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Part I: The effects of skin burn injury on the levels of oxidized
and reduced glutathione, malondialdehyde, and on the activities of
glutathione peroxidase, glutathione S-transferase, and glutathione
reductase were determined in liver and lung of rabbit models, 24-h
post-burn. The data obtained are indicative. of a major oxidative
stress in liver and lung tissues due to burn injury at a remote site.
Tumor necrosis factor (TNF), a mediator in the pathogenesis of
endotoxic shock and burn injury, is associated with decreased
glutathione levels. Depletion of cellular glutathione by chemical
agents enhanced the release of TNF from lipopolysaccharide (LPS)-
stimulated rabbit lung macrophages. Glutathione repletion of
macrophages, using glutathione diesters, inhibited LPS-stimulated
TNF secretion. Thus, glutathione diesters may have therapeutic

value in treating endotoxic shock and burn injury.

Part Il: Two antioxidative enzymes, glutathione peroxidase
(GSHPx) and superoxide dismutase (SOD), which are involved in
scavenging reduced oxygen species, have been purified and

characterized from the Aloe vera plant. GSHPx activity was purified



to homogeneity by ion exchange and gel filtration chromatography.
The enzyme is apparently a tetramer with a subunit molecular mass
of 16 kD, with one atom of selenium per subunit. The Km values are
3.2 mM for glutathione and 0.26 mM for cumene hydroperoxide. The
enzyme is competitively inhibited by N, S, bis-fluorenylmethoxy-
carbonyl glutathione. Superoxide dismutases from both the gel and
the rind of Aloe vera were purified by ion exchange chromatography.
Seven SOD activities were detected, with identifiable differences in
their relative distribution in rind and gel. Two of these contain
manganese with native molecular masses of 42 and 43 kD and five
others are copper/zinc SODs with molecular masses of 31-33 kD.
Aloe vera SODs have high specific activities; these high activities
may relate to the plant's healing properties of inflammatory

disorders.
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PART |

THE STUDY OF OXIDATIVE STRESS DUE TO
BURN INJURY AND IN RELATION TO GLUTATHIONE

INTRODUCTION

All living cells are prone to oxygen toxicity. This toxicity
arises from reduced oxygen species formed as the reduction of
molecular oxygen occurs, initially resulting in the formation of
superoxide anion (O27"), hydroperoxyl radical (HO2-), and then
hydrogen peroxide H2O2. Although neither O2™" nor H2O2 at
physiological concentrations is particularly harmful, they are
converted into the most reactive oxygen species, the hydroxyl
radicals ("OH). These reduced oxygen species are considered to be
mediators involved in inflammation and cell injury. Their formation
is greatly increased during stress conditions such as a burn injury,
irradiation and drug metabolism [1-4]. Oxidative stress during a
burn injury causes an accelerated oxidant release that can promote
peroxidation of cell membrane lipids. These lipid peroxides can be
carried from the site of injury to other organs through the plasma
lipids to produce membrane damage in various organs or tissues.
Other documented consequences of reduced oxygen species, in
animals, are in ischemia/reperfusion injury, in the aging process, in

the development of inflammatory diseases such as rheumatoid



arthritis, in the cytotoxicity of tumor necrosis factor (TNF), and in
DNA mutation [5-7].

Survival of organisms in an oxygen rich environment depends
on a wide variety of defense metabolites and/ or enzymes,
antioxidant defenses, for the constant repair of oxidative damage.
These metabolites and enzymes are designed to ensure that
superoxide radical and hydrogen peroxide are disposed of before
coming in contact with each other, which may lead to formation of
the most reactive radical, ‘OH. Cells have a number of mechanisms
for dealing with these reduced oxygen species. The primary lines of
antioxidant defenses are intracellular enzymes and metabolites,
such as superoxide dismutases (EC 1.15.1.1), catalase (EC 1.11.1.6),
glutathione peroxidases (EC 1.11.1.9), reduced glutathione (GSH),
ascorbic acid, a-tocopherol, B-carotene, and uric acid. There are
other glutathione-dependent enzymes involved in detoxification,
such as glutathione S-transferases (EC 2.5.1.18); the GSH-
regenerating enzyme, glutathione reductase (EC 1.6.4.2); and
probably the glyoxalase system, glyoxalases | and Il (EC 4.4.1.5 and
EC 3.1.2.6, respectively ). GSH and GSH-dependent enzymes are also
involved in protection against lipid peroxidation [8].

A major goal of the work described herein is the determination
of the role of GSH and its dependent enzymes in alleviating oxidative
stress, induced as a result of deep burn injury to the skin leading to
distal organ damage. The effect of short-term burn injury, after

24 h, on the major antioxidation system, GSH-system, has been



evaluated in rabbit model. The long-term effect of burn injury has
been associated with a number of metabolic and immunological
abnormalities. These may in part be due to trans-location of gut
exotoxin and endotoxin [9], which can induce tumor necrosis factor
(TNF-a) and prostaglandin E (PGE) production by various types of
macrophages. A second goal of this study is the investigation of
possible therapeutic measures that could ameliorate the damage to
organs and tissues following massive oxidative insult and resultant

TNF-o release.

Reactive Oxygen Species in Vivo

A free radical is defined as any species that has one or more
unpaired electrons. Free radicals, in living systems, are generated
in two ways : 1) enzymatically catalyzed, one-electron reduction of
O2, and 2) reactions initiated by xenobiotics. In this study the
emphasis is on oxygen radicals and their effects on biological
systems. While oxygen is essential for the survival of living
organisms, the formation of its reactive reduction products seems
to be commonplace in aerobically metabolizing cells, when the
concentration of Oz is elevated. Cytochrome oxidase and other
proteins that reduce O2 have been designed not to release O2™";
however, in some reactions such as oxidation of the ferroheme
(Fe2+) group of hemoglobin to ferriheme (Fe3+) some O>™" is formed
unavoidably. Another source of this radical, O™, is leakage of
electrons onto O2 from biological oxidations such as the electron

transport chain of mitochondria [10], chloroplasts, and the



endoplasmic reticulum. Heart mitochondria have been recently
discovered to have a more active superoxide anion generator that is
localized at the cytosolic face of the inner membrane [11]. It is also
well known that phagocytes such as neutrophils, monocytes, and
macrophages produce O2™" during respiratory burst. Activation of
these phagocytes after burn injury increases the level of reactive
intermediates O2™" and H2O2, designed for the killing of possible
invading bacteria; however, tissue damage with resultant organ
failure may result [12-14]. O2™" has been reported to inactivate
Escherichia coli dihydroxy-acid dehydratase [15] and cardiac
creatine kinase [16].

Protonation of the superoxide anion gives rise to the formation
of hydroperoxyl radical, leading to the production of organic
hydroperoxides. Hydroperoxyl radical (HO2:) can react with another

superoxide anion to form hydrogen peroxide (as seen below).

e H* HO.
. 2 o)
0, ;... 0O, N HO, Ny 2 ~ Hy0,

The pKa of HO2: is 4.7-4.8 [17], and so more HO2- will form in
proximity to membranes where the pH is considerably lower than
physiological pH. Since this reactive oxygen intermediate is less
polar than O27", it can cross the biological membranes as effectively
as can H202. HO2- is more reactive than O2™ and can attack fatty
acids directly, converting them to their peroxide forms [17]. H2QO2 is

produced when oxygen accepts two electrons by enzymatic or



nonenzymatic reactions. Superoxide dismutase and several oxidases,
i.e., urate oxidase and glucose oxidase produce H2O2 directly.
Studies in models of ischemia reperfusion injury have suggested
that xanthine oxidase (XO), an enzyme of purine catabolism, uses
increased levels of molecular oxygen, leading to the production of
superoxide radical O2™- and a hydrogen peroxide HoO2 (see reactions;
1 and 2). These two oxygen metabolites cause post-ischemic tissue
damage [19, 20]. Xanthine oxidase also exists as an NAD+-reducing
form, xanthine dehydrogenase (XDH), which catalyzes reaction (3).
Xanthine dehydrogenase, in the presence of oxidizing agents such as
oxidized glutathione or sulfhydryl oxidase, can be converted to

xanthine oxidase in vitro as shown below.

Xanthine + 20, + H,O

Uricacid + 20," + 2HY (1)

Xanthine + O, + H,0 Uric acid + H,O, (2)

Xanthine + NAD' + H,O

Uricacid + NADH + H* (3)

H202 production has also been observed from phagocytic cells,
bacteria of several species, mitochondria, and chloroplasts, mainly
via O2™" [21]. The human eye lens has been reported to contain
micromolar concentrations of HoO2 [22]. H202 is not a radical and
has limited reactivity, but it can cross biological membranes.
Toxicity of HoO2 to animal cells and bacteria depends on a

relationship involving the activity of HoO2-removing enzymes and



the rate of conversion of H2O»2 into more highly reactive radicals,
such as the hydroxyl radical.

The hydroxyl radical ( '‘OH ) is highly reactive, perhaps one of
the most reactive species known in chemistry [7]. It reacts at or
close to the site of its formation in vivo. This radical can damage
DNA by modification of purines and pyrimidines or by breaking DNA
strands [23]. Reaction of ‘OH with biological molecules will produce
less reactive radicals in vivo, the so called "secondary" radicals that
are able to initiate lipid peroxidation by abétracting hydrogen atoms
to form peroxyl radicals.

In addition to its generation by excessive radiation, ‘OH is
generated in vivo by metal-ion dependent breakdown of H2Oo5.
According to the Haber-Weiss reaction superoxide radical serves as
a reducing agent for oxidized metal ions, and so promote the
breakdown of hydrogen peroxide H2O», leading to the formation of

hydroxyl radicals (*OH) [24-26], as shown below.

Fe** + 0, Fe’* + O, (1)
Fe®* + H,0, Fe’* + HO + HO )
0," + H,0, 0, + HO  + HO' @3

(Haber-Weiss reaction)



The major determinant of the cytotoxicity of H2O2 and Q2" is
the location and availability of the metal ion involved in the
catalysis of the Haber-Weiss reaction (Fenton chemistry) leading to
.OH formation. During the 1970's and early 1980's, biochemists
spent considerable time looking for "iron promoters" in human and
animal body fluids [27]. Organisms have evolved elaborate systems
for safely sequestering transition metal ions in storage or transport
proteins such as ferritin and transferrin, respectively. In addition,
cells contain a small iron pool, largely compartmentalized into a
vacuole [27], which is used for the synthesis of ferroproteins.
However, oxidative stress can provide elevated available iron levels
for the Haber-Weiss reaction, though the degradation of heme
proteins by H2O2 formation and by the mobilization of iron from
ferritin by O27".

In recent years, the growing interests in the field of free
radicals and oxygen toxicity have been very great because of the
harmful effects associated with these intermediates to all aerobic
organisms. These species interact with the intracellular
environment and lead to the pathophysiology of several diseases,
including the development of lung injury such as pulmonary O
toxicity and the adult respiratory distress syndrome (ARDS) [28, 29].
Accelerated oxidative metabolism of pulmonary parenchymal cells
and phagocytes might be the sources of O metabolites in lung injury
from hyperoxia [28-30]. There is evidence that during thermal

trauma the increased vascular permeability is related to the



generation of toxic oxygen metabolites, as a result of xanthine
oxidase activation, leading to damage of microvascular endothelial
cells [31].

Lipid peroxidation

Knowledge of the physical, biochemical and cellular events in
burned skin is limited. Occurrence of a "toxic factor" after burn
injury has gathered much attention since Cannon and Bayliss
reported in 1919 [32] that fluid loss was not the only factor
responsible for the circulatory failure often seen in battle
casualties. In 1968, this toxic factor was identified as a lipid-
protein polymer by Allgower [33]. In 1973, Helmkamp [34] reported
on the decrease in the levels of polyunsaturated fatty acids such as
linoleate, arachidonate, and docosahexaenoate in the red cell
membrane phospholipids of severely burned humans. Loebl and
Baxter [35], in 1973, reported on the existence of a substance
circulating in thermally injured patients that causes erythrocyte
destruction in early post burn period. Rai and Courtemanche [36]
found significant reduction in the vitamin A level as burn index
increase. Sugiyama [37] reported on the extensive release of
prostaglandins into the blister a few hours after burn injury. There
is strong evidence that the toxic products of burn oxidative stress
are systemically circulating lipid peroxides. The formation of these
peroxides is caused by reduced oxygen species formed during
thermal injury. Appearance of lipid peroxidation products,

extractable from skin, plasma, and from distant organs such as



liver, lung, and heart after burn injury have been reported by several
investigators [38-43]. Lipid peroxides have numerous deleterious
effects on biological systems, including alterations in membrane
fluidity, decrease in membrane potential, increased permeability to
H+ and other ions, and rupturing of membranes leading to the release
of organelles and their contents from the cell [21], such as
lysosomal hydrolytic enzymes [44]. These peroxides ultimately give
rise to malon-dialdehyde (MDA) and other toxic aldehydes including
4,5-dihydroxydecenal [45] and 4-hydroxynonenal [46].
Malondialdehyde has been shown to react with proteins [47, 48] and
amino acids [49]. Lipid peroxides and/ or cytotoxic aldehydes can
block macrophage action, inhibit protein synthesis, inactivate
enzymes, cross-link proteins, generate thrombin, and act as

chemotaxins for phagocytes.

Chemistry of Lipid Peroxidation
Hydroxyl radicals or any species that has sufficient reactivity
to abstract a hydrogen atom from a methylene (-CH2-) group can
initiate lipid peroxidation in a membrane or polyunsaturated fatty

acid, as shown.

-CH,- + OH -CH- + H,O

Other reactive oxygen intermediates such as O2™" are insufficiently
reactive to abstract H from lipids, but its protenated form HOs-, is

more reactive and is capable of such abstractions from some fatty
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acids. However, there is no evidence of the capability of HO2- to
initiate lipid peroxidation in cell membranes. Various iron-oxygen
complexes can abstract H and initiate lipid peroxidation.

Abstraction of H from methylene (-CH2-) groups lead to the
formation of carbon radicals which are stabilized by a molecular
rearrangement to form a conjugated diene. Under aerobic conditions,
these conjugated dienes react with O2 and lead to the formation of
peroxyl radical, ROO- [21]. These peroxyl radicals can abstract H
from another lipid molecule and give rise to lipid hydroperoxide and
another carbon radical. The later product can react with Oz to form
another peroxyl radical that can start the propagation stage of lipid

peroxidation, as seen in the equation below.

RO, + -CH,- ROOH + -CH-

Iron ions can also take part in accelerating lipid peroxidation.
Addition of Fe2+ salts to a peroxide-free unsaturated fatty acid can
initiate lipid peroxidation by the formation of ‘OH radical [50]. Iron
(1) salts (Fe3+) can accelerate decomposition of lipid hydro-
peroxides, leading to the formation of peroxyl and alkoxyl radicals.

Lipid peroxides are also formed enzymatically by the actions
of cyclooxygenase and lipoxygenase. Thus, membrane fractions
isolated from disrupted cells should contain some lipid peroxides,
since lipid peroxidation is favored in injured cells. Hydroperoxides
and endoperoxides produced by these enzymes are stereospecific and

have important functions in biological systems. Many investigators
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report that depletion of tissue GSH levels' results in lipid per-
oxidation of membranes. Since GSH and GSH-dependent enzymes are
believed to be involved in protection against lipid peroxidation, it
has been generally accepted that the initiation of peroxidative
processes must take place after depletion of GSH. In general,
chemicals that initiate lipid peroxidation by depleting the GSH
levels, demonstrate a lag time before occurrence of lipid peroxides.
There are some apparent exceptions to the correlation between
depletion of glutathione and initiation of lipid peroxidation, how-
ever. Compounds such as Phorone cause depletion of GSH in tissue
homogenate but do not result in lipid peroxidation, while an opposite

observation applies for compounds such as diethylfumarate [51].

Glutathione

Glutathione (GSH) is an important antioxidant in the reduction
of reactive oxygen species and metabolism of many drugs and
endogenous substances. Glutathione protects cellular molecules
from alteration by xenobiotics, irradiation, lipid peroxidation,
oxygen free radicals, and hydrogen peroxide. Glutathione is a widely
distributed tripeptide thiol (L-y-glutamyl-L-cysteinyl-glycine)
which is synthesized in virtually all animal cells, many micro-
organisms and plants by the sequential actions of two enzymes:
v-glutamylcysteine synthetase and glutathione synthetase. In 1888,
deRey-Pailhade extracted a substance from a living organism that he
named philothion [562, 53]. He suggested that "philothion plays a

role analogous to that of hemoglobin toward oxygen and is endowed
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with the property of hydrogenated sulfur." The structure of this
substance was not known until, Hopkins isolated and hydrolyzed the
compound 33 years later [54]. He obtained L-glutamic acid and L-
cysteine, with the empirical formula CgH1405N2S, and named it
glutathione. Hopkins stated: " there can be little doubt that the chief
significance of the occurrence of cysteine in the dipeptide, rather
than free, lies in the fact that it is thereby protected from
metabolic breakdown." Harris determined the molecular weight of
glutathione to be 307+ 0.8 [55]. Pirie and Pinhey [56] determined the
pK value of glutathione, from the titration curves in water and in
dilute formaldehyde, to be as follow: SH, 9.62; NH2, 8.66; COOH, 3.53;
and COOH, 2.12. On the basis of these values, they favored the
structure y-glutamyl-cysteinyl-glycine. During the period 1921-
1936 the interest in this compound was not only in its molecular
structure but also with its promise as an important and crucial
component in cellular function.

In 1951, Barron stated that glutathione provides the cell with
reducing power and it can protect protein sulfhydryl groups by
interacting with heavy-metal ions, xenobiotics, and other toxic
substances (including oxygen) [57]. Indeed, there is a strong
evolutionary link between GSH and eukaryotic aerobic metabolism,
involving protection by GSH, against oxygen toxicity [58]. Most of
the total cellular glutathione is reduced glutathione (99.5%) rather
than oxidized glutathione. The export of the reduced glutathione

serves to protect the cell membrane against oxidative and other
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types of damage by maintaining essential thiol groups, or other
components of the cell membrane such as a-tocopherol. There is
evidence that glutathione reduces the free-radical oxy form of

a-tocopherol present in cell membranes to a-tocopherol [59].
"0,C 0
"H3N ” E/\COZH
0 SH

Structure of Glutathione

Glutathione is also involved in the protection of other anti-oxidants
such as ascorbate that can be oxidized to dehydroascorbate.
Dehydroascorbate is irreversibly degraded if it is not reduced, this
reduction is GSH-dependent [60, 61].

The export of glutathione from the cell may facilitate the
transport of certain compounds, such as disulfides. Erythrocytes
transport GSH, though the membrane, into the plasma as either GSSG
or thioether conjugates [62]. In 1879, Baumann and Preusse [63] and

Jaffe [64] showed that administration of certain organic compounds
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to dogs was followed by urinary excretion of compounds which they
called mercapturic acids. The source of the cysteine moiety of
mercapturate was determined, many years later, to be glutathione
[65, 66]. A soluble enzyme activity, glutathione S-transferase
(GST), present in rat liver homogenates was found that catalyzes
this conjugation of GSH with other foreign compounds (xenobiotics)
[67]. Interaction of foreign compounds with GSH occurs
spontaneously or may be catalyzed by the enzyme, GST.
S-Conjugation of GSH is of importance in the metabolism and
function of prostaglandins and leukotrienes formed from arachidonic
acid metabolism [68-71].

Moreover, glutathione serves as a substrate or cofactor for
many other enzymes, beside GST, which are involved in
detoxification of toxic compounds. Among these enzymes, the
glyoxalase system catalyses the detoxification of toxic
o-ketoaldehydes, i.e., methylglyoxal, which forms an intermediate
thiolester with GSH by the action of glyoxalase | [72]. This
intermediate is subsequently hydrolyzed by glyoxalase Il to
glutathione and a-D-lactate [73].

The glutathione peroxidases are involved, in the reduction of
reactive oxygen species and their products (hydrogen peroxides,
organic hydroperoxides, and phospholipid hydroperoxides); these
enzymes along with the GSH regenerating enzyme, glutathione
reductase (GSSGRd) provide an efficient protection against oxidative

stress and damaging free radicals. Indeed, glutathione seems to be
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connected with metabolism, catalysis, transport, cellular protection

against reactive oxygen species, xenobiotics, and free radicals.

Glutathione Peroxidases

The discovery of glutathione peroxidase in erythrocytes by
Mills in 1957 [74] elucidated a major function of glutathione, that
of reducing hydrogen peroxide by serving as a substrate for this
enzyme. Glutathione peroxidase (GSHPXx), the selenium-dependent, is
the major scavenger of hydrogen peroxide in the cell [75]. Both H202
and O2°" are formed extensively in the cells and can produce other
reactive oxygen species that may lead to the formation of organic
peroxides [76]. Beside the classic selenium-dependent GSHPx, there
are other GSHPxs; a non-selenium-containing glutathione
S-transferase, which reduces organic hydroperoxides but not H202
[77]; phospholipid hydroperoxide glutathione peroxidase (selenium-
dependent), which can protect biomembranes from peroxidative
damage by reducing hydroperoxides derived from phospholipids,
cholesterol and cholesterol esters [78]. Cellular peroxidase
activities are diminished by selenium deficient diet; this increases
the susceptibility of tissues to the damaging effect of reactive
oxygen species [79]. The cellular defenses against oxidant cell
damage are heavily dependent on GSH and the glutathione
peroxidase-glutathione reductase system [80, 81]. The formation of
oxidized glutathione (GSSG) in response to an oxidant challenge

reflects the activity of glutathione peroxidase. Increases in the
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efflux of GSSG often are used as a quantitative index for the

measurement of the magnitude of oxidant stress [82].

Glutathione Reductase

Glutathione disulfide reductase is a flavin enzyme, which
reduces the GSSG formed by glutathione peroxidase, back to GSH, at
the expense of NADPH oxidation. There is also an active transport
for the elimination of intracellular GSSG from the cell. This kind of
transport processes has been reported for rat liver and heart [83,
84]. Erythrocytes transport GSH, though the membrane, into the
plasma as either GSSG or thioether conjugates [62]. The main
metabolic pathway involved in coping with oxidative stress is the
glutathione redox cycle, which prevents the harmful buildup of H202
and reduces the peroxidized cellular structures. Glutathione
reductase is part of this redox cycle and thus is involved in the
protection of nucleic acids and membrane lipids. Cells and tissues
can be rendered deficient of this enzyme by 1,3-bis(chloroethyl)-1-
nitrosourea that is the specific inhibitor of glutathione reductase
activity. According to some investigations, cells containing
approximately 10% glutathione reductase activity compared to
controls cannot cope with physiologically occurring challenges by
oxidants [85]. The normal activity of glutathione reductase can
effectively recycle low level of GSSG that is formed by the action of
glutathione peroxidase on H2O2 and organic peroxides. Therefore, it
protects against oxidative damage by turning over GSSG rather than
by maintaining a high [GSH]/[GSSG] ratio [85].
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Glutathione S-Transferase

GST play a central role in detoxification though their multiple
catalytic activities towards a wide range of xenobiotics [86]. The
proteins also serve an equally important role as an intracellular
binding protein for several organic anions [86, 87]. GSTs catalytic
and binding functions have been considered to facilitate the
detoxification of various substances in the liver. Oxidative damage
mediates lipid peroxide formation possibly leading to cell death. A
certain lipid peroxide product, most toxic of these being
4-hydroxy-2-3-trans-alkenals of different chain length [88], exhibit
toxic effects on the tissues where they are formed. These
4-hydroxyalkenals occur in the cell as a result of oxidative
metabolism of endogenous as well as foreign compounds. A major
product of peroxidative degradation of arachidonic acid is
4-hydroxynon-2-enals [89, 90]. Certain isoenzymes of the
glutathione S-transferase families catalyze the conjugation of
these toxic metabolites with glutathione [91]. These activities had

been detected in various tissues.

Tumor Necrosis Factor
Postburn metabolic and immunological alterations may be due
to bacterial infection and translocation of gut exotoxin and
endotoxin [9], which can result in tumor necrosis factor (TNF). The
constellation of clinical changes secondary to infection are directed
by the toxins and the cytokines released (e.g., TNF) from the host in

response to injury. Tumor necrosis factor is a 17-kD cytokine that
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is released from macrophages upon an endqtoxin-stimulus [92]. This
peptide has an antitumor action [93] and participates in homeostatic
tissue repair. However, its clinical utility is limited because it
plays a role in liver toxicity and modulates immune and
inflammatory reactions. Circulating TNF has been detected in
patients afflicted with malaria [94] and infections associated with
thermal injury [95]. Elevated serum TNF levels were also detected
in one-third of adult burn victims who had no evidence of
concomitant infection [96].

Exaggerated or prolonged secretion of TNF has been implicated
in the pathogenesis of the clinical syndromes of septic shock. TNF
is also involved in microvascular coagulation [97], endothelial injury
(leading to morphological changes), actin filament redistribution,
reduction of the intracellular glutathione (GSH), and elevation of
oxidized GSH. Hepatocytes exposed to recombinant human
TNF-a (1-10 pg/ml), in vitro exhibited intracellular GSH depletion
and GSSG increase. This level of TNF-a was toxic to the animal
treated with 1,3-bis(chloroethyl)-1-nitrosourea, inhibitor of
glutathione reductase activity [98]. GSH deficiency in animals
causes focal necrosis in liver, proximal tubular damage in kidney,
and disruption of lamellar bodies in the lung. In this study, we
determine the role of GSH depletion and augmentation on the release

of TNF from macrophages in response to an endotoxic shock.
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EXPERIMENTAL SECTION

Reagents and Chemicals

The following reagents and chemicals, glutathione (reduced
and oxidized forms), 1-chloro-2,4-dinitroben;ene (CDNB), B-
nicotinamide adenine dinucleotide phosphate (reduced form, NADPH),
glutathione reductase (type Ill, Bakers yeast), cumene
hydroperoxide, hydrogen peroxide ( 30% sol.), o-phthalaldehyde
(OPA), phenylmethylsulfonyl fluoride (PMSF), N-ethylmaleimide
(NEM), tumor necrosis factor, lipopolysaccharide, thiobarbituric acid
(TBA), 1,1,3,3-tetramethoxypropane (malonaldehyde- bis-
dimethylacetal, MDA), xanthine, xanthine oxidase (from butter milk),
superoxide dismutase (bovine erythrocyte), cytochrome C (horse
heart), phosphoric acid (85.8%), and n-butanol were all obtained
from Sigma (St. Louis MO). Acetic acid glacial and methanol were
purchased from Mallinckrodt. Pyridine was purchased from J. T.
Baker Chemical Co. (Phillipsburg, NJ). Ethahol (100%) was purchased
from McCormick Distilling Co, Inc.

Cell Culture

All tissue culture media and components were purchased from
GIBCO, Grand Island, NY. Murine fibroblast cell line L929 was
obtained from American Type Culture Collection (ATCC), Rockuville,
MD. L-Buthionine-SR-sulfoximine was purchased from Sigma, and
the glutathione diethyl ester was synthesized in our laboratory

according to the method of Levy et al. [99].
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Animals

Liver and lung tissues from sham burn and burn models rabbits,
were donated by Dr. J. W. Horton, Professor of Surgery, University of
Texas Southwestern Medical Center, Dallas, Texas. New Zealand
white rabbits (2 to 3 Kg) were housed and used in compliance with
the regulations of the Animal Care Facility of The University of
Texas Southwestern Medical Center. The animals were divided into
3 experimental groups: control (n=4), sham (n=7), and burn (n=7). The
control animals were given a lethal dose of sodium pentabarbital (4
ml of 50 mg/ml), and the organs were harvested immediately after
death and freeze-clamped. The other two groups were anesthetized
with isoflurane; central venous and thermistor tipped aortic
catheters (Edwards, 94-011) were placed in the jugular vein and
carotid artery (arterial blood pressure, cardiac output, heart rate).
After stabilization, baseline parameters were measured for 20
minutes and arterial blood sample collected (pH, pO2, pCO2, HCO3,
and WBC). After baseline measurements animals were deeply
anesthetized and placed in a template device, and the surface area of
the shaved skin exposed though the device (on the animal’s back and
on each side) was immersed in 1000 water for 12 seconds. With this
technique [100], full thickness burns comprising 30% of the total
body surface area (TBSA) were obtained. Control (sham-burned)
rabbits were subjected to identical anesthesia and treatment,
except they were immersed in room temperature water. The animals

were then dried, allowed to recover from anesthesia, monitored, and
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immediately after burn injury, were given fluid resuscitation

(4 mi/Kg/% burn; Parkland/Baxter formula) to maintain urine output.
The animals were also given an analgesic (buprenorphine, 0.05
mg/Kg) immediately postburn (or sham burn) and at each succeeding
8 h interval throughout a 24 h period. The animals were then
sacrificed (seven burn and seven sham-burn), and organs (lung, liver)
were harvested, freeze clamped, and stored at -80° until used for

analysis.

Tissue Preparation for Enzyme Assays
Tissues were homogenized (100 g/l) in. cold, 10 mM sodium
phosphate buffer, pH 7.4, containing 100 pM phenylmethylsulfonyl
fluoride. Homogenization was carried out using a Polytron
homogenizer at a setting of 12.5 to 13.0 for 30 seconds.
Homogenates were centrifuged at 20,000 xg for 30 minutes, the
supernatant solutions were then collected and stored in 1 ml

aliquots, at -80° for the enzyme assays.

Determination of Tissue Lipid Peroxides
Lipid peroxides, in terms of malondialdehyde produced, were
determined by a method similar to that of Ohkawa, et al. [101] with
some modification. In the standard assay, 1.0 ml of (100 g/I) tissue
homogenate (Polytron homogenization in, 1.15% w/v, KCI) was mixed
with 0.4 ml of (80 g/l) aqueous sodium dodecylsulfate. Then 1.0 ml
of thiobarbituric acid solution, prepared from 0.8% TBA aqueous

solution and acetic acid glacial (1:1, v/v) as previously described
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[102], was added, and the reaction mixture was diluted to a total
volume of 5.0 ml with physiological saline. This mixture was
incubated at 95° in a water bath, with gentle shaking, for one hour.
After cooling with tap water, 5.0 ml of n-butanol-pyridine solution
(15:1, v/v) was added, and the mixture was vortexed vigorously. The
mixture was then centrifuged for 15 minutes (4,000 x g) to extract
the pink reaction product. The absorbance of this reaction product
was measured at 532 nm, and readings were compared to a standard
curve prepared from solutions of known concentrations of

malondialdehyde treated as described above.

Glutathione and Glutathione Disulfide Determinations

Glutathione (GSH) and glutathione disulfide (GSSG) levels in
lung and liver tissues were determined by the method of Cohn and
Lyle [103] as modified by Hissin and Hilf [104]. This method
measures the fluorescence emmision of the o-phthalaldehyde(OPA)
reaction product with these metabolites. At pH 8, GSH reacts with
OPA to yield an activation (absorption) peak at 350 nm, and a
fluorescence emmision peak at 420 nm. The reaction of GSSG with
OPA occur at pH 12; while GSH can be complexed to N-ethyl-
maleimide (NEM) to prevent its interference with GSSG
measurement. Tissue extracts, for these measurements, were made
by homogenizing 1.0 g of liver or lung tissue in 19 ml of a cold
solution prepared from 15 ml of 100 mM phosphate-5 mM EDTA
buffer, pH 8.0, and 4.0 ml of 25% phosphoric acid. The precipitated

proteins (specially albumin which can react with OPA) were then
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removed by centrifugation at 4° at 30,000 x g for 30 min, and the
supernatant solutions were used for the glutathione and glutathione
disulfide assays. A small amounts of these supernatants were
mixed with phosphate-EDTA buffer (as previously described), and
100 pl of OPA (1mg/ml Solution) in a final assay volume of 2 ml. The
reaction mixture were incubated at room temperature for 15
minutes and immediatly read. For GSSG assay, 200 pl portion of the
original supernatant was incubated with 160 ml of 0.02 M NEM for
30 minutes, at room temperature in order to interact with GSH
present in the tissue. This mixture was diluted to 5.0 ml with 0.1 N
NaOH. A 100 pl portion of this alkaline mixture was diluted to 1.9
ml with 0.1 N NaOH, then incubated for 15 min with 100 pl of OPA
(1mg/ml Solution) and read immediatly.

Fluorescence measurements were compared to a standard curve
constructed from fluorescence values obtained for known
concentrations of glutathione or glutathione disulfide (6 different
concentrations 0 - 2 ug). Recovery studies were conducted on
several tissue samples by spiking the tissue extracts with known
quantities of glutathione or glutathione disulfide. In all cases
recoveries of both glutathione and glutathione disulfide ranged from
90 to 95%. A Hitachi F-2000 fluorescence spectrophotometer was

used for all determinations of fluorescence intensity.
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Glutathione Peroxidase Activity Assay
Glutathione peroxidases catalyze the reduction of hydrogen
peroxide (H202), organic hydroperoxides (ROOH) and in some cases

phospholipid hydroperoxides by glutathione (GSH):

2GSH + ROOH GSSG + H,0O + ROH
(Hz0,) (12H0)

R can be an aliphatic or aromatic organic group or a phospholipid.
Glutathione peroxidase activity toward cumene hydroperoxide,
hydrogen peroxide, and phospholipid hydroperoxide was determined
by the coupled enzyme method of Paglia and Valentine [105] and rate
of oxidation of NADPH at 340 nm in the presence of GSH reductase
that catalyzes the reduction of GSSG produced by GSHPx activity.
The reaction mixture (1.0 ml final volume), contained 50 mM Tris
buffer (pH 7.4), 0.12 mM NADPH, 1.0 mM GSH, 1.0 IU GSH reductase,
0.5 mM cumene hydroperoxide or hydrogen peroxide or oxidized
liposomes, and some tissue homogenate. The nonenzymatic oxidation
rates of GSH with all peroxides were determined in the absence of
tissue homogenate; the non-enzymatic rate was then subtracted
from the rate determined in the presence of enzyme. A unit of GSHPx
activity is expressed as amount of enzyme required to oxidize 1.0

umole of NADPH/min under the described assay conditions.
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Glutathione S-transferase Activity Assay

Activity of glutathione S-transferase was measured, similar to
the procedure of Habig et al. [106). This assay measures the
formation of the conjugate of glutathione (GSH) with 1-chloro-2,4-
dinitro-benzene (CDNB), spectrophotometrically at 340 nm. The
assay mixture contained a suitable amount of 100 mM sodium
phosphate buffer, pH 6.5, containing 1.0 mM EDTA, 1.0 mM GSH and 1.0
mM CDNB (dissolved in ethanol), and a small amount of diluted tissue
homogenate in a final volume of 1.0 ml. The increase in absorbance
at 340 nm is monitored (¢ = 9.6 mM-1cm-1). The spontaneous
reaction rate, between GSH and CDNB in the absence of enzyme, was
measured and subtracted from the rate determined in the presence of
enzyme. One unit of enzyme activity is defined as the amount of
enzyme that catalyzes the formation of 1.0 pmole/min of thioether

by nucleophilic attack of GSH on CDNB with displacement of chloride.

Glutathione Reductase Activity Assay
Glutathione reductase (EC 1.6.4.2), a flavoprotein, catalyzes the

reduction of GSSG to GSH by utilizing NADPH as a reducing agent:

GSSG + NADPH + H* —~ 2GSH + NADP*

Activity of glutathione reductase was determined according to
the method of Carlberg et al. [107], at 25 0C,ina 0.5 ml of 0.2 M
potassium phosphate buffer containing 2.0 mM EDTA, 0.1 mM NADPH,
1.0 mM GSSG, an adequate volume of tissue homogenate, and a volume

of deionized water (final assay volume is 1.0 ml). The reaction was
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initiated by addition of tissue homogenate, and the disappearance of
NADPH was measured at 340 nm. A unit of activity is determined as
the amount of glutathione reductase that catalyzes the oxidation of 1

umole of NADPH/min under this assay condition.

Protein Determinations

Proteins content of all tissues were determined by using dye-
binding method of Bradford [108]. Protein éoncelntration can
determined in the presence of sulfhydryl reagents. The procedure
was standardized with bovine serum albumin.

All enzyme assays and spectrophotometric readings were méde
on a Shimadzu UV-1201 or a Beckman DU-70 spectrophotometer. All
specific activities are expressed in term of milliunits per milligram

of protein.

TNF Bioassay

Alveolar macrophages (M®) were lavaged from healthy New
Zealand white rabbits. The cells were suspended (0.5 X 106
cells/ml) in either RPMI media (plus 10% FCS) alone or with
buthionine sulfoximine (BSO; 1 mM final concentration), a specific
inhibitor of y-glutamylcysteine synthetase [109]. After 24 h, the
supernatants were removed, and replaced with media containing
either glutathione (GSH; 5 mM) or glutathione diethylester (GDEE; 5
mM). At the end of the incubation period (3 h), the cells were
washed and then stimulated with lipopolysaccharide (LPS) at one of
the 3 concentrations (0, 2.5 and 5 ug/ml). After 18 h, the
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supernatants were collected, and stored at -80° until assayed for
TNF. TNF functional activity was quantitated by using the L929 cell
killing assay of Aggarwal with some modification [110].

Under anaerobic conditions, L929 murine fibroblasts are
relatively resistant to lysis, which suggests that oxygen-dependent
metabolic processes or free radicals facilitate killing. Oxygen
consumption and ATP synthesis drop shortly after exposure of cells
to TNF, and precede cell death. Cells metabolically crippled and
sensitized to the cytotoxic action of TNF, by inhibition of protein
synthesis with cycloheximide or inhibition of transcription with
actinomycin D. Cells are plated in 96-well culture plates (70X103
cell per well) in Dulbecco's modified Eagle's. medium supplemented
with 10% fetal bovine serum, 50 ug streptomycin and 50 U penicillin
per ml. After incubation for 2 h at 37°C, the samples were applied
(5 ul) by serial dilution and 50 ul of cycloheximide (3 mg/ 10 ml)
was added. Viability of the cells was determined by vital dye uptake
analysis after 18 h incubation time. The later was accomplished by
washing the plates with saline using a plate washer and staining
with a 0.5% solution of crystal violet for 4 minutes. Plates were
then rinsed 4 times in saline and dye uptake assessed at 540 nm
with a Titertek Multiscan MC ELISA Reader (Flow Laboratories,
McLean, VA). A preparation of recombinant human TNF-o, was used

as a standard.
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The statistical analyses of the data (mean, standard error of
the mean, and p value [Student t-test]) were calculated using the

Macintosh software program, Microsoft Excell, Version 4.0.
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RESULTS AND DISCUSSION

Lipid peroxide levels were measured, in terms of
malondialdehyde produced therefrom (88,111), in liver and lung
tissues of burn, sham burn and control rabbit models, 24 h post-
burn or post-sham burn. Liver and lung tissues from burn models
have an average increase of 17% (p< 0.001) and 29% (p< 0.001) in
malondialdehyde levels, respectively, when compared to sham burn
models. The malondialdehyde level of the burn models increased by
26% and 55% in the liver and lung respectively, when compared to
control models (p<0.001). The effects of anesthetic/analgesic on
the liver and lung malondialdehyde levels were increases of 8%
(p<0.03) and 20% (p<0.001), respectively, (compared with control
model values). These data are summarized in Table | (see also Fig.
1).

Glutathione and glutathione disulfide' determinations of liver
and lung tissues from 24 h burn, sham burn, and control models are
also summarized in Table | and Fig. 1. In liver tissues from burn
models there is an average 29% (p<0.001) decrease in glutathione
concentration accompanied by an average 35% (p<0.01) increase in
glutathione disulfide concentration when compared to sham burn
models. In the liver tissues of control models, compared to burn
models, there is an average 2-fold decrease (p<0.001) in glutathione
concentration and a 2-fold increase (p<0.001) in glutathione
disulfide concentration. Sham burn also caused some alteration in

the levels of these metabolites in the liver; a 30% (p<0.001)



Table I. MDA, GSH and GSSG Levels in Sham Burn and Burn, Liver and

Lung Tissues.

MDA GSH GSSG
Tissue Treatment (nmol/g ) ( umol/g ) ( umol/g )
Control 715+£132 800+£0.09 1.15 %+ 0.06
Liver Sham 773+170 560+020 1.70 £ 0.10
Burn 90.2 + 1.80 4.00 £ 0.30 2.30 + 0.20
Control 815+ 1.03 354 +0.07 0.88 + 0.03
Lung Sham 974 £ 115 276 £ 0.15 0.99 *+ 0.05
Burn 126.0 £ 2.03 240 £ 0.09 1.32 + 0.03

See Experimental Section for details. Data are expressed as mean *
SEM, (n=4 for control, 7 for sham and 7 for burn). Statistical
significances, p values, are given in the Results and Discussion
section. The units for MDA, GSH, and GSSG are expressed in nmol or

umol per gram of tissue.



Figure 1.
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MDA, GSH, and GSSG levels in burn liver and lung tissues
as percentages of control values (sham burn liver and
lung). See the Experimental Section and Table |
respectively, for experimental details and actual values

obtained.
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decrease in glutathione and a 48% (p<0.01) increase in glutathione
disulfide levels, compared to control values.. The corresponding
values for glutathione in burn lung compared to sham burn and
control lungs give a 13% (p<0.07) and 32% (p<0.01) decrease,
respectively. The concentration of glutathione disulfide in burn lung
tissue increased by 33% (p<0.001) and 50% (p<0.001) over sham burn
and control values, respectively. The glutathione and glutathione
disulfide levels of sham burn lung versus control lung show a 22%
(p<0.001) decrease and a 13% (p<0.2) increase, respectively.

The glutathione-dependent enzymes, glutathione peroxidase,
glutathione S-transferase, and glutathione reductase, were also
studied in 24 h tissues from liver and lung in bumn, sham burn, and
control rabbit models. The results are summarized in Table Il and
Fig.2. The values given are statistically significant. The
glutathione peroxidase specific activity (toward cumene hydro-
peroxide) is decreased by an average of 35% (p<0.001) in burn liver,
and by 27% (p<0.001) in burn lung in comparison to sham burn. When
this activity was measured using hydrogen peroxide, there were 27%
and 23% decrease in burn liver and lung, respectively, compared to
sham burn (data not shown). The specific activity of glutathione
S-transferase is decreased by an average of 14% (p<0.01) and 23%
(p<0.001) in the liver and lung of burn animal models, respectively,
compared to sham burn. On the other hand, the specific activities of
glutathione reductase are increased by an average of 22% (p<0.001)

in the livers of models subjected to thermal injury, when compared
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Table Il. GSH-Dependent Enzyme Specific Activities in Sham Burn

and Burn, Liver and Lung Tissues.

Glutathione Glutathione Glutathione

Tissue Treatment Peroxidase S-Transferase Reductase

(units per mg of protein)

Control 911 £ 81 5228 + 40 69.3+ 1.4

Liver Sham 904 + 40 5200 + 160 721 £ 2.6
Burn 591 + 47 4470 + 120 88.2 + 2.0

Control 166 £ 7.3 819 £ 13 69.1 £ 1.5

Lung Sham 162 £ 5.2 830 + 30 69.4 £ 1.7

Burn 118 + 3.4 640 = 20 56.1 £ 2.0

See Experimental Section for details. Data are expressed as mean +

SEM, (n=7 for burn and sham burn, n=4 for control). Statistical

significances, p values, are given in the Results and Discussion

section.



Figure 2.
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Glutathione peroxidase (GPx), glutathione S-transferase
(GST), and glutathione reductase (GRd) specific

activities in burn liver and lung tissues as percentages
of control values (sham burn liver and lung). See the
Experimental Section and Table Il respectively, for

experimental details and actual values obtained.
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to sham burn. Although the actual differences in glutathione
reductase specific activities of burn and sham burn models are
rather small, statistical analyses indicate that these differences
are significant. In contrast, in lung tissues of burn and sham burn
models, the glutathione reductase specific activities reflect the
trends of the other two glutathione-dependent enzymes studied;
there is an average 19% (p<0.001) decrease in specific activity in
burn models as compared to sham burn models. No differences were
found in these enzyme activities that could relate to effects of
anesthetic/analgesic (control versus sham). Others have reported
differences in glutathione metabolism and in glutathione-dependent
enzyme activity responses to various chemical challenge in lung and
liver tissues (112). In a separate study, we measured the activities
of two glutathione-independent, anti-oxidative enzymes (superoxide
dismutase and catalase) in liver and lung homogenates of control,
sham burn and burn models. The activities of these enzymes within
the three groups were not statistically different.

In the present study, the malondialdehyde levels, derived from
the breakdown of fatty acid peroxide moieties, are increased in both
liver and lung of burn models, when compared with malondialdehyde
levels in sham burn animals (Table I). This increase could result
from deleterious oxidative effects on membrane lipids [38-42] at
sites remote from the site of injury. Thus, hydrogen peroxide (or
other organic peroxides), hydroxyl radicals or superoxide radicals,

produced at the site of injury, could oxidize fatty acid moieties of
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membrane lipids at distal sites. Another explanation could be that
lipid peroxides, produced from damaged cell membranes at the injury
site, enter the circulation and become incorporated into membrane
lipids in other tissues, such as liver and lung [113]. Yet another
explanation could relate to the influx into liver and lung tissues of
phagocytes, such as neutrophils, in response to the burn injury,
which could generate reactive oxygen species [12, 13]. A previous
study by others ( Mileski et al., unpublished observations), involving
skin burns in rabbit models, showed that circulating neutrophils
increase approximately 30% within 4 h following burn injury, and
remain at that level at least 24 h. As also seen in Table I,
malondialdehyde levels in both liver and lung of control rabbits (no
sham burn, no anesthetic/analgesic) are the lowest of the test
groupings. It is evident that there are increases in peroxide
formation due to oxidative processes involving the anesthetics/
analgesics (sham burn). However, these findings do not negate the
evidence of even greater oxidative stress (highes.t malondialdehyde
levels) found in the burn animal group.

Since glutathione-dependent enzymes (i.e., glutathione
peroxidase) play a major role in decreasing the levels of various
peroxides, it would not be surprising that the oxidative insult
evidenced by the increases in malondialdehyde in burn liver and lung
would have an effect on the relative amounts of the glutathione and
glutathione disulfide. The results in this study indicate this to be

the case. The glutathione disulfide/glutathione ratio in sham burn
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liver is 0.30; the ratio increases almost 2-fold, to 0.58 in burn liver.
Similarly, the glutathione disulfide/glutathione ratio in sham burn
lung is 0.36; in burn lung the ratio is 0.55, an increase of over 1.5-
fold (data derived from Table I).

It is noteworthy that the glutathione disulfide levels in both
liver and lung of sham burn models are extraordinarily high and give
testimony to an oxidative stress situation [114]. Thus, the
glutathione disulfide/glutathione ratio in the control groups for
liver and lung were found to be 0.14 and 0.25, respectively (data
derived from Table 1). The value for this ratio in normal rat liver
has been reported to be 0.05 [115]. The low glutathione and high
glutathione disulfide levels in both burn and sham burn animals,
when compared to control rabbit tissues, could well reflect a
depletion of glutathione (and increase in glutathione disulfide) in
liver and lung tissues via detoxification processes of xenobiotic
anesthetic and analgesic supplements (isoflurane and buprenorphine,
respectively) during the 24 h period (see Experimental Section). It
has been established that a variety of drugs cause oxidative stress
[116]; relief of such stress is addressed, in part, through the action
of glutathione-dependent enzymes. Glutathione peroxidase produces
glutathione disulfide, which competes with glutathione conjugates
(from glutathione S-transferase activity) for a common carrier to be
transported from cells [117]. Both of these processes could lead to

the accumulation of intracellular glutathione disulfide.
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In the studies of glutathione-dependent enzymes from liver
and lung of burn and sham burn models, (Table I, and Fig. 2) the
results are consistent with an assumption that the burn models have
experienced oxidative damage of tissue profein and/or membranes at
sites remote from the thermal injury site. There is one exception in
these results, however. In the case of liver tissue, there is a small,
but statistically significant increase in glutathione reductase
activity in burn versus sham burn models. There is evidence that
some enzyme activities are increased when the glutathione
disulfide/glutathione ratio increases (oxidative stress situation).
This has been suggested as an explanation for the increased blood
glutathione reductase activity in the uremic rat where the
glutathione disulfide/glutathione ratio is increased [115]. On the
other hand, one of the causes of a decrease in the activity of an
enzyme under oxidative stress is the formation of protein disulfide
bridges, with consequent diminution of catalytic capability [118].
The difference in the responses to oxidative stress of glutathione
reductase in liver and lung tissue in this study is presently unclear.
We found that the in vitro incubation of liver homogenates, obtained
from control models, with hydrogen peroxide at two different
concentrations (0.01 and 0.10 mM) did not significantly alter the
activities of the three enzymes studied herein.

This study gives strong evidence that full thickness skin burns
cause significant effects on the oxidation-reduction status of

glutathione in liver and lung tissues of animal models. It is
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reasonable to propose that the increased glutathione disulfide/
glutathione ratios reflect the organ’s response to ameliorate the
deleterious effects of reactive oxygen species (as reflected by
increased malondialdehyde levels) produced at the site of the burn
injury. It is also apparent that when the burn injury is massive
(30%, total body surface area, in this study), organ response to
oxidative damage in a 24 h period may be inadequate to fully
compensate for the insult to the organism. The residual metabolite
and antioxidant enzyme levels determined in this study generally
support this conclusion. Therapeutic amelioration of the
consequences of burn injury could well invo'ke methodologies that
correct for the related increase in glutathione disulfide/ glutathione
ratios, since the oxidation-protective glutathione-dependent
enzymes, glutathione peroxidase and glutathione S-transferase,
demand high levels of glutathione for optimal activity.

Decreases in the levels of GSH in tissues after burn injury may
indirectly contribute to tissue damage, since the loss of this
essential thiol renders cells and organs unprotected against reactive
oxygen species, leading to lipid peroxidation of bio-membranes. The
cell membrane proteins contain cysteine residues in the thiol form
that are accessible mainly from the cytoplasmic side of the
membrane [119]; some of the depletion of GSH might be due to its
involvement in protecting these proteins from oxidation. GSH is also
known to be involved in protection against membrane lipid

peroxidation, removal of hydrogen peroxide and organic peroxides
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[120, 121]; therefore, increasing the intracellular levels of GSH may
be therapeutically important in amelioration of some of the
consequences of burn injury and other oxidative stress related
conditions.

The second goal of this study was to find a possible
therapeutic role for GSH in preventing the release of TNF or if TNF is
released to relieve its cytotoxicity. This cytokine is known to be
secreted by macrophages after oxidative insult, such as burn injury
[96,122]. TNF mediated cytotoxicity is also enhanced under
conditions of oxidative stress [123]. Previous studies (see
Introduction) have reported the role of GSH in cellular protection
against free radicals and oxidative damage mediated by increased
production of reactive oxygen species.

This study was conducted with rabbit alveolar macrophages in
culture (see Experimental Section). The design of experiments
involved the determination of the effects of cellular GSH depletion
(buthionine sulfoximine; BSO treatment) and of GSH replenishment
(GSH or GSH diethylester; GDEE) on the release of TNF from these
cells. GSH does not readily enter most cells; on the other hand,
certain hydrophobic derivatives of GSH (e.g., GDEE) have been shown
to readily traverse cell membranes, and after subsequent hydrolysis
by intracellular esterases, to increase intracellular GSH levels [99].
The releases of TNF from macrophages (M®) in response to LPS
stimulation, for untreated and BSO-treated M®, are presented in Fig.

3 and 4. The level of TNF released from stimulated M®, treated with
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BSO, is higher than that from cells not treated with BSO. However,
when the cells are treated with GDEE (but not with GSH), the release
of TNF is greatly reduced in comparison to both BSO-treated and
untreated M®. The differences in TNF production among GDEE-
treated groups, and both control- and GSH-treated groups are
statistically significant (p < 0.01).

These data indicate that GSH may act as an indirect,
endogenous factor in TNF production. Thus, it is possible that GSH
acts by removing activated oxygen species that may be more directly
involved in the release of TNF. In a separate experiment, 0.7 mM
GDEE protected target cells such as L929 murine fibroblasts by 50%
against the cytotoxicity of TNF (2.5-2x104 U), while the same
concentration of GSH did not influence cell survival (Data not
shown.).

The significantly greater effects shown by GDEE over
that of GSH, in decreasing LPS-induced TNF release and in protection
against the cytotoxicity of TNF, probably reflect the important role
of adequate levels of intracellular GSH in countering certain effects
of oxidative stress. Because glutathione depletion may occur in
trauma, shock and burn, treatments that help maintain intracellular
GSH levels (e.g., GDEE), may be of therapeutical value in the

treatment of endotoxic shock and burn injury.



Figure 3:
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Alveolar Macrophage TNF response to LPS stimulation in
the presence and absence of a glutathione source. See
Experimental Section for details.

Abbreviations used: GSH (Glutathione) and

GDEE (Glutathione diethyl ester).
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Figure 4:
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GSH-depleted alveolar Macrophage TNF response to LPS
stimulation, in the presence and absence of GSH and/ or
GDEE. See Experimental Section for details.
Abbreviations used: GSH (Glutathione) and

GDEE (Glutathione diethyl ester)
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PART I

STUDIES OF ANTI-OXIDATIVE/ ANTI-INFLAMMATORY
ENZYMES IN ALOE VERA

CHAPTER ONE
ALOE VERA

GENERAL INTRODUCTION

For centuries, plants and herbs have been commonly used as
folk remedies for basic health care. A fairly well documented plant
in traditional medicine is Aloe vera. There are numerous optimistic,
and in some cases very promising, claims for its medicinal usage.
Modern clinical use of the gel (parenchyma) of Aloe vera began in the
1930s, with reports of successtul treatment' of X-ray and radium
burns, which led to further experimental studies using laboratory
animals in the 1940s. Numerous experiments of this nature and
favorable case histories did not give conclusive evidence, because
much of the work suffered from poor experimental design [1]. In
recent years, new experimental work has indicated that Aloe vera
gel does contain substances having interesting physiological effects.
Aloe vera has been used to treat different forms of inflammatory

disorders, ranging from infected wounds to rheumatoid arthritis,
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skin injury, X-radiation dermatitis and burns [2-4]. The mechanisms
of these therapeutic effects are not well elucidated.

Aloe vera ( Aloe barbadensis Miller ) is a desert succulent, a
member of the lily family (Liliaceae). It entered the New World
initially by transport from northern Africa to the island of Barbados.
The yellow sap (or latex), the mucilaginous material between the
parenchymal tissue (gel) and the outer green rind, has been used as a
laxative source for centuries. The gel of Aloe vera that constitutes
the bulk of the leaf substance, serves as a water storage organ for
the plant; it contains more than 200 identified substances. Chief
among these are polysaccharides, glycoproteins, vitamins, minerals
and enzymes. The gel is more than 95% water, so these solutes are
found in very limited amounts. The gel, a mucilaginous jelly, is
mainly polysaccharide, and its composition is shown to vary widely
with the species [5-9]. Polysaccharide materials from plants,
bacteria and yeast are shown to stimulate the host cell defense
systems. There is evidence that several polysaccharides, e.g., the
mannans from Saccharomyces and Candida albicans, induce
lymphocytes and macrophages to produce a wide range of
immunologically active substances [10-12].  Lebbar et al. [13]
reported on the chemical portion of lipopolysaccharide (LPS), that
provides the signal for macrophage activation, to be 2-keto-3-
deoxy-D-manno-octulosonic acid. These immunologically active
substances manifest specific antiviral activity though alteration of

viral glycoprotein synthesis. A number of pharmacological studies
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have been conducted on extracts of different Aloe vera species; e.g.,
Aloe arborescens extracts have been shown to have a protective
effect on mouse skin X-irradiation-induced by its ability to
scavenge hydroxyl radicals and to suppress the changes of activity
in glutathione peroxidase and superoxide dismutase [14]. Hart et al.
have isolated low molecular weight constituents from the gel of
Aloe vera, that inhibit the release of reactive oxygen species from
stimulated human neutrophils [15]. Comparative evaluation of Aloe
vera-treated animal burn wounds with non-treated and silver
sulfadiazine-treated wounds, showed a significant improvement in
the Aloe vera-treated animals over the others [16].

Aloe extract has also been shown to contain a lectin-like
substance that reacts with serum proteins such as a2-macroglobulin
and o1- antitrypsin [17]. The dried sap of the Aloe plant (aloes) has
the ability to lower blood glucose, and has been used as an anti-
diabetic remedy [18-20]. A case study was conducted with five
thousand patients having atheromatous heart disease, over a period
of five years. Those who were given juice of the Aloe vera as a
dietary supplement, had a marked reduction in total serum
cholesterol, serum triglycerides, total lipids, and an increase in HDL.
Simultaneously the clinical profile of these patients showed
reduction in the frequency of anginal attacks; those mostly
benefited were diabetics [20]. Other components isolated from Aloe
(Aloe arborescens Mill var. natalensis Berger and Aloe saponaria),

such as the enzyme serine carboxypeptidase that hydrolyzes
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bradykinin, might explain reported anti-inflammatory effects
[21,22]. Aloe has also been reported to be useful in treating leg
ulcers and dermatoses [23]. Topical application of Aloe barbadensis
gel extract to the skin of uv-irradiated mice ameliorates uv-induced
immune suppression [24]. Aloe vera has other active components
such as salicylates, substances that inhibit thromboxane formation
in vivo, and components that exhibit anti-bacterial and antifungal
effects [25]. The enzymes, glyoxalases | and Il have also been
purified to homogeneity in this laboratory, from the rind of Aloe
vera [26]; these enzymes catalyze the detoxification of reactive o-
ketoaldehydes that may be formed in cellular oxidative processes.
The anti-inflammatory properties of the Aloe vera plant against
burns and wounds have long been reported and studied to some
extent. This activity of Aloe vera has been tested against various
irritants, such as gelatin-induced and kaolin-induced edema; in both
cases Aloe vera was active and the response was time-dependent
[27]. The purpose of the studies reported herein is to investigate
and characterize certain additional enzymes known to be involved in
the scavenging of reactive oxygen species; these enzymes may
therefore also be anti-inflammatory and antioxidative components
of Aloe barbadensis. Two of the most important enzymes in the
destruction of reactive oxygen species are glutathione peroxidase,
which has recently been purified and characterized in this
laboratory from Aloe vera gel [28], and superoxide dismutases [29].

These enzymes, along with catalase (peroxisomal enzyme) are the
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major de-toxification enzymes known to prevent oxidative damage
in animals and plant cells. Superoxide dismutases (SODs) convert
superoxide anions to hydrogen peroxide and O2, while glutathione
peroxidase (GSHPx) destroys hydrogen peroxide in the cytosol. These
enzymatic processes ensure that superoxide anion and hydrogen
peroxide do not accumulate (especially, the latter species) to
produce particularly reactive and harmful, hydroxyl radicals. These
reactive oxygen species have been proposed to be involved in the
aging process in general, and of the brain, in particular; also they
are implicated in the development of inflammatory disorders such as
rheumatoid arthritis [30].

An enhancement of cellular defenses by augmentation of
antioxidative enzymes, such as GSHPx and SOD, could influence the
efficiency of cells to combat oxidative stress situations. The
substantial presence of these enzymes in Aloe vera juices could be a
major reason for the reported anti-inflammatory and wound healing

properties associated with this plant.
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CHAPTER TWO

THE STUDY OF A GLUTATHIONE PEROXIDASE
FROM THE ALOE VERA PLANT

INTRODUCTION

Glutathione peroxidase (GSHPx, EC 1.11.1.9), is one of the major
detoxification and hydrogen peroxide-scavenging enzymes [1]. The
GSHPx enzymes reduce the products of aerobic respiration and
exposure to oxygen, hydrogen peroxide and organic hydroperoxides,
with a preferred thiol, glutathione (GSH). This enzyme activity was
first discovered in erythrocytes [2, 3] by Mills and was subsequently
shown to require selenium (selenocysteine) as an integral component
[4]. The enzyme from mammalian sources is generally tetrameric,
with four identical subunits; molecular weights range from 76-105
KD [5]. Recently, a monomeric form of GSHPx was purified from rat
liver. It is different from the typical GSHPx activities and is more
active in the presence of detergent [6].

A second type of Se-containing GSHPXx, phospholipid hydro-
peroxide glutathione peroxidase (PLGSHPXx), was isolated in 1982
from porcine liver and was reported to be different in its physical
properties, cellular localization, and substrate specificity from the

typical cytosolic GSHPx. The PLGSHPx enzyme is believed to be
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important in protecting cellular components and biomembranes from
peroxidative damage and lipid hydroperoxides formation [7]. GSHPx
is widespread in many mammalians and nonmammalian species,
including fish [8], the marine diatom, Thalassiosira pseudonana [9],
and a green alga, Chlamydomonas reinhardtii [10].

Plants like other aerobic organisms, are also prone to oxygen
toxicity. High oxygen concentrations can lead to the formation of
reactive oxygen species including hydrogen peroxide, by the action of
urate oxidase, amino acid oxidases, and especially glycollate
oxidase, an enzyme of the photorespiratory pathway. Almost all
plant tissues contain high activities of catalase, in peroxisomes,
which breaks down high concentrations of HoO2 [11]. Plant tissues
can also dispose of HoO2 by using peroxidase enzymes, which
catalyze HoO2-dependent oxidation of substrates (SHz). There is
evidence for the existence of an unstable enzyme activity, in leaf
tissue homogenates, which brings about removal of H2O2 in the
presence of GSH [12]. This enzyme has been partially purified from
cultured cells of higher plants such as spinach, maize and sycamore
[13]. Two types of GSHPx activity have been found in Euglena; first,
a form that was co-purified with glutathione transferase and
reduces ROOH, but not HOOH, and a second form that reduces both
ROOH and HOOH. The latter activity was reported to be a selenium-

independent enzyme form [14].
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It has been shown that glutathione peroxidases from Euglena
[15] and mammalian sources [1] can also remove lipid peroxides from
membranes, where the oxidative stress leads to membrane lipid
peroxidation. The presence of this enzyme in plants may play a role
as a protective agent in photosynthetic tissues. Traditional
medicine in many countries has long held a therapeutic value for the
parenchymous leaf-gel of Aloe vera in the treatment of
inflammatory-based diseases [16]. Glutathione peroxidase activity,
which may be capable of destroying the toxic products of oxidative
stress that are produced in burns and other wounds [17,18], has not
previously been purified to homogeneity from higher plant sources.
In this study we report on the purification and characterization of

GSHPx from the parenchymous tissue of Aloe vera.
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EXPERIMENTAL SECTION

Materials

Aloe vera (Aloe barbadensis Miller) leaves were provided by
Active Organics, Inc., Dallas, Texas. The following chemicals were
purchased from Sigma Chemical Co.: reduced glutathione (GSH),
cumene hydroperoxide, glutathione reductase (Type lll, Baker's
yeast), B-NADPH, egg albumin, bovine serum albumin, carbonic
anhydrase, B-amylase, blue dextran, IgM, apoferritin,
phenylmethylsulfonyl fluoride (PMSF), and all inorganic salts and
organic reagents. DEAE-Sephadex A-50 and the Suprose-12 column
for FPLC use were obtained from Pharmacia. S-Octyl glutathione
[19], and N, S-bis-FMOC glutathione (DiFMOC-G) were synthesized in
this laboratory [20]. Enzyme assays were conducted using a Varian
DMS 70 UV-Vis spectrophotometer, and the final purification step
was conducted using a biocompatible Pharmacia Fast Protein Liquid

Chromatography (FPLC) system at an operating pressure of 1.5 MPa.

Enzyme Assays

Glutathione peroxidase activity during the purification steps
and for kinetics studies was determined by the coupled enzyme
method of Paglia and Valentine, with some modifications [21]. This
procedure measures the rate of oxidation of NADPH at 340 nm in the
presence of GSH reductase, which catalyzes the reduction of GSSG
produced by GSHPx activity. The typical reaction mixture (1.0 mi
final volume) contained 50mM Tris buffer (pH 7.5), 0.12 mM NADPH,
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1.0 mM GSH, 1.0 IU GSH reductase, 1.0 mM cumene hydroperoxide, and
a rate-limiting amount of Aloe vera GSHPx. The reaction was
initiated by the addition of cumene hydroperoxide, and the
disappearance of NADPH was followed spectrophotometrically at
25°C. The nonenzymatic oxidation rate of GSH was determined in the
absence of GSHPx; the nonenzymatic rate was then subtracted from
the rate determined in the presence of enzyme. A unit of GSHPx
activity is expressed as the amount of enzyme required to oxidize
one umole of NADPH per min. under the described assay conditions.
Protein concentrations were determined using the dye binding assay
of Bradford [22].

GSHPx Purification Procedure

All purification steps were conducted at 4°C. The inner
mucilagenous, parenchymal tissue (250 g) was removed from two
Aloe vera leaves and homogenized using a Waring blender (one min.)
in the presence of PMSF and GSH (50 uM and 500 uM final
concentrations, respectively). The homogenate was placed in a 500
ml Erlenmeyer flask and the pH of the mixture was adjusted to 7.0
by the addition of 10 mM Tris buffer, pH 8.8. The flask was
stoppered and placed in the cold room overnight. During this period
considerable carbohydrate-rich material precipitated, and the
viscosity of the very viscous solution decreased substantially. The
homogenate mixture was then filtered though several layers of
cheesecloth, and the filtrate was utilized for further purification

steps.
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Wet DEAE-Sephadex (100 ml total volume), previously
equilibrated with 10 mM Tris buffer, pH 8.8 (Buffer A) was added to
the homogenate filtrate with occasional stirring with a glass rod.
After approximately one hour, virtually all of the GSHPx activity had
disappeared from the supernatant portion of the mixture. The
column material was separated by filtration though a Buchner funnel
and washed exhaustively with Buffer A to remove unbound (or
weakly bound) proteins. The DEAE-Sephadex was then added to a
column and washed again with Buffer A. The column was developed
in a linear gradient of NaCl (0.0-0.5 M) in Buffer A. Fractions
containing GSHPx activity were combined and concentrated by use of
polyethylene glycol.

The GSHPx concentrate from the DEAE-Sephadex column was
applied, in 500 uL aliquots, to a FPLC system equipped with a
Suprose-12 gel filtration column (23 ml). The column had been
previously equilibrated with 50 mM Tris buffer, pH 8.8, and elution
was effected employing the same buffer.  Protein profiles in the
eluate were monitored at 280 nm. Fractions of 3 ml were collected

and assayed for GSHPx activity.

Native Enzyme Molecular Mass Estimation
Utilizing FPLC, the Suprose-12 column (23 ml) was calibrated
by determining the elution volumes of protein standards. The elution
volume of the GSHPx was then compared with those of the protein
standards (see Experimental Section) and the molecular weight

estimated.
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Subunit Molecular Mass Estimation
SDS-PAGE of Aloe vera GSHPx was conducted according to the
method of Weber and Osborn [23]. Protein detection was determined
by the silver staining method of Merill, et al. [24]. The subunit
molecular weight was estimated by comparison with the

electrophoretic migrations of standard molecular weight proteins.

Selenium Determination

The Se content of Aloe vera GSHPx was kindly determined by
Dr. Farida Saleh, Environmental Sciences, the University of North
Texas. The determinations were made by atomic absorption
spectrometry using a Perkin Elmer Model 2380 Spectrometer
equipped with a graphite furnace, PE-HGA Model 2100, with a
temperature programmer, PE-HGA Model 400. The enzyme sample
was 100 pl ( X pg/ ml); four determinations were made, averaged,
and compared to the readings obtained from standard selenium

solutions.
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RESULTS AND DISCUSSION

As shown in Fig. 1, FPLC-gel filtration chromatography gave a
single large peak of GSHPx activity that was subsequently shown to
contain a single protein. Table | show the purification steps
employed; a 600-fold purification of the enzyme, with an overall
yield of 77%, was obtained. The step involving DEAE-Sephadex A-50
was conducted by a batch procedure, since the viscous gel extract
precluded the initial use of a column. After binding of the GSHPx to
the DEAE, followed by filtration and washing (effectively removing
the bulk of the mucilagenous material), a gradient elution of GSHPx
from a column was possible. The mucilagenous Aloe vera gel
contains very little protein (only 12.5 mg in the 250 ml extract).
Calculations, assuming a 100% recovery, indicate that GSHPx is less
than 0.2% of the total protein in the original extract, with an
activity of about 0.03 enzyme units per ml of Aloe vera gel.

Early attempts to purify Aloe vera GSHPx were unsuccessful
due to a rapid loss of activity in the original homogenate; this
activity loss occurred even when the homogenates were stored at
-80°C. The instability problem was corrected by the addition of GSH
(final concentration, 0.5 mM) to the gel during the homogenization
process.

Dithiothreitol (DTT) at 0.5 mM also effectively stabilized the
enzyme. When either GSH or DTT is present in all buffers, GSHPx

activity is stable for several months when stored at -30°C.



Figure 1.

FPLC gel filtration elution profiles in the final step of
the purification of glutathione peroxidase from Aloe

vera. See the Experimental Section for details.
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TABLE I. Summary of the Purification of Glutathione Peroxidase

from Aloe vera.

Purification Total

activity

Specific
activity
( U/mg)

Overall Purification

Steps Protein
(mg)

Crude 12.5

Homogenate

DEAE- 0.61

Sephadex

Gel-filtration 0.016
Suprose-12

9.8

350

yield fold
(%)

100 1
82 17
77 603

Details of the purification procedures are given in the Experimental

Section.
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The elution volume of Aloe vera GSHPx from a Suprose-12 gel
filtration column was compared with those of standard proteins
(IgM, apoferritin, B-amylase, 1gG, bovine serum albumin, and
carbonic anhydrase). A plot of log molecular mass vs. elution
volumes gave a straight line and indicated that the native GSHPX has
a molecular mass of about 62 kD. SDS-PAGE of the GSHPx from Aloe
vera was also conducted (see Fig. 2). A single, dense protein band,
detected by silver staining, was observed. This band corresponds to
a molecular mass of about 16 KD; apparently the GSHPx from Aloe
vera is a tetramer composed of identical subunits. This plant
enzyme is thus similar in subunit constitution to most of the
GSHPxs that have been studied from animal sources
[3-5], although the overall molecular weight is somewhat less than
typically found from those sources.

The Km values for the substrates, cumene hydroperoxide and
GSH, were determined from double reciprocal plots according to the
method of Cleland [25]. Velocity responses for each substrate were
determined at increasing concentrations of that substrate in the
presence of a high concentration of the other substrate. The Km
values were found to be 0.26 mM and 3.2 mM for cumene
hydroperoxide and GSH, respectively (see Fig. 3 and 4). This values
are similar to those reported for GSHPx isolated from other sources
[26].



Figure 2.
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SDS-PAGE of GSHPx activity peaks from the DEAE
Sephadex and Suprose 12 gel filtration (FPLC)

purification steps. Lane 1: Standard molecular weight
proteins[bovine serum albumin (66 kD), fumarase (48 kD),
o- lactalbumin (14.2 kD)]; Lane 2: Activity peak from the
gel filtration step; Lane 3: Activity peak from the DEAE
Sephadex step. See the Experimental Section and

references 23 and 24 for further details.
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Figure 3.

78

Double-reciprocal plots of Aloe vera glutathione
peroxidase for Km determination with respect to GSH.
Velocity responses were determined at increasing
concentrations of GSH and a high concentration of CHP.

Km for GSH was found to be 3.2 mM. See the

Experimental Section for details.
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Figure 4.
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Double-reciprocal plots of Aloe vera glutathione
peroxidase for Km determination with respect to CHP.
Velocity responses were determined at increasing
concentrations of CHP and a high concentration of GSH.

Km for CHP was found to be 0.26 mM. See the

Experimental Section for details.
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For Aloe vera GSHPx, the calculated value of Vihax per ug
enzyme is about 4.8 pmole/min. Assuming a molecular mass of 62
KD, the turnover number (kcat) for the enzyme activity is
approximately 5,000 moles of product (GSSG) mole-1 enzyme sec-1.

Relative apparent affinities for the active site of GSHPx for
GSH and GSH-containing compounds were studied using S-octyl-
glutathione and DiIFMOC-G, dead-end inhibitors of glyoxalase | [19]
and glyoxalase Il [20], respectively. While S-octylglutathione
exhibited no inhibition at all levels tested, DIFMOC-G gave
significant, apparently competitive inhibition of Aloe vera GSHPX,
with a Ki value of 0.32 mM (see Dixon plot, Fig. 5). This Ki value is
significantly lower than the Km value for GSH; however, the binding
of DIFMOC-G to GSHPx is of much lower affinity than is found with
mammalian glyoxalase Il (Ki = 0.75 uM for the calf liver enzyme)
[20].

Is the GSHPx from Aloe vera a seleno-enzyme? Four
determinations by atomic absorption spectrometry (see
Experimental Section) were made on a pure GSHPx solution
containing approximately 1.0 ug protein/ml. The selenium
concentration of this solution was found to be 4.76 + 0.26 X10-5 mM.
Assuming the subunit molecular mass of the GSHPx to be 16 kD, the
enzyme concentration of the solution would be about 6.25 mM.
Considering these values, which suggest one selenium atom/ enzyme
subunit, it is apparent that the Aloe vera GSHPx is also a seleno-

enzyme in which there is a selenocysteine residue in each active



Figure 5.
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Dixon plot [27] of Aloe vera GSHPx kinetic data in the
presence of DIFMOC-G. Enzyme velocity is given as the
pmoles NADPH oxidized min-1 (see Enzyme Assays in the
Experimental Section). The Ki value for DiFMOC-G is
0.32 mM.
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site [2,5].

The GSHPx from the parenchymous leaf-gel of the Aloe vera
plant, while having a lower tetrameric molecular weight than those
found in GSHPxs purified and studied from mammalian sources, is
similar to the mammalian enzymes in subunit composition, selenium
content, and GSH Km values. The types of organic hydroperoxide
substrates preferred and the functional role(s) of higher plant

GSHPxs remain to be elucidated.
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CHAPTER THREE

STUDY OF SUPEROXIDE DISMUTASES
FROM ALOE VERA

INTRODUCTION

It has been well established that all aerobic organisms contain
enzymes, known as superoxide dismutases (EC 1.15.1.1)(SOD) which
catalyze the conversion of superoxide anion to oxygen and hydrogen
peroxide [1]. Superoxide is thus rapidly removed, preventing its
conversion (via hydrogen peroxide) to the most reactive of oxygen
radicals, the -OH radical. The production of free radicals has been
implicated in the aging process, in animals [2]. In plants, air
pollutants such as ozone [3], sulfur dioxide [4] and certain herbicides
[5, 6] often lead to the formation of highly reactive oxygen radicals
and increased oxygen toxicity. High oxygen concentrations in plants
inhibit chloroplast development [7], decrease seed viability and root
growth [8], damage the membranes of leaves and roots, increase
growth abnormalities [9] and leaf senescence in higher plants [10].
The concept of free reactive oxygen radicals did not capture much
interest until the discovery of SOD in 1969 by McCord and Fridovich.
These researchers isolated the enzyme from bovine erythrocytes and

found it to be a blue-green copper-containing protein [1]. Superoxide
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dismutases are a family of metalloproteins. Three forms of this
enzyme have been found, as classified by their metal cofactor:
copper-zinc, manganese, and iron forms. The copper-zinc SOD
(Cu/ZnSOD) is localized mainly in the cytosol of all eukaryotic cells
[11]; however it has also been found in mitochondria [12] and in the
chloroplasts of higher plants [13-15], with the exception of some
green algae, such as Euglena which contains only the iron and
manganese enzymes [16-18]. SODs from prokaryotic cells [19] and
from chloroplasts of some plants (tomato leaves and lemon leaves),
contain iron at their active sites [20,21]. The manganese SOD
(MnSOD) is widely distributed among prokaryotic and eukaryotic
organisms, and in eukaryotes it is most often found in the
mitochondrial matrix. In the plant kingdom, MnSOD has been purified
from green peas [22], maize [23], and spinach [14]. This activity has
also been detected in extracts from wheat germ [24], kidney bean
leaves [25], corn [26], tea [27] and jerusalem artichoke [12].

Most of the SOD (Cu/ZnSOD) activity of green leaves is located
in the chloroplasts; some activity is bound to the thylakoids and
found free in the stroma. Two types of Cu/ZnSOD isozymes were
found from cytosol and chloroplasts of angiosperms (spinach and
rice), fern (horsetail) and green alga. Amino acid sequence
differences among the cytosol Cu/ZnSODs are greater than those
among the chloroplast Cu/ZnSODs [28]. Chloroplasts are especially
affected by superoxide anion, hydrogen peroxide, the hydroxyl

radical, and lipid peroxides due to a high internal oxygen
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concentration. To allow their continued functioning, all plant
tissues, especially chloroplasts, have multiple protective
mechanisms against these species. The main ones are the enzyme,
SOD, and the compounds, ascorbic acid [29], glutathione [30],
o-tocopherol [31] and carotenoids [32].

The purpose of this investigation was to evaluate the
abundance and characteristics of SODs in the leaves of Aloe vera
(Aloe barbadensis Miller). The presence of SODs in the highly
aqueous interior of this succulent plant was considered to be
possible factors in reported healing and anti-inflammatory
properties against skin burn injury and rheumatoid arthritis which
is the clinical model of chronic phagocyte-mediated inflammation
[33].
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EXPERIMENTAL SECTION

Materials

Aloe vera (Aloe barbadensis Miller) leaves were provided by
Active Organics, Inc., Dallas, Texas. The following chemicals were
purchased from Sigma Chemical Co.: xanthine, xanthine oxidase (from
butter milk), superoxide dismutase (bovine erythrocyte), cytochrome
C (horse heart), riboflavin, 4-nitro blue tetrazolium chloride, N, N, N,
N'-tetramethylethylenediamine (TEMED), bovine serum albumin (66
kD), B-amylase (200 kD), apoferritin (443 kD), thyroglobulin (669 kD),
fumarase (48.5 kD), carbonic anhydrase (29 kD), B-lactoglobulin (18.4
kD), a-lactalbumin (14.2 kD), phenylmethyl- sulfonyl fluoride (PMSF),
and all inorganic salts and organic reagents. Q-Sepharose, Suprose-
12 and the mono-Q column for FPLC use were obtained from
Pharmacia. Enzyme assays were conducted using a Shimadzu UV-
1201 or a Beckman DU-70 spectrophotometer. A Biocompatible
Pharmacia Fast Protein Liquid Chromatography (FPLC) system was
used in second purification step and for relative molecular mass

determinations.

Enzyme and Protein Assays
SOD activity, during the purification steps, was determined by
the indirect method of McCord and Fridovich involving
ferricytochrome c¢ reduction, with some modifications [10]. All

SODs, regardless of their metallo component, catalyze the following
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reaction.

202'- + 2H* H202 + 02

The main problem in the development of an assay for SOD has been
the instability of the substrate, the superoxide radical. In the assay
employed, the radical is generated enzymatically from the xanthine/
xanthine oxidase reaction. Measurement of the rate of reduction of
cytochrome c¢ by superoxide radicals is monitored at 550 nm. The
presence of SOD activity in these reduction process results in an
inhibition; the extent of inhibition is a measure of the activity of
the SOD. The typical reaction mixture (1.0 ml final volume)
contained 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA; 17 uM
cytochrome c; 45 uM xanthine; 0.01 U of xanthine oxidase; and a
sufficient amount of Aloe vera extract (containing SOD activity) to
give measurable inhibition. As the activity of xanthine oxidase may
vary upon exposure to light and air, one should use a sufficient
amount of enzyme to produce a rate of cytochrome c reduction of
0.025 absorbance units/min in the assay without SOD. A calibration
curve was prepared using various concentrations of purified bovine
SOD (used as a standard: 0.0-1.2 U) and plotted as 1/AA min-1 versus
standard, for the measurement of the relative activities of Aloe
vera SOD preparations during the purification procedure. One unit of
SOD activity is expressed as the amount of enzyme required to
inhibit the rate of reduction of cytochrome ¢ by 50%. Protein

concentrations were determined using the dye binding assay of
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Bradford [34]. All of the specific activities are expressed in term of

units per mg of protein.

SOD Purification Procedure

Freshly cut Aloe vera leaves were washed and the inner
mucilagenous, parenchymal tissue (gel) and the green outer rind
were separated. The rind (65 g) was homogenized using a Waring
blender (one min.) in the presence of 100 ml of 20 mM Tris-acetate
buffer, pH 6.7, containing 1 mM phenylmethyl-sulfonyl fluoride
(PMSF). To the homogenate 3 volumes of cold ethanol (-20 °C) were
slowly added with stirring. The mixture was stirred for 30 min,
allowed to stand for a further 1.5 h, and then centrifuged at 10,000
xg for 15 min. No SOD activity was detected in the ethanol
supernatant fraction. The sediment (19.5 g) was resuspended in 120
ml of 20 mM Tris-acetate buffer, pH 6.7, containing 1 mM PMSF and
stirred overnight. After centrifugation at 14,000 xg for 30 min, the
clear viscous supernatant solution was added to 50 ml of Q-
Sepharose, previously equilibrated with 20 mM Tris-acetate buffer,
pH 7.8 (Buffer A). The mixture was periodically stirred with a glass
rod for 24 hours. Under these conditions all SOD activity was bound
to the Q-Sepharose. The column material was separated by
filtration through a Buchner funnel and washed exhaustively with
Buffer A to remove unbound (or weakly bound) proteins. The Q-
Sepharose was then added to a column (Column 1) and washed again
with Buffer A and then with Buffer B (20 mM Tris-acetate buffer, pH

7.0). After washing with 5 volumes of Buffer B, the activity was
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eluted with a linear gradient of NaCl (0.0-0.5 M) in 50 mM Tris-
acetate buffer, pH 6.8. All active fractions were collected,
concentrated by use of polyethylene glycol, and dialyzed in several
changes of 20 mM Tris-acetate buffer, pH 7.6, to remove most of
NaCl. After desalting, the SOD concentrates from the Q-Sepharose
column (Column I) was applied, in 500 pul aliquots, to a FPLC system
equipped with a Mono-Q anion exchange column (Column IlI) (5 ml).
The column had been previously equilibrated with 20 mM Tris-
acetate buffer, pH 7.6, and elution was effected employing a
stepwise gradient elution using eluent A: 50 mM Tris-acetate buffer,
pH 7.6 and eluent B: 50 mM Tris-acetate buffer, pH 5.2, 0.2 M NaCl.
The gel part of the Aloe vera leaves (180 g), mostly water,
was homogenized in the presence of 1 mM PMSF, using a Waring
blender (one min.). The homogenate was treated with 3 volumes of
cold ethanol as described above. After centrifugation at 14,000 xg
for 30 min, the ethanol supernatant was assayed for SOD activity.
The rate of reduction of cytochrome c¢ with this supernatant was
higher than control (ethanol alone). The pellet (10 g) was stirred, in
100 ml of 20 mM Tris-acetate buffer, pH 6.7, containing 1 mM PMSF,
overnight at 40C. After centrifugation at 14000 xg for 30 min, the
clear viscous supernatant was collected and assayed. The total
number of units of SOD activity in this supernatant was higher than
the total number of units in the crude homogenate. The supernatant
recovered from the pellet was mixed with 50 ml of Q-Sepharose

(Column 1), previously equilibrated with 20 mM Tris-acetate buffer,
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pH 7.8 (Buffer A), and was eluted in the same fashion as described
for the rind preparation. The active fractions from Column | were
then concentrated, desalted, and applied, in 500 pl aliquots, to
Column Il. The elution procedure was, again, the same as that

described for the rind preparation.

Activity Stain of Native Enzyme

Characterization of SOD is most conveniently done by
demonstrating coincidence of protein staining and enzyme activity
after polyacrylamide gel electrophoresis [35]. Enzyme activity
staining was accomplished by monitoring SOD in nondenaturing
polyacrylamide gels. Proteins were loaded on 12% w/v gel in the
presence and absence of specific inhibitors for each isoform of SOD.
Immediately after termination of the electrophoresis, the gel was
placed in a solution of nitro-blue-tetrazolium (5 mg/20 ml) and
riboflavin (2 mg/20 ml). After 20 min the gel was then placed in a
solution of TEMED (1% w/v). With this procedure, generated
superoxide radicals reduce the colorless nitro blue tetrazolium to a
blue formazan [36]. SOD, by scavenging the radicals, inhibits the
blue color formation and the active SOD bands appear colorless

against a blue background.

Native Enzyme Molecular Mass Estimation
The relative molecular weights of the SODs were determined
using an FPLC, Suprose-12, gel filtration column. The molecular

mass standards used to calibrate the column were: bovine serum
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albumin (66 KD, fumarase (48.5 kD), p-amylase (200 kD), apoferritin
(443 KD), and thyroglobulin (669 KD). The elution volumes of these
proteins were recorded and the elution volumes of the SOD isozymes

were then compared with those of the protein standards.

Subunit Molecular Mass Estimation

SDS Polyacrylamide gel electrophoresis of Aloe vera SOD was
performed according to the method of Weber and Osborn [37], using
the following molecular mass standards (Mr): bovine serum albumin
(66000), fumarase from porcine heart (48500), carbonic anhydrase
(29000), o-lactalbumin from bovine milk (14200). Protein detection
was determined by the silver staining method of Merill, et al. [38].
The subunit molecular weight was estimated by comparison with the

electrophoretic migrations of standard molecular weight proteins.

Enzyme Sensitivity to Inhibitors

To distinguish the different forms of metallo-SODs from each
other, several inhibitors, specific for each family were used.
Complete inhibition of CU/ZnSOD by 2 mM cyanide is utilized to
differentiate this family from the mangano- and iron-containing
enzymes [39]. Inhibition of Fe-containing SODs with 5 mM H202 or
5 mM sodium azide is a good test to distinguish MnSOD from FeSOD
[40,41].
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RESULTS AND DISCUSSION

The rind of Aloe vera contains about 23 mg of extractable
proteins per 100 g of rind. Calculations, assuming a 100% recovery,
indicate that rind SODs represent about 2.5% of the total protein in
the crude extract. Similar calculations with the gel of Aloe vera
show it to contain about 3.5 mg of protein per 100 g of gel; the gel
SODs represent about 2% of the total gel protein. The Aloe vera SOD
activities were purified by the process summarized in Scheme |I.
Tables | and Il show the details of the purification process for the
rind and gel, respectively. Average purifications of all the SOD
activities of 28- and 31-fold, with overall yields of 69% and 40%,
were obtained for the rind and gel, respectively. The overall yields
and purification factors were calculated relative to the ethanol
fractions; the presence of certain factor(s) in Aloe vera crude
homogenates, especially in the rind, cause an enhancement in the
rate of cytochrome c reduction. This enhancement is not enzymatic,
because upon use of the boiled (five min) crude homogenate in the
enzyme assay, the rate of reduction of cytochrome c is increased to
an even greater extent. It was found in other experiments that Aloe
vera SOD activity in partially purified preparations are completely
destroyed by boiling for five minutes. This factor(s) is soluble in
ethanol, since when the ethanol supernatant is assayed, the rate of
reduction of cytochrome c¢ is increased relative to the control

(ethanol alone).



Scheme |: Flow Chart of Purification of SODs from Aloe vera

Crude Homogenate

75% ethanol

|

Sediment Supernatant
Column |
Q-sepharose
Active fractions Cytochrome C

reducing
factor(s)

Column 1

Mono-Q FPLC

Fractions A and B

Y

#1 MnSOD 42 kD
#2 Cu/ZnSOD 33 kD
#3 Cu/ZnSOD 31 kD
#4 Cu/ZnSOD 31 kD
#5 Cu/ZnSOD 31 kD

Fraction C

Y

#6 Cu/ZnSOD 32 kD
#7 MnSOD 42 kD
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Table |I. Summary of Purification of Superoxide Dismutase from A.
vera Rind.
Purification Total Total Specific Overall Purification
Steps Protein  activity activity vyield fold
(mg) (U) (Umg) (%)

Crude 15 NDa ND ND ND
Extract
Ethanol
Fraction 12 1430 120 100 1.0
Col. 1: Q-
Sepharose 3.0 1230 410 86 3.4
Col. 2: Mono Q

Frac. A 0.11 200 1700 14 14

Frac. B 0.10 160 1600 11 13

Frac. C 0.09 620 6900 43 58
Total (Avg.) 0.30 980 33000 69b 28b

NDa = not determined; because of the existence of some factors in
the crude homogenates interfering with the rate of cytochrome c¢
reduction; see the Experimental and Results and Discussion sections
for further details.

b = data are calculated based on the total number of units of
activities in fractions A, B and C and the total mg of protein in

those fractions.
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Table 1l. Summary of Purification of Superoxide Dismutase from A.
vera gel.

Purification Total Total Specific Overal Purification
Step Protein activity activity vyield fold
(mg) (U) (Umg) (%)
Crude
Extract 6.3 280 44 100 1.0
Ethanol
Fraction 3.8 4202 111 100b - -
Col. 1: Q-
Sepharose 0.3 200 670 48 6.0
Col. 2: Mono Q
Frac. A 0.02 70 3500 17 32
Frac. B 0.02 50 2500 12 23
Frac. C 0.01 50 5000 12 45
Total (Avg.) 0.05 170 3400¢ 40¢ 31¢€

2 The number of units of activities recovered in ethanol fraction are
higher than those in the crude homogenates. Some factor(s) causing
interferences in the assay were disposed in the ethanol supernatant.
See Experimental Section and Results and Discussion section for

further details.
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b The recovery (% yield) in the ethanol fraction was assumed to be
100%; the true number of activity units in the crude homogenates
can not be determined.

C Data are calculated based on the total number of units of
activities in the fractions A, B and C; and the total mg of protein in

those fractions.
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The step involving Q-Sepharose (Column |) was conducted by a batch
procedure, since the viscous Aloe vera extracts (rind or gel)
precluded the initial use of a column. After binding of the SODs to
the Q-Sepharose, followed by filtration and washing, a gradient
elution of SOD from a column was possible. The native gel
electrophoresis of the combined active fractions from Column |
showed seven identifiable SOD activity bands for both the rind and
gel (See Fig. 1 for the designation of the bands).

The combined active fractions from Column | for both rind and
gel were passed (separately) through a Mono Q ion exchange column
(FPLC); the activity elution profiles are shown in Fig. 2. The elution
profiles for both the rind and gel are quite similar with respect to
the fraction numbers giving activity maxima; however, the maximal
activity values appear reversed. That is, for the rind, the activity
shown for elution region C is much higher than that given for elution
regions A and B; for the gel, the A and B regions are relatively
higher than that for region C. This finding appears to indicate that
while similar (if not identical) SOD activities occur in rind and gel,
the relative activity levels differ significantly.

The SOD activities in the rind and gel do indeed appear to be
identical. As shown in Figures 3 and 4 SOD activity staining of
native PAGE of Column Il elution regions A, B and of C for the gel,
and the rind, gave virtually identical migration patterns. Thus, the
gel elution region A gave two discrete activity bands, while elution

region B gave four, perhaps five additional activity bands, the faster
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moving band (possibly two bands) being very faint. The elution
region C gave two activity bands corresponding to the weak, fast
moving activity band(s) of elution region B. The rind elution region
A gave two strong discernable activity bands and the C region gave
two intense activity bands having similar migration rates. The
elution region B gave three new activity bands, the others that are
observed on the gel are apparently contaminants from elution
regions A and C.

In a separate experiment, the elution volumes of the active
fractions (Column Il) of rind Aloe vera SOD from a Suprose-12 gel
filtration column were compared with those of standard proteins
(see Experimental Section). A plot of log molecular weights vs.
elution volumes gave a straight line; the native molecular weights
of SODs (two activity peaks) were estimated to be centered at 32
KD, and 42 KD (See Fig. 5).

SDS-PAGE of the SODs from the rind elution region C
(Column II) gave only two bands, after a prolonged silver
staining period, with molecular weights of 32 and 42 KD, when
no B-mercaptoethanol (BME) was employed. Two additional
bands appeared (16 and 2| KD) when BME was used. When one
half the amount of the protein solution used for the silver
staining of the SDS-gel (above) was loaded onto a native gel,
electrophoresed, and protein bands having SOD activity
identified by activity staining, two very dense bands appeared

(Fig. 4). In a parallel study, the region corresponding to
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Figure 1. Nitro blue tetrazolium staining of Aloe vera SODs
(active fraction from column 1) after electrophoresis

in polyacrylamide gel.
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Figure 2. FPLC ion-exchange (Mono-Q) elution profiles in the
final step of the purification of superoxide
dismutases from Aloe verarind and gel. A,Band C

are the active SOD fractions.
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Figure 3. Nitro blue tetrazolium staining of Aloe vera gel SOD
Active fractions from Column Il) after
electrophoresis in polyacrylamide gel. A, B, and C
correspond to active fractions A, B, and C

respectively.
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Figure 4. Nitro blue tetrazolium staining of Aloe vera rind SOD
Active fractions from Column Il) after
electrophoresis in polyacrylamide gel. A, B, and C
correspond to active fractions A, B, and C

respectively.
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these two activities was cut from the native gel, the proteins
removed by electro-elution and loaded onto SDS-PAGE. Upon
electrophoresis (no BME), followed by silver staining, two bands
appeared, having molecular weights of 32 and 42 KD.

SDS-PAGE (without BME) of the SODs from the active
fractions A and B (rind and gel) gave three bands, after a prolonged
period of silver staining, with approximate molecular weights of 42,
33 and 31 KD. SDS-PAGE (with BME) of the above fractions gave six
bands with approximate molecular weights of 42, 33, 31, 21, 16 and
15 KD. In a parallel study, when the region corresponding to activity
bands # 3, 4, and 5 (see Fig. 1) was cut from the native gel and the
proteins removed by electro-elution, followed SDS-PAGE (no BME),
and silver stained, one band appeared with a corresponding
molecular weight of 31 kD. These results indicate that the three
activity bands (3, 4 and 5) are isozymes having approximately the
same molecular weights. The molecular weights of the proteins in
the region corresponding to the activity bands # 1 and 2, when
eluted and examined by SDS-PAGE (no BME) were found to have
molecular weights of 42 kD (band 1) and 33 kD (band 2).

The seven SOD activities identified in Aloe vera gel and rind
were examined with respect to the metal component of each,
employing published methodologies (24, 39-40; see also the
Experimental Section). These metalloenzymes, depending on the
specific associated metal ion, are subject to inhibition by certain

reagents. Cu/ZnSODs are cyanide-sensitive; MnSODs are cyanide-
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Figure 5. Determination of the relative native molecular
masses of Aloe vera SODs. Molecular exclusion
chromatography on a column of Superosei12

(Pharmacia).
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insensitive; while FeSODs are sensitive to hydrogen peroxide and
sodium azide. This study was conducted on the active fractions from
the Q-Sepharose column (Column 1), for both the rind and the gel, and
the results are summarized in Table Il

The same families of Cu/ZnSODs and MnSODs, but not FeSODs,
were found in both the rind and the gel with apparently the same
molecular weights and relative mobilities in nondenaturing PAGE
(see Fig. 1 and also Table Ill). The native molecular weights of the
Aloe vera Cu/ZnSOD isozymes, regardless of their localization (rind
or gel), were found to be 31-33 kD (see Table Ill). As has been
reported, all Cu/ZnSODs from different species are a remarkably
conserved family, with respect to their gross structural properties.
Without exception, the purified enzymes have been shown to be
dimers with native molecular weights usually among 31 and 33 kD
[41], The Aloe vera Cu/ZnSODs are thus similar in native molecular
weight to all Cu/ZnSODs reported to date . The Mn/Fe SODs are
generally dimeric; tetramers have also been identified in all Mn-
containing enzymes from eukaryotes and in some bacteria [42]. The
native molecular weights in all of the reported MnSODs vary from 37
to 90 kD. Aloe vera has two identifiable bands (in both the rind and
the gel) that are cyanide- and H202 insensitive; their molecular
weights are approximately 42 kD, which is comparable to the 40 kD
MnSOD from red alga [43]. It has been reported that the plant MNSOD
proteins are highly homologous to MnSODs from other organisms [44].

MnSODs are reported to be induced dramatically during stress
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conditions. This induction is always accompanied by an increase in
cytochrome oxidase activity, which suggests a specific protective
role for MnSOD during conditions of increased mitochondrial
respiration [44].

There are identifiable differences in the relative distribution
of Aloe vera SOD isozymes in the rind and the gel. There is one
MnSOD (band #1, Fig. 1) that is more abundant in the gel while the
other MNnSOD (band #7, Fig. 1) is more abundant in the rind. This
could be due to the differential expression of this multigene family
that is both spatially and developmentally regulated in other plants,
such as maize [45]. The Cu/ZnSOD isozymes, overall, are more
abundant in the rind; this might be due to the presence of
chloroplasts and stroma in the green part of the leaves, where the
SODs are present largely as the Cu/Zn enzyme forms [13-15].
Chloroplasts are especially affected by superoxide anion and other
reactive oxygen species due to a high internal oxygen concentration,
therefore they have multiple protective mechanisms against these
species; SODs play a major role in the protective mechanism. The
expression of specific SOD genes in plant chloroplasts has been
shown to be dependent upon the location of the oxidative stress, and
the type of stress conditions, such as light, photoinhibitory
processes, and in the response to certain xenobiotics (e.g.,

herbicides) [46].
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We have also found, in the present study, that there are
differences in the relative abundances and tissue distributions of
the five identifiable Cu/ZnSOD activities in Aloe vera. This might be
due to the origin and organelle localization of these isozymes (from
cytosol or from chloroplast). The expressions of the Cu/ZnSOD genes
in other plants, such as tomato and Scots Pine, have been found to be
dependent on their organ localization and the plant developmental
stages. In non-photosynthetic organs, most of the Cu/ZnSOD activity
is cytosolic, while in the expanded leaf the chloroplast contains
most of the Cu/ZnSOD activity [47,14]. The relative abundances of
the SODs of the rind and those of the gel are summarized in Table lil.

The specific activities of SODs in the ethanol fractions from
the Aloe vera rind and gel were compared to the specific activities
of the ethanol fractions from spinach leaves, rabbit liver, rabbit
heart, and lung. It was found that the specific activities of SODs
from Aloe vera are comparable to those of spinach leaves and rabbit
liver while Aloe vera specific activities are higher than the those
found in rabbit heart and lung (see Table IV). The abundance of this
enzyme (SOD) in Aloe vera , as in other plants, is important in
combating the damaging effects of elevated oxygen concentrations,
and to the increase of tolerance to the toxic effects of many
xenobiotics that promote formation of active oxygen species [48].
This presence of significant activities of SODs in the Aloe vera
plant, at least in part, might be operative in its reported therapeutic

efficacy in the amelioration of a variety of inflammatory disorders.
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Table Ill: SOD Specific Activity in Aloe vera Compared with Other

Species (Ethanol Fractions):

Species Specific Activity (U/mg of Protein)
Aloe vera Rind 118
Aloe vera Gel 112
Spinach 118
Rabbit Liver 145
Rabbit Lung 45
Rabbit Heart 54

Specific activities for all are calculated based on the total units of

activities and total mg of proteins found in the ethanol fractions.



119

Table 1V: Summary of the SOD Activities in the Rind and the Gel of

Aloe vera.
Band Aloe SOD Mr.(Kd) Relative Abundance
Number (Metallo (approx)

Family) Rind Gel
#1 Mn 42 ++ ++++
# 2 Cu/Zn 33 4+ 4+
# 3 Cu/Zn 31 +++ +
# 4 _ Cu/Zn 31 +++ +
# 5 Cu/Zn 31 ++ +
# 6 Cu/Zn 32 +++++ +4++
#7 Mn 42 +++ +

The relative abundance of each band was judged based on its

appearance (intensity) on the native gel (Fig. 1) and on the elution

profile (Fig. 2).



10.
11.

12.

120

CHAPTER BIBLIOGRAPHY

Halliwell B and Gutteridge JMC. Trends Biochem Sci 1986;
11:372-5.

Menzel DB. Free Radicals in Biolology, Pryor WA, Ed., Academic
Press, New York 1976; Vol 11:181-202.

Chia LS, Mayfield Cl, and Thompson JE. Plant Cell Environ
1984; 7:333-8.

Harbour JR and Bolton JR. Biochem Biophys Res Commun 1975;
64:803-7.

Orr GL and Hogan ME. Pestic Biochem Physiol 1983; 20:311-9.
Poskuta J, Mikulska M, Faltynowicz M, Bielak B, and
Worblewska B. Z Pflanzenphysiol 1974; 72:387.

Simon EW. New Phytol 1974; 73:377-420.

Anderson RA and Linney TL. Chem Biol Interact 1977; 19:317.
Strother S. Gerontology 1988; 34:151-6.

McCord JM, Fridovich I. J Biol Chem 1969; 244:6049-55.
Asada K, Kanematsu S, Okaka S, and Hayakawa T. In Chemical
and Biochemical Aspects of Superoxide and Superoxide
Dismutase, Bannister JV and Hill HAO, Eds., Elsevier North
Holland, New York 1980; 136-53.

Arron GP, Henry L, Palmer JM, Hall DO. Biochem Soc Trans
1976; 4:618-20.



13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

121

Lumsden J, Hall DO. Biochem Biophys Res Commun 1974;
58:35-41.

Jackson Ch, Dench J, Moore AL, Halliwell B, Foyer Ch, and Hall
DO. Eur J Biochem 1978; 91:339-44.

Foster JG and Edwards GE. Plant Cell Physiol 1980; 21:895-
906.

Lengfelder E and Elstner EF. Z Natuforsch 1979; 34C:374.
Kanematsu S and Asada K. Arch Biochem Biophys 1979;
195:535-45.

Asada K, Kanematsu S, and Uchida K. Arch Biochem Biophys
1977; 179:243-56.

Halliwell B. Free radicals, oxygen toxicity and ageing, in Age
Pigments, Sohal RS, Ed., Elsevier, Amsterdam 1981;1.
Kwiatowski J, Safianowska A, Kaniuga Z. Eur J Biochem 1985;
146(2):459-66.

Almansa MS, Palma JM, Yanez J, del Rio LA, Sevilla F. Free
Radical Res Commun 1991; 12-13(1):319-28.

Sevilla F, Lopez-Gorge J, and Del Rio LA. Plant Physiol 1982;
70:1321-6.

Baum JA and Scandalios JG. Differentiation 1979; 13:133.
Beauchamp CO and Fridovich I. Biochim Biophys Acta 1973;
317:50-64.

Kono Y, Takakashi M, Asada K. Plant Cell Physiol 1979;
20:1229-1235.

Giannopolitis CN and Ries SK. Plant Physiol 1977; 59:309-314.



27.

28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

41.
42.

43.
44,

122

Hakamada K, Kanematsu S, and Asada K. Study of tea 1978;
54:6.

Kanematsu S and Asada K. Free Radical Res Commun 1991; 12-
13(1):383-90.

Nishikimi M. Biochem Biophys Res Commun 1975; 63:463.
Foyer CH and Halliwell B. Planta (Berlin) 1976; 133:21-5.
Soll J, Douce R, Schultz G. FEBS Lett 1980; 112:243-6.

Foote CS. Ann NY Acad Sci 1970; 171:139.

McCord JM. Science 1974; 185:529-31.

Bradford M. Anal. Biochem. 1976; 72:248-254.

Beauchamp C and Fridovich I. Anal Biochem 1971; 44:276-87.
Miller RW. Can J Biochem 1970; 48:935-9.

Weber K and Osborn M. J Biol Chem 1969; 244:4406-4412.
Merill CR, Goldman D, Sedman SA, and Ebert MH. Science 1981;
211:1437-1438.

Salin ML and Bridges SM. Plant Physiol 1982; 69:161-5.
Misra HP and Fridovich I. Arch Biochem Biophys 1978;
189:317-22.

Fridovich I. Ann Rev Biochem 1975; 44:147.

Fridovich |I. Superoxide Dismutase, Oberley LW, Ed., CRC
Press, Boca Raton, Florida 1982; Vol 1:11-68.

Misra HP and Fridovich I. J Biol Chem 1977; 252:6421-3.
Bowler C, Alliotte T, De Loose M, Van Montagu M, Inze D.
EMBO J 1989; 8:31-8.



45.

46.

47.
48.

123

Zhu D and Scandalios JG. Pro Natl Acad Sci (USA) 1993;
90:9310-4.

Tsang EW, Bowler C, Herouart D, Van Camp W, Villarroel R,
Genetello C, Van Montagu M, Inze D. Plant Cell 1991; 3(8):783-
92.

Perl-Treves R and Galun E. Plant Molec Biol 1991; 17:745-60.
Mees G. Ann Appl Biol 1960; 48:601.



A S

10.

11.

12.

GENERAL BIBLIOGRAPHY

Adamson GM, Billings RE. Arch Biochem Biophys 1992; 294(1):
223-9.

Agarwal OP. Angiology 1985; 36(8):485-92.

Aggarwal BB. Methods Enzymol 1985; 116:441-8.

Akerboom TPM, Bilzer M, Sies H. FEBS Lett 1982;140:73-6.
Akerboom TPM, Bilzer M, Sies H. J Bibl Chem 1982; 257:4248-
52.

Al-Awadi FM and Gumaa KA. Acta Diabetologica Latina 1987,
24(1):37-41.

Allgower M, Burri C, Cueni L, Engley F, Fleisch H, Gruber UF,
Harder F, Russell RGG. Ann NY Acad Sci 1968;150:807-15.
Almansa MS, Palma JM, Yanez J, del Rio LA, Sevilla F. Free
Radical Res Commun 1991; 12-13(1):319-28.

Anderson RA and Linney TL. Chem Biol Interact 1977; 19:317.
Arron GP, Henry L, Palmer JM, Hall DO. Biochem Soc Trans
1976; 4:618-20.

Asada K, Kanematsu S, Okaka S, and Hayakawa T. In Chemical
and Biochemical Aspects of Superoxide and Superoxide
Dismutase, Bannister JV and Hill HAO, Eds., Elsevier North
Holland, New York 1980; 136-53.

Asada K, Kanematsu S, and Uchida K. Arch Biochem Biophys
1977; 179:243-56.

124



13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.
26.

125

Babson JR, Abell NS, Reed DJ. Biochem Pharmacol 1981;
30:2299-304.

Bannister JV, Bannister WH, Rotilio G. CRC Cri Rev Biochem
1987;22:111-80.

Baum JA and Scandalios JG. Differentiation 1979; 13:133-5.
Baumann E, Preusse C. Ber Deut Chem Ges 1879; 12:806-10.
Beauchamp C and Fridovich I. Anal Biochem 1971; 44:276-87.
Beauchamp CO and Fridovich I. Biochim Biophys Acta 1973,
317:50-64.

Benedetti A, Comporti M, Esterbauer H. Biochim Biophys Acta
1980; 620:281-96.

Benedetti A, Comporti M, Fulcieri R, and Esterbauer H. Biochim
Biophys Acta 1984; 792:172-81.

Beutler B, and Cerami A. Nature (London) 1986; 320: 584-8.
Beutler B, Mahoney J, Le Trang N, Pekala P, Cerami A. J Exp
Med 1985; 161: 984-9.

Beutler E. "Active Transport of Glutathione Disulfide from
Erythrocytes" Functions of Glutathione: Biochemical,
Physiological, Toxicological, and Clinical Aspects; Larsson, A.;
Orrenius, S.; Holmgren, A.; Mannervik, B.; Eds.; Raven Press: New
York, 1983, pp. 65-74.

Bhuyan KC, Bhuyan DK. Biochim Biophys Acta 1977; 497:641-4.
Bielski BHJ, Allen AO. J phys Chem 1977; 81:1048-50.

Bielski BHJ, Arudi RL, and Sutherland MW. J Biol Chem 1983;
258: 4759-61.



27.

28.
29.

30.
31.

32.
33.
34.

35.
36.

37.
38.

39.
40.

41.
42.
43.

126

Bigley R, Riddle M, Layman D, Stankova L. Biochim Biophys
Acta 1981; 659:15-22.

Booth J, Boyland E, Sims P. Biochem J 1961; 79:516-24.
Bowler C, Alliotte T, De Loose M, Van Montagu M, Inze D.
EMBO J 1989; 8:31-8.

Bradford MM. Anal Biochem 1976;72:248-54.

Brigelius R, Lenzen R, Sies H. Biochem Pharmacol 1982;
31:1637-41.

Burk RF, Lane JM. Toxicol Appl Pharmacol 1979; 50:467-78.
Bus JS, Gibson JE. Environ Health Perspec 1984; 55:37-56.
Cadenas E, Muller A, Brigelius R, Esterbauer H, and Sies H.
Biochem J 1983;214:479-87.

Cagen LM, Fales HM, Pisano JJ. J Biol Chem 1976; 251:6550-4.
Cagen LM and Pisano JJ. Biochim Biophys Acta 1979; 573:
547-51.

Cannon WB, Bayliss WM. Spec Rep Ser Med Res Comm 1919;26.
Carlberg |, Mannervik B. Glutathione. In: Meister A, editor.
Methods in Enzymology. Academic Press, 1985;113:484-9.
Chance B, Sies H, Boveris A. Physiol Rev 1979; 59:527-605.
Chia LS, Mayfield Cl, and Thompson JE. Plant Cell Environ
1984; 7:333-8.

Chio KS, Tappel AL. Biochem 1969; 8:2821-7.
Christophersen BO. Biochem J 1968; 106:515-22.
Christophersen BO. Biochim Biophys Acta 1968; 164:35-46.



44,

45.
46.
47.
48.

49.

50.

51.
52.

53.
54.
55.
56.

57.

58.
59.

60.

127

Cioffi W, Burlesom D, Jordan B, Mason A, Pruitt B. Surgery
1992;112:860-5.

Cleland WW. Biochem Biophys Acta 1963; 67:104-137.
Cohn VH, Lyle J. Anal Biochem 1966; 14:434-40.

Corin RE and Cox CD. Can J Microbiol 1980; 26:121-5.

Crapo JD, Barry BE, Foscue HA, Shelburne J. Am Rev Respir Dis
1980;122:123-43.

Dahle LK, Hill EG, Holman RT. Arch Biochem Biophys 1962;
98:253-60.

Davis RH, Leitner MG, Russo JM, Byrne ME. J Am Pod Med Ass
1989; 79(6):263-76.

DeClercq et al. Ann NY Acad Sci 1970; 173:444-61.

Demling RH, Katz A, Lalonde C, Ryan P, Jin LJ. Surgery 1987;
101:44-55.

deRey-Pailhade J. Compt Rend Acad Sci 1888; 106:1683-4.
de Rey-Pailhade J. Compt Rend Acad Sci 1888; 107:43-4.
Dixon M. Biochem J 1953; 55:170-171.

Dong YL, Ko F, Yan T, Huang H-Q, Herndon DN, Waymack JP.
Burns 1993; 19:12-6.

Draper HH, Hadley N, Lissemore L, Laing NM, Cole RP.

Lipids 1988;23:626-8.

Drotar A, Phelps P, and Fall R. Plant Science 1985; 42:35-40.
Duan YJ, Komura S, Szafarz BF, Szafarz D, and Yagi K. J Biol
Chem 1988; 263;19003-8.

Egan R, Gale P, Baptist E. J Biol Chem 1981;250:7352-61.



61.

62.

63.

64.

65.

66.
67.

68.
69.

70.

71.

72.

73.

74.

128

Esterbauer H, Cheeseman KH, Dianzani MU, Poli G, Slater TF.
Biochem J 1982; 208:129-140.

Esterbauer H, Schaur RJ, Zollner H. Free Radic Biol Med 1991;
11:81-128.

Fahey RC, Sundquist AR. Adv Enzymol Relat Areas Mol Biol
1991; 64:1-53.

Fantone JC, Ward PA. In: Current Concepts. Kalamazoo,Mi:
Upjohn 1985.

Flohe L. Free radicals in biology, New York, Academic
Press,1982, vol 5, pp 223-54.

Flohe' L and Menzel H. Plant Cell Physiol 1971; 12:325-30.
Fong KL, McCay PB, Poyer JL, Keele BB, and Misra HP. J Biol
Chem 1973; 248:7792-97.

Foote CS. Ann NY Acad Sci 1970; 171:139-47.

Foster JG and Edwards GE. Plant Cell Physiol 1980; 21:895-
906.

Foyer CH and Halliwell B. Planta (Berlin) 1976; 133:21-26.
Fridovich I. Annu Rev Biochem 1975; 44:147-59.

Fridovich |. Superoxide Dismutase, Oberley LW, Ed., CRC
Press, Boca Raton, Florida 1982; Vol 1:11-68.

Fujita K, Suzuki I, Ochiai J, Shinpo K, Inoue S, and Saito H.
Experientia 1978; 34(4):523-4.

Fujita K R, Teradaira R, and Nagatsu T. Biochem Pharmac 1976;
25:205.



75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

129

Ghannam N, Kingston M, Al-Meshaal |A, Tarig M, Parman NS,
Woodhouse N. Hormone res 1986; 24(4):288-94.

Giannopolitis CN and Ries SK. Plant Physiol 1977; 59:309-14.
Griffith OW, Anderson ME, Meister A. J Biol Chem 1979;
254:1205-10.

Grindlay D, Reynolds T. J Ethnopharmacol 1986; 16(2-3):117-
51.

Gowda DC, Neelisiddaiah B, Anjaneyalu YV. Carbohydr Res
1979; 72:201-5.

Guzman-Barron ES. Adv Enzymol 1951; 11:201-66.

Habig WH, Pabst MJ, Jakoby WB. J Biol Chem 1974;249:7130-9.
Haenen GRMM, Bast A. FEBS Lett 1983; 159: 24-8.

Hakamada K, Kanematsu S, and Asada K. Study of tea 1978;
54:6-10.

Halliwell B. Free radicals, oxygen toxicity and ageing, in Age
Pigments, Sohal RS, Ed., Elsevier, Amsterdam 1981;1.

Halliwell B. FEBS Lett. 1978; 92: 321-6.

Halliwell B. FEBS Lett. 1978; 96: 238-42.

Halliwell B. Oxidants and human disease: some new concepts.
FASEB J 1987;1:358-64 .

Halliwell B, and Gutteridge JMC. Free radicals in biology and
Medicine. 2nd Ed., Oxford Univ. Press (Clarendon), Oxford, 1989.
Halliwell B, and Gutteridge JMC. Mol. Aspects Med 1985;8: 89-
193.



90.

o1.

92.

93.

94.

95.
96.

97.
98.
99.

100.
101.

102.
103.

104.

130

Halliwell B and Gutteridge JMC. Trends Biochem Sci 1986;
11:372-5.

Hammarstrom S, Samuelsson B, Clark DA, Goto G, Marfat A,
Mioskowski C, and Corey ET. Biochem Biophys Res Commun
1980; 92:946-53.

Harbour JR and Bolton JR. Biochem Biophys Res Commun
1975; 64:803-7.

Harris LJ. J Biol Chem 1929; 84:296-320.

Hart, L. A. 'T., Nibbering, P. H., Van Den Barselaar, M. Th., Van
Dijk, H., Van Den Berg, A. J. J., and Labadie, R. P. Int. J.
Immunopharmac. 1990; 12; 427-434.

Hasenclever et al. J Immun 1964; 93:763-71.

Helmkamp GM Jr, Wilmore DW, Johnson AA, Pruitt BA Jr. Amer
J Clin Nutr 1973; 26:1331-8.

Hissin PJ, Hilf R. Anal Biochem 1976; 74:214-26.

Hopkins FG. Biochem J 1921; 15:286-305.

Hopkins FG and Morgan EJ. Biochem J 1948; 42:23-27.

Horton JW, White DJ, Baxter CR. Ann Surg 1990; 221:301-11.
Hughes H, Jaeschke H, Mitchell JR. Measurement of oxidant
stress in vivo. In: Packer L, Glazer A, editors. Methods in
Enzymology. Academic Press, 1990;186: 681-5.

Imlay JA, Linn S. Science 1988;240:1302-9.

Ishikawa T, Esterbauer H, Sies H. J Biol Chem 1986, 261:1576-
81.

Ishikawa T, Sies H. J Biol Chem 1984; 259:3838-43.



105.

106.

107.

108.

109.

110.

111.

112.
113.

114,

115.

116.

117.

118.

131

Jackson Ch, Dench J, Moore AL, Halliwell B, Foyer Ch, and Hall
DO. Eur J Biochem 1978; 91:339-44.

Jaffe M. Ber Deut Chem Ges 1879; 12: 1092-8.

Jones GRN. Med Hypothesis 1986;21:267-71.

Jones DP, Eklow L, Thor H, Orrenius S. Arch Biochem Biophys
1981; 210:505-516.

Kanematsu S and Asada K. Arch Biochem Biophys 1979;
195:535-45.

Kanematsu S and Asada K. Free Radical Res Commun 1991,
13(1):383-90.

Kawai S, Komura J, Asada Y, Niwa Y. Arch Dermatol Res. 1988;
280:171-5.

Klebanoff SJ. Ann Intern Med 1980; 93:480-9.

Klein AD and Penneys. J Am Acad Dermatol 1988; 18(4):714-
20.

Kono Y, Takakashi M, Asada K. Plant Cell Physiol 1979;
20:1229-35.

Kosower NS, Kosower EM, Zipser J, Faltin Z, Shomrat R.
Biochim Biophys Acta 1981; 640:748-59.

Kuo CF, Mashino T, and Fridovich I. J Biol chem 1987; 262:
4724-32.

Kwiatowski J, Safianowska A, Kaniuga Z. Eur J Biochem 1985;
146(2):459-66.

Lackovic et al. Proc Soc Exp Biol Med 1970; 134:874-9.



132

119. Lawrence RA, Burk RF. Biochem Biophys Res Commun
1976; 71:952-958.

120. Lebbar et al. Eur J Immunol 1986;16(1): 87-91.

121. Lee HS, Csallany AS. Lipids 1987;22:104-7.

122. Lengfelder E and Elstner EF. Z Natuforsch 1979; 34C:374-78.

123. Levy EJ, Anderson ME, and Meister A. Proc Natl Acad Sci USA
1993; 90:9171-5.

124. Little C, Olinescu R, Reid KG, O'Brien PJ. J Biol Chem 1970;
245:3632-6.

125. Loebl EC, Baxter CR, Curreri PW. Ann Surg 1973;178:681-6.

126. Lohmann K. Biochem Z 1932; 254:332-354.

127. Lumsden J, Hall DO. Biochem Biophys Res Commun 1974;
58:35-41.

128. Lusbaugh CC and Hale DB. Cancer 1953; 6:690-8.

129. Maejima K, Deitch EA, and Berg RD. Infect Immunol 1984;
43:6-10.

130. Maiorino M, Thomas JP, Girotti AW, Ursini F. Free Rad Res Com
1991; 12-13: 131-5.

131. Mandal G and Das A. Carbohydr Res 1980; 86:247-57.

132. Mandal G and Das A. Carbohydr Res 1980; 87:249-56.

133. Mannervik B. In Advances in Enzymology: Meister A, ed. John
Wiley and Sons, New York, 1985; 57:357-414.

134. Marano MA, Fong Y, Moldawer LL, Wei H, Calvano S, Tracey K,
Barie PS, Manogue K, Cerami A, Shires GT, and Lowry SF. Surg
Gynecol Obstet 1990; 170:32-38.



135.

136.
137.
138.
139.
140.

141,
142.

143.

144,
145.
146.
147.
148.

149.

150.
151.

133

Marano MA, Moldawer LL, Fong Y, Wei H, Minei J, Yurt R,

Cerami A, and Lowry SF. Arch Surg 1988; 123:1383-8.

McCord JM. N Engl J Med 1985;312:159-63.

McCord JM. Science 1974; 185:529-31.

McCord JM, Day ED. FEBS Lett. 1978; 86:139-42.

McCord JM and Fridovich |. J Biol Chém 1969; 244:6049-55.
McCord JM and Russell WJ. in Oxy-Radicals in Molecular Biology
and Pathology (Cerutti PA, Fridovich I, and McCord JM, eds.), p.
27. Alan R. Liss, New York, 1988.

Mees G. Ann Appl Biol 1960; 48:601-3.

Menzel DB. Free Radicals in Biolology, Pryor WA, Ed., Academic
Press, New York 1976; Vol 1:181-202.

Merill CR, Goldman D, Sedman SA, and Ebert MH. Science 1981;
211:1437-1438.

Miller RW. Can J Biochem 1970; 48:935-39.

Mills GC. J Biol Chem 1957; 229:189-97.

Mills GC. J Biol Chem 1959; 234:502-6.

Millis GC and Randall HP. J Biol Chem 1958; 232:589-598.
Mimnaugh EG, Trush MA, Gram TE. Biochem Pharmacol 1981;
30:2797-804.

Misra HP and Fridovich I. Arch Biochem Biophys 1978;
189:317-22.

Misra HP and Fridovich I. J Biol Chem 1977; 252:6421-23.
Moore FD Jr, Davis C, Rodrick M, Mannick JA, Fearon DT. N Engl
J Med 1986; 314:948-53.



152.
153.

154.

155.
156.
157.
158.

159.

160.
161.
162.
163.

164.
165.
166.
167.
168.
169.

170.

134

Nakashima T. J Biochem (Tokyo) 1934; 19:281-314.

Nishigaki |, Hagihara M, Hiramatsu M, lzawa Y, Yagi K. Biochem
Med 1980;24:185-9.

Nishihara T, Maeda H, Okamoto Kl, Oshida T, Mizoguchi T,
Terada T. Biochem Biophys Res Commun 1991; 174:580-5.
Nishikimi M. Biochem Biophys Res Commun 1975; 63:463-7.
Nohl H. Eur J Biochem 1987;169:585-91.

Nohl H. FEBS Lett 1987;214:269-73.

Norton SJ, Elia AC, Chyan MK, Gillis GS, Frenzel C, Principato
GB. Biochem Soc Trans 1993; 21:545-549.

Norton SJ, Talesa V, Yuan WJ, and Principato GB. Biochem Inter
1990; 22(3):411-418.

Ohkawa H, Ohishi N, Yagi K. Anal Biochem 1979; 95:351-8.
Old LJ. Science 1985; 230:630-2.

Oray B and Norton SJ. Biochem Biophys Acta 1977; 483:203-8.
Orning L, Hammarstrom S, Samuelsson B. Proc Natl Acad Sci
(USA) 1980; 77:2014-7.

Orr GL and Hogan ME. Pestic Biochem Physiol 1983; 20:311-9.
Overbaugh JM and Fall R. FEMS Microbiol Lett 1982;13:371-5.
Overbaugh J. J Free Rad Biol Med 1985; 1:187-93.

Paglia DE, Valentine WN. J Lab Clin Med 1967; 70:158-169.
Parks D, Granger D. Acta Physiol Scand 1986;598:87-99.
Paulsen BS, Fagerheim E, Qverbyi E. Carbohydr Res 1978;
60:345-51.

Perl-Treves R and Galun E. Plant Molec Biol 1991; 17:745-60.



171.
172.

173.

174.

175.

176.

177.

178.
179.

180.

181.

182.

183.
184.

185.

135

Pirie NW, Pinhey KG. J Biol Chem 1929; 84:321-33.
Poskuta J, Mikulska M, Faltynowicz M, Bielak B, and
Worblewska B. Z Pflanzenphysiol 1974; 7:387-93.

Price NM and Harrison PJ. Plant Physiol 1988; 86:92-199.
Rai K, Courtemanche AD. J Trauma 1975;15:419-24.

Reiter R, Wendel A. Chem-Biol Interact 1982; 40: 365-74.
Repine JE. In: The Pulmonary Circulation and Acute Lung
Injury, edited by S. I. Said. Mount Kisco, NY: Futura, 1985,
p. 249-281.

Rodriguez-Bigas M, Cruz NI, Suarez A. Plastic Reconst Surg
1988; 81(3):386-9.

Rose RC. Am J Physiol 1989; 256:F52-F56.

Rosen GM, Singletary WV, Rauckman EJ, Killenberg PG.
Biochem Pharmacol 1983; 32:2053-9.

Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG, and
Hoekstra WG. Science 1973; 179:588-90.

Sabeh F, Baxter CR, and Norton SJ. Eur J Clin Chem Clin
Biochem 1995; 33:323-8.

Sabeh F, Wright T, Norton SJ. Enzyme & Protein 1993;
47(2):92-8.

Salin ML and Bridges SM. Plant Physiol 1982; 69:161-5.
Saito H, Ishiguro T, Imanishi K, and Suzuki I. Jpn J Pharmac
1982; 32:139-42.

Sasaki J, Cottam GL, Baxter CR. J Burn Care Rehab 1983;
4:251-4,



136

186. Sato K. Jpn J Cancer Res (Gann) 1988; 79:556-72.

187. Sato Y, Ohta S, Shinoda M. J Pharmaceutical Society of Japan
1990; 110(11):876-84.

188 Scuderi P, Lam KS, Ryan KJ, Peterson E, Sterling kE, Finley PR,
Ray CG, Slymen DJ, Salmon SE. Lancet 1986; 2:1364-5.

189. Sevilla F, Lopez-Gorge J, and Del Rio LA. Plant Physiol 1982;
70:1321-27.

190. Simon EW. New Phytol 1974; 73:377-420.

191. Soll J, Douce R, Schultz G. FEBS Lett 1980; 112:243-46.

192. Smith CV. Biochem Biophys Res Commun 1987; 144:415-21.

193. Smith AC, Boyd MR. J Pharmacol Exp Ther 1984; 229:658-63.

194. Solar S, Zeller H, Rasolofonirina N, Coulanges P, Ralamboranto
L, Andriatsimahavandy AA, Rakotovao LH, and Ledeaut JIJ.
Arch Inst Pasteur Madagascar 1982; 47:9-39.

195. Spallholz JEand Boylan LM. Gilutathione peroxidase: the two
selenium enzymes. peroxidases in chemistry and biology,
Boca Raton, CRC Press, 1991, vol 1, pp 259-91.

196. Strickland FM, Pelley RP, Kripke ML. J Invest Dermatol 1994;
102(2):197-204.

197. Strother S. Gerontology 1988; 34:151-6.

198. Sugiyama S, Norimatsu |, Kobayashi M, Ozawa T, Aoyama H,
Suzuki K, lzawa Y. Biomed 1978; 29:51-3.

199. Susan LTG and Joy LZ. J Biol Chem 1990; 265: 6656-63.

200. Tappel ME, Chaudiere J, and Tappel AL. Comp Biochem Physiol
1982; 73B:945-949.



201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.
212,

213.

137

Till GO, Guilds LS, Mahrougui M, Friedl HP, Trentz O, Ward PA.
Am J Pathol 1989;135:195-202.

Till GO, Hatherill JR, Tourtellotte WW, Lutz MJ, Ward PA. Am J
Pathol 1985;119:376-84.

Tsang EW, Bowler C, Herouart D, Van Camp W, Villarroel R,
Genetello C, Van Montagu M, Inze D. Plant Cell 1991; 3(8):783-
92.

Ursini, F., Maiorino, M., Valente, M., and Gregolin, C. Biochem
Biophys Acta 1982; 710:197-211.

Weber K and Osborn M. J Biol Chem 1969; 244:4406-4412.
Williams MD. in Proceedings of the 3rd International
Symposium on Oxidases Related Redox Systems (King TE, Mason
HS, and Morrison M. Eds.), P. 85. Pergamon, Oxford, 1982.

Yagi K. Biochem Med 1976;15:212-6.

Yagi A, Harada N, Yamada H, lwadare S, and Nishioka I. J
Pharmac Sciences 1982; 71(10):1172-4.

Yagi A, Makino K, Nishioka I, Kuchino Y. Planta Med 1977;
31:17-20.

Yamamoto K. Mitt Med Akad Keijo 1940; 29: 431; Chem Abstr
1941; 35: 4484.

Yeung HK. Meth Find Exp Clin Pharmacol 1991;13:23-8.

Yokota A, Shigeoka S, Onishi T and Kitaoka S. Plant Physiol
1988; 86:649-51.

Zapata-Sirvant R, Hansbrough JF. Burns 1993; 19:5-11.



138

214. Zawahry ME, Hegazy MR, Helal M. Intern J Dermatol 1973;
12(1):68-73.
214. Zhu D and Scandalios JG. Pro Natl Acad Sci (USA) 1993;

90:9310-4.
216. Zimmerman RJ, Marafino BJ, Chan A, Landre P, Winkelhake JL.

J Immunol 1989; 142:1405-9.



