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THE BIOLOGY OF OXYGEN FREE RADICALS AND
THEIR RELEVANCE TO DERMATOLOGY

DoucLAs J. DARR

SUMMARY

Oxygen free radicals are deleterious species generated by myriad chemical reactions.
It is now appreciated that these reactive molecules are formed by many biochemical
reactions as well. Only recently, however, has research been directed at studying OXy-
gen free radical effects on skin. Adverse effects on skin seen in nsoﬂonnnswpc_oa as
well as in many inflammatory processes may share these radicals as common causative
agents.

Cells have evolved complex protective mechanisms against the damaging effects of
oxygen radicals. The skin, being predominantly extracellular, may be at greater risk.
What little is known concerning effects of oxygen radicals on dermal connective tissue
suggests that the radicals are potentially very damaging to the integrity of skin macro-
molecules. Reactions, however, are very complicated.

It is the purpose of this review to outline simply some of the biology of oxygen free
radicals: their formation, elimination, and possible consequences of their reactivity. It
is hoped that the reader may be able to appreciate the relevance, at many levels, to
dermatologic research.

INTRODUCTION

If the truth be known, very little is understood concerning the effects of oxygen free
radicals on the skin. However, a large body of information has been gathered pertaining
to these radicals’ effects on other tissues, cells, and biomolecules. It is the purpose of
this review to assess what is known about the pathobiology of oxygen radicals in general
and, where relevant, relate the information to dermatologic studies.

The year 1969 marked a turning point for the entire field of biological research. Fri-
dovich, with McCord, published work detailing the characteristics of a new enzyme,
superoxide dismutase (SOD) (EC. 1.15.1.1.), whose sole function was the enzymatic
dismutation of superoxide free radicals (0z).! Prior to, and to some extent since,
biologists relegated O3 to the level of an interesting but nonreactive, and therefore
unimportant, species. Most, however, agree that if nature has evolved a means for
ridding the organism of this species, it must be detrimental. Evidence to this effect is
now overwhelming.
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FORMATION OF OXYGEN FREE RADICALS

It is not the purpose of this review to go into the detailed chemistry concerning the
formation of oxygen free radicals. This is done excellently in several other reviews.2=9
However, an overview is important in understanding the relevance and consequences
of the formation of these radicals as it may pertain to dermatology.

The chemistry of oxygen makes it well suited to be the terminal electron acceptor for
aerobic organisms utilizing this molecule for making energy available. Its high oxidizing
potential can thus make more efficient use of energy sources (food). But it also has a
kinetic barrier to reaction which must be overcome. This barrier is very important since
one could imagine the consequences of indiscriminate oxidations in vivo. Thus, because
of its chemistry, oxygen tends to be reduced one electron at a time, slowing down any
random oxidations, but giving rise to several quite reactive intermediate species (Fig. 1).

The addition of one electron to molecular oxygen leads to the formation of the super-
oxide radical (O3). This can be protonated to HO;- (pK = 4.8), chemically even more
reactive than 03.2:® Although in a simple aqueous solution at physiological pH (pH =
7.4), there would be precious little of this species, it is known that some areas in the
cell (such as in and around the lipid membrane and in phagosomes) have considerably
lower pHs; thus HO, may have some biological relevance.10»11?

Where there is superoxide in biological systems (see biological sources of superoxide)
there will necessarily be hydrogen peroxide (H;O,), the 2-electron reduction product
of oxygen. This is due to the dismutation reaction between two molecules of Oz. In
aqueous solution at pH 7.0, the spontaneous reaction will have a rate constant of about
5 x 105M~1 sec-l. The enzyme SOD catalyzes the same reaction, but the rate constant
approaches the diffusion limit, i.e., 2 x 10% M~! sec™. Thus, SOD is exceedingly efficient
at this chemical conversion. Also, enzymes associated with several cell membranes are
known to produce hydrogen peroxide, e.g., flavin-containing oxidases,12:13’ but the
largest percentage of hydrogen peroxide is thought to come from O3.

Where there is superoxide and hydrogen peroxide in biological systems there will be
the hydroxyl radical (‘OH), the I-electron reduction product of H,0; and one of the
most reactive species known biologically. The chemistry of this reaction is not as simple
as the above statement might imply. Indeed, Oz can react with H;0, to form "OH by
the long-known Haber-Weiss reaction (reaction 1).19

0; + H;0, — OH- + OH + O, )

Unfortunately, this reaction proceeds very slowly under physiological conditions. In
the presence of transition metals (iron and copper predominantly, in biological samples),
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Fig. 1. Free radical species encountered during sequential one-electron reduc-
tion of molecular oxygen.
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the hydroxyl radical can be formed readily by the combination of two reactions (reac-
tions 2 and 3).

0; + Fet3/Cut? — O, + Fe*2/Cu*l (2)
Fet2/Cut! + H,;0, — Fe*3/Cu*2 4+ OH~ + "OH 3

Reaction 3 (with iron) is the Fenton reaction.!®’ The sum of reactions 2 and 3 obviously
is the equivalent of reaction 1. This indirect formation of hydroxyl radical via Oz and
H,0, is referred to as a metal-catalyzed Haber-Weiss or, probably more accurately, a
superoxide-driven Haber-Weiss reaction. Hydrogen peroxide can be replaced in this
scheme by organic hydroperoxides (R*OOH) normally associated with lipid membranes.
These peroxides can be formed via a hydrogen atom abstraction by *OH which results
in a complicated chain reaction (lipid peroxidation) leading to various breakdown pro-
ducts (Fig. 2).

Superoxide, via H,0, and metal catalysts, or as perhydroxyl radical (HO;), can ini-
tiate the lipid peroxidations.!8-20 The propagation of lipid peroxidation leads to the
disruption of cell membranes,2»22) the release of lipid by-products which are proven
cross-linkers and mutagens such as malondialdehyde, and the efflux of various hydroly-
tic enzymes which can subsequently digest surrounding cellular material.23:24 This sort
of radical-driven chain reaction can thus theoretically explain many diseases and drug
toxicities. The need to control such autocatalytic events is self-evident.

Singlet oxygen (10) is another species of “activated™ oxygen, although by strict defi-
nition it is not a free radical per se.? Singlet O, is generally formed by input of energy
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Fic. 2. Simplified diagrammatic sequence of events in lipid peroxidation. R
represents any of a number of free radical species reactive enough to ab-
stract a hydrogen atom from an unsaturated lipid. Breakdown products
include ethane, pentane, and malondialdehyde as well as other reactive
aldehyde species.
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(light) into a molecule which absorbs certain incident wavelengths. The energy absorbed
raises the molecule into an wexcited state.” The excitation energy can then be transferred
to an adjacent oxygen molecule, raising its energy to an excited “singlet”” state while the
original molecule is converted back to its low-energy form. This is known as a photo-
sensitization reaction and the original light-absorbing molecule, a photosensitizer. The
energy imparted to the oxygen molecule lowers its kinetic barrier to the reaction spoken
of earlier and thus makes this form of oxygen quite reactive towards other biomolecules.

BIOLOGICAL SOURCES OF THE SUPEROXIDE RADICAL

From the brief description given so far, it is apparent that much of the chemistry of
oxygen free radicals is dependent upon the formation of the superoxide radical. What
evidence is there that this species is formed so as to be relevant biologically? Many
naturally occurring molecules autooxidize under physiological conditions and have
been shown to form O;z. These include hemoglobin®® and myoglobin,*? catechola-
mines,2® reduced portions of the electron transport chain 230 ferredoxins,®" and
leukoflavins.32 Further, several cellular enzymes have been identified that produce
05 during their catalytic cycle, including xanthine oxidase 3 aldehyde oxidase,3?
several flavin-dependent n_n_._waamﬁ:nmnm.ms and others.

One particularly important enzyme is the NADPH oxidase associated with the mem-
brane of many granulocytes and macrophages.36-38 This enzyme is responsible for a
large, predominantly extracellular, release of Oy during the “respiratory burst” noted
in the inflammatory response of these cells. Almost all of the oxygen consumed during
this burst can be accounted for as 07 .39:40 This large production of Oz has a protective
role in the body’s quest to stave off infection caused by bacteria and will be discussed
later.

Subcellular organelles such as mitochondria A’ liver microsomes, 12’ and isolated
nuclei®® have all been shown to produce Oz, much of which can be detected extracel-
Jularly. Presumably, the preponderance of O3 formation is due to “leakage” of elec-
trons from components of electron transport machinery. Many drugs and other cellular
toxins are now known to form superoxide. Quinone-derived anticancer drugs such as
streptonigrin, menadione, actinomycin D, and mitomycin C all form O 44,49 Anthracy-
clines such as daunorubicin and adriamycin are also believed possible generators of
intracellular O .4548) Paraqual, diquat, plumbagin, and juglone are cellular toxins
which, after gaining entry into cells, are reduced by a group of nonspecific enzymes called
diaphorases. The reduced forms of these compounds are unstable and, in the presence
of oxygen, autooxidize to form the superoxide radical.2® Alloxan, a diabetogenic drug,
is preferentially taken up by the islets of Langerhans as well as the liver. Like paraquat
and the other above-mentioned toxins, alloxan can be reduced by two electrons to dialu-
ric acid. Dialuric acid is unstable and, once formed, will then autoxidize, forming 055054

Finally, a phenomenon related to the formation of O; of relatively recent discovery
is that of reperfusion injury.52:53 It had long been known that ischemic tissues suffered
considerable damage; not a difficult leap of faith. But paradoxically, upon reoxygena-
tion, further irreversible damage would occur. It was discovered in various tissues that
much of this damage could be inhibited by prior infusion of the enzyme SOD or allo-
purinol (an inhibitor of xanthine oxidase).54~57 It has been proposed that during ische-
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mia there is a buildup of metabolites derived from ATP including hypoxanthine and
xanthine. Further, xanthine oxidase (which in vive normally functions as a dehydrogenase,
.:.Em not forming O3) is proteolytically cleaved into its oxidase form. Thus, there is an
increase in an enzyme capable of the formation of O3, and there is a buildup of several
of the purine substrates for this enzyme, so all that is necessary is oxygen. Upon reper-
fusion of the ischemic tissue, this is generously supplied and the trigger is pulled.

These above examples, although not exhaustive, should be sufficient evidence that
there are ample opportunities for the cellular formation of O7 and from it a host of
other deleterious species.

ANTIOXIDANT DEFENSE—PRIMARY ENZYMATIC DEFENSE SYSTEM

Zw:.:n has evolved an intricate network of protective agents or antioxidants, sup-
porting the contention that free radical species are, and over the eons have been, a threat
to cellular integrity. First on this line of defense are the SODs.5® This is a family of
metalloenzymes based on copper, manganese, and iron. The transition metal charac-
teristic of each SOD’s active site is successively reduced and reoxidized by repeated
enounters with O; forming H;O and molecular O,. Again, these enzymes accomplish
this with extreme rapidity. The copper-containing enzyme also utilizes zinc, presumably
to stabilize the enzyme. The copper-zinc SOD is found almost exclusively in the cytosol
of eukaryotic cells. The few exceptions are in several bacteria which are thought to have
received this enzyme through a gene transfer very early in evolutionary history.?® The
manganese-containing SOD is found predominantly in bacteria and in the matrix of
eukaryotic mitochondria. They are structurally similar and have extensive amino acid
sequence homology, consistent with the theory that mitochondria evolved from an an-
cient endosymbiotic relationship between a eukaryotic cell and a prokaryote. 6061
Finally, iron-containing SODs are also primarily prokaryotic in origin and are closely
related via amino acid sequence homology to the :..m:mm_._ww?ncsﬁm:m:m enzyme. 5961
. SODs are inducible enzymes; the levels of these enzymes apparently are under very
:w_.._» control. The mechanism of the regulation of this induction is not well understood
as it presumes that a short-lived radical species (or something derived from it) is the
inducer.62-60 Thus, exposure of bacteria or simple cukaryotes to hyperoxia®’ or redox
active compounds?9:56:67 Jeads to increased biosynthesis of the SOD protein. Similarly,
exposure of mammalian cells®8:89) or even whole animals?0:7 to increased levels of
oxygen or other intracellular generators of Oy leads to the induction of this enzyme.
In almost all cases, preexposure of cells to a source of O, imparts protection against
subsequent, normally toxic or lethal, exposure to superoxide. 72~
Catalase is a heme-containing enzyme found in most aerobic cells which catalyzes
the conversion of hydrogen peroxide to molecular oxygen and water. This enzyme has
been characterized and studied extensively.?-78 Simplistically, catalase forms a complex
i.% the first H,0, (compound I) seen in the catalytic cycle. This compound I then reacts
with an ensuing H,0, with the formation of H,0 and O,. The rate constant for both
of ﬂ._._nmn reactions is in the vicinity of 2 x 107M~!-sec™". Interestingly, in the cell, catalase
mm:&&. is directly proportional to the H;O0, concentration, viz., the Km is extremely
high. This may mean that catalase’s protective role is due, in part, to its ability to meet
the challenge of a short-term, high level of H,O; without the need for new protein synthe-
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sis. The enzyme is predominantly localized in subcellular organelles called peroxisomes.
These organelles also contain several of the H,O5-generating enzymes mentioned earlier,
i.e., glycollate oxidase, urate oxidase, and several flavoprotein dehydrogenases. Catalase
levels are inducible under conditions of increased H,0, concentration? or Oz concen-
{rations80»8 since the presence of SODs guarantees the production of hydrogen per-
oxide.

Glutathione peroxidase (GPX) is a selenium-containing enzyme generally found in
the cytoplasm of cells as well as in proximity to mitochondria. It is another inducible
enzyme that also rids the cell of H,0, but it is different from catalase in that it uses the
cysteine-containing tripeptide glutathione as the reductant. Also, this enzyme is not
specific for hydrogen peroxide as it will reduce other organic peroxide substrates such
as lipid hydroperoxides, thus its importance in the cell.#2:89 As this enzyme is dependent
upon an available supply of reduced glutathione, a means of replenishing this molecule
is required. Glutathione reductase is responsible for this, reducing oxidized glutathione
using NADPH as the electron source.75:8) NADPH levels are maintained as part of
a complicated biochemical pathway, the pentose monophosphate shunt. Because of the
multiple components involved in the maintenance of this GPX activity there are in-
creased possibilities that a failure in the regulation of one part will result in a loss of
GPX activity and hence an increase in intracellular hydrogen and/or other organic
peroxides.

These three classes of defensive enzymes form a mutually protective ensemble. That
is, by efficiently ridding the cell of their respective substrates, these oxygen radical scav-
engers actually protect each other. Hydrogen peroxide has been shown to inhibit two
of the three known SODs,5:8%) while Oz  inhibits not only catalases8”-88 and bacterial
peroxidasess®:#0 but also the eukaryotic glutathione peroxidase.?:9%) It is obviously
in the cells’ best interest to control very carefully the levels of these proteins.

Finally, researchers have characterized an extracellular SOD based on copper that
is different from the intracellular enzyme.%-95 As connective lissue is devoid of any
typical antioxidants, this protein must play an important role in protection against
oxygen radicals which might be formed outside of the cell. Work continues in defining
this role.

ANTIOXIDANT DEFENSE—PRIMARY NONENZYMATIC DEFENSE SYSTEM

Defense against oxygen free radicals comes not only via enzymatic means. The cell
utilizes small molecular weight molecules, both hydrophobic and hydrophilic, to react
with and eliminate various species of oxygen free radicals. Vitamin E is one example.
This lipophilic compound’s major function is as a chain breaker in oxidative chain
reaction in the membrane.%-? Vitamin E specifically partitions into lipid membranes
where it can react with lipid radicals:

L + VITEH; — LH + VITEH (@)

Lipid Vitamin E Reduced Vitamin E
radical lipid radical
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LOO- + VIT E-H, —— LOOH + VITE-H- (5
Ev.a peroxy Vitamin E Lipid Vitamin E
radical hydroperoxide  radical

The vitamin E radical is a reasonably stable, and thus nonreactive, species. Chemi-
cally this is because of a delocalization of the unpaired electron into the aromatic ring
structure. This makes the vitamin E radical too unreactive to abstract another hydrogen
from an adjacent fatty acid. Thus, vitamin E acts as a chain reaction terminator. Once
vitamin E has reacted with a lipid radical, it must somehow be regenerated to the parent
compound or it will be of limited usefulness. Two radicals of vitamin E could dis-
proportionate, regenerating one reduced vitamin E molecule or (as mounting evidence
suggests) ascorbic acid (vitamin C) could serve as the reductant.%-28-100" In this case,
it may not be the vitamin E radical per se that is reduced but some intermediate reac-
tion.101,102) The oxidized ascorbic acid, semidehydroascorbate radical, is fairly stable
and generally disproportionates to reform one ascorbic acid molecule and one molecule
of dehydroascorbate. This latter oxidized species is enzymatically converted back to
ascorbic acid via a reaction catalyzed by dehydroascorbate reductase at the expense
of, again, glutathione 103-105) Suggesting that the semidehydroascorbate radical may
not be innocuous, animals contain a semidehydroascorbate reductase which, at the
expense of NADH, reduces this radical species back to ascorbate!®4-106) which can then
react again with a vitamin E radical. Vitamin E has also been reported to react efficiently
with singlet oxygen and thus may have a protective function in this regard also.107:108)

Vitamin C, besides its purported role in maintaining functional levels of vitamin E,
may have antioxidant properties of its own. Thus, ascorbate in vifro reacts avidly with
05 109,110 and *OH,!1>112 and it reportedly scavenges singlet oxygen.113:14) Ascorbic
acid has been shown to protect against ozone and hyperbaric oxygen damage to
the lungs!15:118) and can also impart protection against oxidative damage to the
eye.!1” Thus, ascorbic acid can undoubtedly serve as an antioxidant. However, the same
mechanisms by which ascorbate can behave as an antioxidant (acting as a good reduc-
tant), allows it to serve as a prooxidant. In the presence of the biologically important
metal ions iron and copper, ascorbate in vitre aids in the destruction of proteins and
membrane lipids,18-120) the inactivation of enzymes and viruses,1?1122) the depolymer-
ization of polysaccharides,'2® and the production of sister chromatid exchanges.2¥
Ascorbate in these reactions serves to maintain the metals in a reduced state. Depending
on conditions, these reduced metals or even ascorbate itself can autooxidize with pur-
suant O3 formation.12%,126) Reaction of the metals with peroxides can occur, forming
the hydroxyl radical.’?” Which reactions predominate in vivo are unknown, but will
likely depend on the local ascorbate concentration; lower concentrations predispose
to prooxidant effects and higher concentrations to antioxidant effects 128,129

Several other small molecular weight species have also been touted as biological an-
tioxidants. In addition to its importance in the reactions of glutathione peroxidase and
dehydroascorbate reductase, and in deference to its high intracellular concentration
.ﬁwn,ﬁ,m_ millimolar), glutathione (GSH) is thought to act directly as an antioxidant via
its reactivity toward 10, and "OH.13> The subsequently formed thiyl radical (GS") is
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not an unreactive species,’31’ and may in fact regenerate singlet oxygen.'3? Like ascor-
bate, GSH can maintain vitamin E in a reduced, thus functional, form in vitro13%

In the past several years, research groups have identified several not-so-new biological
compounds as being potentially significant physiological antioxidants. Uric acid, the
end product of purine metabolism, has the capacity to act as a free radical scavenger.13®
Not that this is a unique property of uric acid; other hydroxylated molecules have this
ability. The combination of urate’s high reactivity toward hydroxyl radical, singlet
oxygen, and superoxide and high concentration in vivo (up to 450 um in plasma), how-
ever, may be significant.

More recently, it has been proposed that bilirubin, the end product of heme catab-
olism in mammals, may also have a role as a physiological antioxidant.!3 It has been
shown that at oxygen concentrations representative of that seen in vive, bilirubin sur-
passed even vitamin E at inhibiting free radical-initiated lipid oxidation. These and
other “metabolic waste” products yet to be discovered may indeed function as biological
antioxidants.

ANTIOXIDANTS: ENZYMATIC SECONDARY DEFENSE SYSTEM

Even with the extensive network of antioxidant defenses noted, there can be oxygen
radical-mediated damage to cellular constituents. Virtually every major component of
cells (lipids, proteins, polysaccharides, and nucleic acids) can be degraded by oxy-
radicals. It becomes very important then for the organism to “clean up the mess™ as
an uncontrolled build-up of partially degraded, nonfunctional molecules would ulti-
mately bz detrimental to cellular functions. Cells have apparently evolved several en-
zyme systems for just such a purpose.

Lipids are generally assumed to be the primary target for free radical attack. The
abstraction of a hydrogen from an unsaturated fatty acid, discussed earlier, leads to
the formation of lipid peroxides, initiating an autocatalytic reaction which would ulti-
mately disrupt membranes. Phospholipase A, an enzyme long known to be important
in phospholipid metabolism, has been shown to release peroxidized fatty acids from
its substrate with considerable selectivity.136-138) This mechanism works in concert with
glutathione peroxidase by releasing the latter’s substrate from an area normally inacces-
sible to the enzyme. It is believed that the peroxidized fatty acid per se does not activate
phospholipase A;, but causes a change in membrane fluidity due to the chemical change
in the phospholipids.!36:137 This physical change in the membrane is apparently suffi-
cient to activate the enzyme. Thus, any nonperoxidized fatty acids located in this vicinity
(and there will be some) may also be released. Arachidonic acid is a major fatty acid
affected. It is thus tempting to speculate that the facile release of this very important
metabolite (precursor of prostaglandins, thromboxanes, and leukotrienes) is correlated
with the formation and removal of lipid peroxides.!3%’

Recent work has also shown that a wide variety of proteins undergo oxidative dam-
age.119,120,140-142) The modifications vary with the type of protein and the species of
oxidant, the most frequent modifications being denaturation, increased hydrophobicity,
and the formation of peroxyl groups which can further decompose leading to protein
fragmentation.143:144) These altered forms of the proteins are susceptible to increased
proteolysis. Cross-linking between proteins, however, is also possible, and those species
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actually become less susceptible to proteolysis.143:144) It is imperative, then, that the cell
have a means of efficiently ridding itself of the oxidatively modified proteins before
they have a chance to accumulate and adversely affect cellular function. A group of
serine and metallo-proteases has been implicated in fulfilling this role. Apparently dis-
tinct from the typical ATP- or calcium-dependent proteases, these enzymes presumably
recognize peptides flanked by the hydrophobic regions formed via oxidation. In the
native protein these cleavage sites would have been inaccessible to the enzyme. Although
incompletely characterized, these proteases appear to be specifically regulated by the
formation of oxidatively altered or degraded proteins 1437145

Finally, since oxygen radicals have been implicated in myriad reactions with the gen-
etic material, e.g., DNA,46) it has been hypothesized that these species are responsible
for pathologies as universal as gene mutation, carcinogenesis, and aging.!47-149 The
molecular mechanisms responsible for the phenotypic expression of the oxygen radical-
mediated damage have not been elucidated. Recently, several groups have noted specific
alterations in DNA attributable to oxidative damage.150-152) For example, agents pro-
ducing oxygen free radicals formed significant amounts of 8-hydroxyguanine, the pres-
ence of which caused misreading of DNA templates not only at the altered base but
also at adjacent residues.!33 Theoretically, this provides a mechanism whereby 8-hy-
droxyguanine formation via oxygen radicals can lead to a loss of fidelity in DNA syn-
thesis and transcription. This loss clearly may be relevant to mutation and carcinogenesis.
Increased levels of 8-hydroxyguanine experimentally induced by oxygen radicals dimin-
ish with time.152) This suggests that there are mechanisms, presumably enzymes, in
place in vivo to repair this oxidative damage. These have not been characterized. How-
ever, whatever their nature, these enzymes would also certainly constitute a secondary
defense system against oxygen radical damage.

PRODUCTION OF OXYGEN RADICALS IN THE SKIN

There is limited direct evidence implicating oxygen radicals in cutaneous pathology.
Perhaps attributable to the interest generated by this subject in other disciplines, how-
ever, a body of dermatologic research directly pertaining to oxygen free radicals is now
emerging.

Photodermatology has shown a marked increase in studies designed to investigate
oxygen radical interactions with components of the skin during normal, clinical, and
pathological exposure to the UV and visible spectrum of light.!34,155) Until recently,
UV exposure was thought to be damaging only in relatively uncommon phototoxic or
photoallergic conditions or by direct interaction of the more energetic UVB (290-nm-
320-nm) wavelengths with biological “targets,” e.g., DNA 251567150} UVA (320-400 nm)
was considered innocuous. Except for an occasional proposal invoking the production
of singlet oxygen via photosensitized reactions, other oxygen radicals were rarely men-
tioned as being relevant to UV damage. It is now appreciated that in addition to singlet
0,, several other species of oxygen radicals are formed by the actions of visible and
UV light on biological targets. Thus, the photosensitization reaction of psoralen with
UV forms not only 10, but also 0;.169 Melanins are now known both to produce
07161163 and to react with O; with subsequent H;O, formation.!5¢ Illumination of
photosensitive dyes with visible light165:166) or the illumination of tetracyclines with
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UVAL6? has been shown to produce superoxide, hydrogen peroxide, and putative hy-
droxyl radical which can kill cells. Finally, it has been reported again that UVA forms
05 as well as 10, and that the former is responsible for single-strand breaks in DNA 168

“Sunburn cells,” damaged epidermal cells seen histologically in virtually all UV-
damaged skin sections, have been shown to be reduced in number in experiments where
SOD was administered prior to irradiation,16%170 implicating O as the causative
agent. Superoxide has also been implicated in UV radiation-induced damage to Langer-
hans cells, i.e., SOD protected against the loss of ATPase-positive cells following UV
exposure.l”!) Liposome-encapsulated SOD has also been shown capable of protecting
against an increase in lipid peroxides in guinea pig skin irradiated with UV light 172)
Interestingly, it has recently been shown that irradiation of mice with UVB lowers the
epidermal content of SOD. This lowering can be tempered by pretreatment of the ani-
mals with liposome-encapsulated SOD.1 Thus, UV-induced diminution of skin SOD
may help explain some of the deleterious changes seen in irradiated skin. UV radiation
then may well be a biologically important source of oxygen free radicals.

Another important source of oxygen radicals directly related to dermatology is in-
flammation. Certainly, the circumstances leading to an inflammatory response in skin
are necessary and protective in nature, e.g., the “tagging” of bacteria for removal from
wound sites and the cleaning up of cellular debris. The mechanism of this removal in-
volves a complicated series of interactions between various cell types (polymorphonu-
clear leukocytes (PMNs), lymphocytes, monocytes, and monocyte-derived macrophages)
leading to the destruction of foreign particles and regeneration of the normal tissue
architecture. PMNs, e.g. neutrophils, and macrophages recognize the tagged bacteria,
engulf them, and undergo a “respiratory burst.” During this burst, oxygen consumption
can increase 20-fold ; most, if not all, of this increase is due to increased Oz formation.3%4%?
Again, much of this O7 can be detected extracellularly.17¥ The ultimate killing mech-
anism is still open to debate. Superoxide alone has been shown to be toxic to at least
one species of bacteria.1’® Hydrogen peroxide, and/or the hydroxyl radical that can be
formed via the superoxide-driven Haber-Weiss reaction, are known to be lethal to strains
of bacteria.}$:176:17D In addition, neutrophils contain significant amounts of the enzyme
myeloperoxidase. This enzyme, in the presence of H,0, and chloride, forms appreciable
levels of hypochlorous acid and other longer-lived oxidants which constitute a strong
microbiocidal system.178:17® Any or all of these species may be important in the normal
killing of bacteria. Additionally, Oz is known to react with serum components generat-
ing a potent chemotactic factor which can serve as an amplification mechanism for the
influx of phagocytic cells.180:181

Oxygen radicals, then, play a beneficial role in the maintenance of healthy tissue. In
many dermatopathologic conditions, however, the inflammatory response is either
heightened or inappropriately maintained and a chronic inflammatory condition ensues.
Thus, PMNs from patients with cutaneous vasculitus,182) psoriasis,183 erythema mul-
tiforme, 184 Behget’s disease,18 IgA bullous dermatosis, 1 and Cement dermatitis's?
all show increased production of the superoxide radical and of reactive oxygen species
derived from versus controls when exposed to appropriate stimuli. There was also
a significant increase in oxygen radical generation by neutrophils stimulated with the
serum from patients with systemic lupus erythematosus!88’ and rheumatoid arthritis.18%
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.—,_%mw_ results :.a_nm:," that neutrophils respond to immune complexes with increased
_.m___nw production. mEno. many of the generated oxygen radicals can be detected extra-
cellularly, a defect allowing the PMNs to remain “turned on” can have severe conse-
quences for the surrounding tissue.

EFFECT OF OXYGEN RADICALS ON THE CONNECTIVE TISSUE OF SKIN

Cg\mﬂ”wn _.oaﬂma by Esz.m in an m:nm:.:.:m”oi response or by mechanisms involving
[visible _.ma.::_c:. the skin is likely subjected to intermittent, if not continual, fluxes
”Mzmwﬂwﬂn .an_“"”_m. M.mznu :mn surrounding tissue in skin is predominantly mnn::_.m_. one
sider the effects of ox i ing
o g n_umﬂw_m.n_ﬂ radicals on the structural elements of the skin: col-
The __H.S_.mnmca between oxygen radicals and collagen are complex. When soluble
collagen is nxvomm& to a system generating hydroxyl radicals, it is rapidly and extensively
degraded.1®® This degradation can be prevented by catalase or hydroxyl radical scav-
engers. When exposed to the superoxide radical, not only is soluble collagen degraded
but this anm.qm%..:o: seems to be specific for collagen.'®1:192) The mechanism(s) Mvn_. this
breakdown is still uncertain. Oxygen free radicals can act in three other ways to expedite
collagenolysis. 1:1.&. Eﬂ.,a radicals oxidatively modify the collagen molecules, which
Hwnu :W%aw them increasingly m:momvzza to proteolysis by normally encountered pro-
eases. 190’ m%m:&w. oxygen radicals have been found to inactivate connective tissue
protease E_.__.U_S.G. The best studied is the inactivation by the hydroxyl radical of a-1-
antiprotease inhibitor, a glycoprotein which inhibits the actions of several proteases
_dn_cn_._sm elastase. 199 Although this has considerable practical importance in the lung
__E.n is _Sm.s.: about the dermal consequences. And thirdly, latent collagenases E.m
mn:e.m.na.n__wo..“:z via oxidative modification.194-196) This has been shown using human
:n_m:.on:__m :_.mmm_.na to release oxygen free radicals. The collagenolytic factors could be
activated by either a hypochlorous acid-dependent!®® or a hydroxyl radical-dependent
.vm:rs..mw.nwuu These collagenolytic enzymes are proposed to have regulatory roles in
Enmam.:m:o:. diapedesis, chemotaxis, and wound repair, and thus an abnormal in-
crease in the activity of these enzymes could have serious pathological consequences
Oazmn_.._ free radicals do not simply react with collagen in ways which increase :.w
degradation. Indeed, they can lead to the enhanced production and deposition of col-
_mmm:.. Oxygen free radical generators such as hyperbaric oxygen, bleomycin, and para-
“_:w_” Sn_.nmmnhopz va~ and type III collagen synthesis in vitrol®7-19%) and in _E.eawo?uoﬁ
ith reasonable specificity. These t i iti
it n_..m_.mﬁn_.ﬂmwn i Mv_‘cmmm. reatments also lead to an increased deposition of
] .:.mn mechanism leading to the oxygen radical-mediated increase in collagen produc-
tion is not s.a: understood. At least in lung tissue, it is thought that because of cellular
damage attributable to the radicals, i.e., lipid peroxidation, mediators from the damaged
o._a:w are released. The mediators could come from the arachidonic acid cascade men-
tioned above. These substances are believed to be chemotactic and mitogenic to PMNs
Eosoﬂﬁm. and fibroblasts. The invading cells release various bioactive species EEnm
can amplify z.:u response.203-208) I this scenario, these as yet incompletely characterized
substance(s) induce procollagen gene expression in the fibroblastic cell population.
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Although much of this work has involved lung tissue and cells, there is a very high prob-
ability that fibrotic skin diseases such as scleroderma will be discovered to have similar
etiologies when compared to their pleural counterparts.

Oxygen radical effects on collagen extend to basement membrane collagen. It has
been shown that activated neutrophils can degrade those portions of basement membrane
with which they are in contact. This degradation may be caused by the direct action of
the radicals (Oz, HzOq, -OH, hypochlorous acid) on the collagen or by the direct or
indirect activation of v..oE.:ﬂwmmm.uaq.mas Less is known about the interaction of oxygen
radicals with the other two predominant extracellular constituents of skin: proteogly-
cans and elastin. It has been realized for some time that an enzymatic source of oxygen
radicals will depolymerize hyaluronic acid.20® It is now appreciated that proteoglycan
agpregates are also degraded and that proteoglycan synthesis is diminished under those
experimental conditions.210-212) This has relevance to pathologics as diverse as rheuma-
toid arthritis and aging of the skin. UV radiation has also been shown to depolymerize
families of glycosaminoglycans in vivo.21® The mechanism of this breakdown is not
known but should be investigated since the idea that UV damage could be mediated via
oxygen radicals in situ is still speculative.

Evidence for the direct interaction between oxygen free radicals and elastin is lacking.
In one recent report, no evidence for the degradation of elastin could be found when
animals were exposed to toxic levels of oxygen.2!® However, bountiful evidence exists
for indirect damage to elastin being due to reactions of O, radicals. As mentioned earlier,
the best characterized of these reactions is the inactivation of protease inhibitors by
oxygen radicals, particularly a-1-protease inhibitor, which increases latent elastase ac-
tivity.215:216) Many of the oxidant species are believed to arise from activated neutrophils
and the like encountered in the inflammatory process. Elastic tissue damage in the skin
may then be coincident with inflammation.

POSSIBLE THERAPEUTIC USES OF SUPEROXIDE FREE RADICAL
SCAVENGERS

The connective tissue of skin is prone to damage by oxygen free radicals. In general,
it has a very long half-life, and by virtue of the fact that connective tissue is essentially
extracellular, there is very little intrinsic protection afforded to it. Only the EC-SOD
mentioned earlier is a viable candidate as a defensive species.

The use of antioxidants for the prevention of connective tissue damage has received
some attention recently. Again, preinjection of native SOD prevents the UV-induced
formation of ‘‘sunburn cells"169:170) while treatment of skin with _mﬂomosm.nanwvmn_mﬁn_
SOD has been shown to climinate a UV-mediated decline in epidermal SOD activity.!™
These results suggest a role for superoxide radical in UV radiation damage to skin. SOD
has also been used effectively as an antiinflammatory agent in other disease processes
affecting the skin.27,%8 The use of SOD as a prophylactic is not without some problems.
This enzyme is not inexpensive to produce and purify of antigenic and pyrogenic
contaminants. Also, although it has been proven relatively safe, there is always the
problem of adverse immune reactions to this protein.

Many investigators have sought low molecular weight chelates that mimic the en-
zymatic activity of SOD as one solution to this problem. One copper-based mimic has
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in f inci
,_.Ewn“_c_”M”nmroi: to reduce the mna_n_n_..on of phorbol ester-induced skin cancers.?19
_d:dwn cm gq, may not =m<.n anything to do with its “SOD™ activity.22?) A novel SOD
s mmmh.. _o__,d the chelation Q.. desferioxamine and Mn (IV) has recently been dis-
wn_Bm:,m.ﬁmm. t has proven m:.nﬁwé at preventing Oj-induced lethality (via paraquat
e _Mi._: mammalian,222) algal,229 and bacterial cells.??¥ It is itself nonmu-
oy p Aw:._:m. S.E. Ono_..mn. Unamczm_ communication) and noninflammatory when
sy hzm__.,m&ﬂq_mﬁ_"_w Em Wu_w__oa topically to the skin.225’ Further dermatologic studies
or other mimics as well as with the nati i
h ative enzyme and va
antioxidants are needed to hel ; . g
} : . p understand the role i
radicals) in skin pathologies. o8 speesliesyndl il Th
. : Rl -
\ m”,m_mm.mm_”.w_wh_, H__n_.n _wrm,_:aazoﬁ preliminary as it may be, that oxygen radicals play
e in pathological processes in the skin. Th id i
b e e . in. The evidence provides a firm
) ; etailed studies may be undertaken. The ski
A : . The skin as an organ
H.. %an_www_m one ﬂ_. the .Eoﬂ susceptible to free radical damage. As more and n._oqam_.n.
e appreciate this, not ﬁ.E_z will the actual causes of many dermatopathologies
er understood, but effective treatments may be found.
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