
mechanism, one of the most important and least 
understood in biology, is triggered by the generation 
of a free radical or a sequence of free radicals. 

Free radicals and disease 

The perceived role of free-radical reactions in disease 
has changed beyond recognition over the past few 

years and there is now hardly a pathological process 
where free radicals are not being sought and usually 
found. No reviewer can hope to do more than pick out 
a few examples. 

Reperfusion injury 

Trendy subjects are not necessarily without lasting 
importance. Since oxygen is a powerful promoter of 
free-radical generation, tissue ischaemia and the con- 

sequent anoxia is not, on the face of it, a promising 
target for free-radical research. The fallacy of this 

argument was first demonstrated by McCord [28]. He 
showed that, while tissue anoxia is indeed 

unfavourable to free-radical generation, following a 

period of ischaemia (and perhaps surrounding an area 
of ischaemia) there is often a tremendous outburst of 
free-radical activity. It is possible, as McCord originally 
suggested, that under ischaemic conditions certain 

enzymes which do not normally generate free radicals 

change their character and become potential free-radi- 
cal generators (xanthine dehydrogenase, in particular, 
may become a xanthine oxidase) and that the change 
becomes manifest when oxygen is readmitted. But 

there may be other and perhaps more important fac- 
tors which contribute to the free-radical explosion, eg 
the appearance and activation of phagocytic cells, part 
of the inflammatory response to ischaemia, or, more 

generally, the structural damage and destruction suf- 
fered by ischaemic tissue. Whatever the mechanism, 
the concept may have wide clinical implications. Post- 
ischaemic and perhaps peri-ischaemic changes have 

long been recognised as significant contributors to the 

morbidity and mortality of acute ischaemic episodes? 
whether in the heart muscle, the liver, the bowel, the 

brain or the spinal cord?and the prevention or miti- 

gation of these changes by introducing free-radical 

scavengers is clearly a possibility which needs to be 

explored [29-33]. 

Cancer 

Cancer is a two-faced problem. A wide range and vari- 

ety of 'causes' are capable of initiating and promoting 
it; but, more elusively, there are also powerful mecha- 
nisms, some almost certainly built into every cell, 
which self-destruct units that have undergone poten- 
tially cancerous change. Failure of the latter mecha- 

nisms may be at the root of many forms of clinical can- 

cer [34]. Numerous and powerful links have been 
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established over many years between free radicals and 
cancer initiation and promotion, ranging in origin 
from the electronic structure of aromatic compounds 
to the practicalities of radiotherapy and cancer 

chemotherapy [35, 36]. Possible links between free- 
radical activity and the second face of cancer are more 
recent. Much evidence now suggests that cancer cells 
are more resistant to lipid peroxidation (better 'pro- 
tected', to use an increasingly meaningless terminolo- 
gy) than normal cells [37-40], and the possibility has 
to be envisaged that in some sites and tissues progress 
from cellular to clinical cancer may depend on the 
failure of this free-radical mediated self-destruct pro- 
cess [40]. 

Atheroma 

Atheromatous plaques are loaded with lipid peroxides 
and lipid peroxidation products, a tantalising fact 
known for many years [41]. A more important recent 
observation has been the free-radical mediated peroxi- 
dation of lipids in circulating LDL and the selective 

scavenging of such complexes by macrophages [42, 
43]. The factors that determine or influence this per- 
oxidation [44, 45] need to be identified. 

Ageing 
The basic question about ageing, rarely formulated as 

clearly as it should be, is: does it exist? In other words, 
is ageing the sum total of a wide variety of age-related 
diseases (from baldness to cancer), or are most of the 

age-related diseases manifestations of a distinct and 

potentially identifiable biological process? Insofar as 
the latter is nearer the truth, free radicals could play a 
significant part in it. The symptomless accumulation of 
age pigments in many organs is probably the most con- 
stant biochemical marker of chronological age, and 
lipid peroxidation products and free-radical damaged 
proteins make up the bulk of this material [46]. Such 

pigments characteristically accumulate in a number of 
rare diseases associated with premature ageing, and 
some variants are susceptible to treatment or at least 
control by antioxidant therapy [47]. 

Inflammatory disease 
The acute inflammatory response illustrates both the 
importance and the elusiveness of free-radical reac- 
tions. There can be little doubt that they trigger many 
of the characteristic changes that follow tissue damage 
and destruction, but the link between them and the 

emergence of a host of chemical regulators and mes- 

sengers?including prostaglandins, leukotrienes and 
other still unidentified 'factors'?is still far from clear 

[27], Free-radical reactions may have a no less critical 
role in chronic inflammatory states. For many years 
free-radical biochemistry has been dominated by 
lipids, a legacy perhaps of organic and industrial 
chemists preoccupied with the autoxidation of fats and 
oils. Only in the past few years has the study of free- 

radical damage to proteins taken wings [48, 49]. Con- 
siderable evidence now suggests that free-radical attack 
may subtly but significantly alter the immunological 
properties of immunoglobulins and that increased 
free-radical activity may be the underlying cause of the 
chronicity of rheumatoid and other sustained inflam- 
matory states [49]. 

Toxic states 

Some of the pioneering studies of free radicals as a 
cause of tissue damage were conducted on animals 
exposed to carbon tetrachloride [50, 51], and carbon 
tetrachloride poisoning remains an important experi- 
mental model [52]. Outside the laboratory ethanol is 
a more popular organic solvent, and marked increase 
in free-radical activity has been reported in chronic 
intoxication [53, 54]. The link may be especially 
strong with alcoholic myopathy [55]. The usually irre- 
versible and often fatal effects of paraquat poisoning 
are almost certainly caused by free radicals [56, 57]. 
Free radicals may also play a part in endotoxic shock 
[58], and preliminary evidence suggests a link 
between increased free-radical activity and preeclamp- 
tic toxaemia [59]. The detoxification by normal 
organs of potentially harmful chemical agents (often 
lumped together as 'xenobiotics') is a half-way house 
between normal and abnormal biochemistry and one 
of the areas where enzymic and free-radical processes 
closely overlap. Many detoxification reactions involve 
molecular oxygen, and oxygen-derived free radicals 
may be important intermediates or side-products [60]. 

Other diseases 

At this point one cannot but succumb to pathological 
name-dropping. The development of both types of dia- 
betes and of some important diabetic complications 
have been persuasively linked to free radicals [61, 62]. 
The action of the malaria parasite in red cells and the 
action of some antimalarial drugs involve free radicals 
[63]. Some aspects of chronic pancreatic disease have 
been brilliantly interpreted in free-radical terms [64]. 
There can be little doubt that most of the toxic mani- 
festations of iron overload depend on the catalytic 
effect of 'free' iron on free-radical generation [65]. 
Infertile or subfertile human spermatozoa have a 
markedly increased oxygen free-radical response to 
stimulation with NADPH [66]. Free-radical activity 
may prove to be an important variable in determining the survival of organs for transplantation [67]. Such a 
list could easily be continued even without recourse to 
that universal whipping boy of medical ignorance, 
cigarette smoke (an arsenal of free radicals). But what 
does it all add up to? 

Prospect 

There can be few biochemistry departments 
unadorned by one of those immensely complicated 
metabolic charts which purport to represent and sum- 
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marise the workings of the ideal cell. Even on recent 

products one looks in vain for free radicals. Does that 
mean that the charts are wrong or that free radicals do 

not exist? The answer is neither; the real figment is the 
'ideal cell'. In all organisms above the simplest, cells 
are continuously being damaged or destroyed by a 
wide range of noxious agents. When they are not 

being damaged or destroyed they are growing old, and 
when they are neither being damaged or destroyed 
nor growing old they are reproducing themselves. 
More and more evidence suggests that it is these 

changes?all departures from the 'ideal' of chart-mak- 
ers?which involve, depend on or are governed by free 

radicals; and they are all potential initiators of disease. 
This is why free-radical research is becoming both easi- 
er and more difficult. It is becoming easier because in 

investigating almost any aspect of human pathology 
one need no longer fear a complete blank. But it is 

also becoming more difficult because to be able to 

conclude that in any abnormal process free radicals 

are 'involved'?a conclusion that provoked surprise 
and even incredulity 10 years ago?is no longer 
enough. What free radicals are involved; and how; and 
can their involvement be influenced? To answer such 

questions much of the old, indirect and essentially 
non-specific methodology needs to be up-dated. At the 
clinical level, if present and future methodology is to 
be properly directed, the scope of free-radical patholo- 
gy will have to be better understood. It is a challenging 
prospect but also an exciting one. 
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