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ROLE OF OXYGEN-DERIVED FREE RADICALS IN
GASTRIC MUCOSAL INJURY INDUCED BY
ISCHEMIA OR ISCHEMIA-REPERFUSION IN RATS
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Oxygen-derived free radicals have been implicated as possible mediators in the development of tissue injury
induced by ischemia and reperfusion. Clamping of the celiac artery in rats reduced the gastric mucosal
blood flow to 10% of that measured before the clamping. The area of gastric erosions and thiobarbituric
acid (TBA) reactants in gastric mucosa were significantly increased 60 and 90 min after clamping. These
changes were inhibited by treatment with SOD and catalase. Thirty and 60 min after reoxyganation,
produced by removal of the clamps following 30 min of ischemia, gastric mucosal injury and the increase
in TBA reactants were markedly aggravated compared with those induced by ischemia alone. SOD and
catalase significantly inhibited these changes. The serum a-tocopherol/cholesterol ratio, an index of in vivo

lipid peroxidation, was significantly decreased after long periods of ischemia (60 and 90 min), or after 30

and 60 min of reperfusion following 30 min of ischemia. These results indicated that active oxygen species
and lipid peroxidation may play a role in the pathogenesis of gastric mucosal injury induced by both
ischemia alone and ischemia-reperfusion. Although, allopurino] inhibited the formation of gastric mucosal
injury and the increase in TBA reactants in gastric mucosa, the depletion of polymorphonuclear leukocytes
(PMN) counts induced by an injection of anti-rat PMN antibody did not inhibit these changes. As
compared with the hypoxanthine-xanthine oxidase system, PMN seem to play a relatively small part in the
formation of gastric mucosal injury induced by ischemia-reperfusion.

KEY WORDS: Ischemia-reperfusion, oxygen free radicals, superoxide dismutase, catalase, gastric
mucosal injury, lipid peroxidation.
INTRODUCTION

The ischemia itself causes tissue damage and eventual death, but further injuries can
occur while oxygen in reintroduced to the tissue. Much evidence suggests the possible

contribution of free radicals and active oxygen species derived from molecular oxygen °

in tissue injury which accompanies ischemia and reperfusion in several organs.'”’
Ischemia in a stomach that contains acid may produce severe gastric mucosal damage.
It has been suggested that superoxide radical or hydroxyl radical may be the major
oxygen radicals contributing to ischemia or reperfusion injury in the stomach.5® These
reactive species can attack and damage important biological molecules. Within cellu-
lar membranes, hydroxyl radical can initiate a free radical chain reaction known as
lipid peroxidation, in which polyunsaturated fatty acids are broken down into water-
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soluble products and toxic lipid peroxides are produced with the consequent distrup-
tion of membrane integrity. Peroxidation of lysosomal membranes may result in cell
death through the release of lysosomal hydrolases into the cytoplasm. These patho-
logical changes may attack the gastric mucosa with acid and pepsin to produce
erosion or ulcer. The major source of active oxygen species produced after ischemia
or ischemia-reperfusion seems to be the enzyme xanthine oxidase and activated
polymorphonuclear leukocytes (PMN).® The purpose of this study was to determine
the extent to which active oxygen species are a contributing factor in the pathogenesis
of gastric mucosal injury from ischemia alone or ischemia and reperfusion. The roles
of tissue xanthine oxidase and activated PMN as sources of oxygen radicals were
investigated by the use of a xanthine oxidase inhibitor, allopurinol, and anti-rat PMN
antibody.

MATERIALS AND METHODS

Male Sprague-Dawley rats weighing 190-210g from Keari Co., Ltd., Osaka were
used. The animals were not fed 18 h prior to the experiments, but allowed free access
to water. Ischemia was created under i.p. pentobarbital anesthesia (25mg/kg) by
applying small clamps to the celiac artery, and reoxygenation was produced by
removal of the clamps. After ischemia or ischemia-reperfusion, the rats were killed by
exsanguination via the abdominal aorta. The gastric mucosa was carefully examined
macroscopically and microscopically, and the extent of the gastric mucosal lesion was
expressed by the total area of the erosions.

The microcirculatory blood flow in the gastric mucosa was measured by a laser
doppler flowmeter (ALF 2100, Advance Co., Ltd., Tokyo). Thiobarbituric acid
(TBA) reactive substances, an index of lipid peroxidation, were measured in serum by
the method of Yagi,'® and in tissue by that of Ohkawa et al.''. The level of TBA
reactants was expressed as nmol of malondialdehyde. TBA (BDH Chemical, Poole,
England) and 1,1,3,3-tetramethoxypropane (Takyo Kasei Co., Tokyo) were used for
the TBA assay, and all other chemicals were of reagent grade. The serum a-tocopherol
content was determined by the method of Abe et al.,'? using a high-speed LC-6A
liquid chromatograph (Shimazu Co., Kyoto). The serum cholesterol level was assayed
according to the method of Richmond."

To assess the effect of superoxide dismutase (SOD) and catalase, human Cu-
ZnSOD (Nippon Kayaku Co., Ltd, Tokyo) at a dose of 50,000 U/kg and/or catalase
from bovine liver (Sigma Chemical Co., St Louis, MO) at a dose of 90,000 U/kg were
s.c. injected 1 h before ischemia, and 10,000 U/kg of SOD was i.v. injected just before
the reoxygenation. The control rats were treated with physiological saline in the same
manner. Allopurinol (Sigma Chemical Co., St Louis, MQ), an inhibitor of xanthine
oxidase, dissolved in distilled water (pH 10.8) was orally administered to rats at a dose
of 100 mg/kg 48 and 24 h before the experiments. For the control, distilled water
adjusted to pH 10.8 by 0.5 N NaOH was administered in the same manner. Anti-rat
PMN antibody (10 ml/kg) obtained from immunized rabbits according to the modi-
fied method of Ward et al.,' was i.p. injected 18 h before the experiments. The control
rats were 1.p. injected with normal rabbit serum in the same manner.
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RESULTS

Gastric mucosal blood flow

Clamping of the celiac artery reduced the gastric mucosal blood flow to 10% of that
measured before the clamping (Figure 1). By removing clamps, the gastric mucosal
blood flow recovered promptly to the levels before clamping. However, when the
clamping period was longer than 45min, prompt recovery from ischemia was in-
hibited. The decrease in gastric mucosal blood flow after the clamping and prompt
recovery of the blood flow following removal of the clamps were not influenced by the
treatment with SOD and/or catalase.

Gastric mucosal injury

The total area of erosions, a morphological index of gastric injury, increased gradu-
ally after clamping of the celiac artery. However, the gastric mucosal lesions were
significantly increased after the reperfusion following 30 min of gastric mucosal
ischemia (Figure 2).

TBA reactive substances

TBA reactants in the gastric mucosa, an index of lipid peroxidation, did not increase
30 min after ischemia. However, TBA reactive substances in the gastric mucosa
significantly increased 60 and 90 min after clamping, and 30 and 60 min after re-
oxygenation following 30 min of ischemia (Figure 3). Serum TBA reactants did not
increase significantly after ischemia or ischemia-reperfusion.
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FIGURE 1 Changes in gastric mucosal blood flow. Each value indicates the mean + SE of 6 rats.
*p < 0.001 for difference to the values of rats before clamping of the celiac artery.
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FIGURE 2 Changes in total area of gastric erosions after ischemia or ischemia-reperfusion, and the
effects of SOD and catalase on these changes. Each value indicates the mean + SE of 5-12 rats. #
p < 0.05 for difference to the values of rats 30 min after reperfusion following 30 min of ischemia. %

p < 0.01 for difference to the values of rats treated with physiological saline. *p < 0.001 for difference to
the values of rats before clamping of the celiac artery.
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FIGURE 3 Changes in TBA reactive substances in gastric mucosa after ischemia or ischemia-reper-
fusion, and the effects of SOD and catalase on these changes. Each value indicates the mean + SE of 5-14
rats.#p < 0.05 and # #p < 0.01 for difference to the values of rats treated with physiological saline.
*p < 0.001 for difference to the values of rats before clamping of the celiac artery.
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FIGURE 4 Changes in serum a-tocopherol/cholesterol ratio after ischemia or ischemia-reperfusion.
Each value indicates the mean + SE of 5-14 rats. *p < 0.05 for difference to the values of rats before
clamping of the celiac artery.

Changes in serum a-tocopherol/cholesterol ratio

After ischemia or ischemia-reperfusion, the serum a-tocopherol levels were signifi-
cantly decreased. To eliminate the influence of lipids, the a-tocopherol/cholesterol
ratio was examined. The ratio was significantly decreased 60 and 90 min after ische-
mia, and 30 and 60 min after reperfusion following 30 min of ischemia (Figure 4).

Effects of SOD and catalase

The total area of gastric erosions induced by ischemia or ischemia-reperfusion signifi-
cantly decreased by the treatment with SOD and catalase (Figure 2). The increase in
TBA reactive substances in the gastric mucosa induced by ischemia of ischemia-reper-
fusion was significantly inhibited by the treatment with SOD and catalase (Figure 3).

Effects of allopurinol

Treatment with allopurinol attenuated the gastric mucosal injury induced by 60 min
after reperfusion following 30 min of ischemia, and significantly inhibited the increase
in TBA reactants in the gastric mucosa (Table 1).

Effects of anti-rat PMN antibody

The circulating PMN counts showed a 90% decrease 18 h after the administration of
anti-rat PMN antibody. Platelet counts and red blood cell counts were not influenced
by the antibody treatment. The depletion of PMN counts induced by the treatment
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TABLE 1
Effects of allopurinol and PMN-depletion on the total area of gastric erosions and on the increase in TBA
reactive substances in the gastric mucosa 60 min after reperfusion following 30 min of ischemia.

Treatment Total area of erosions N# TBA reactants in gastric mucosa N#
(mm?) (nmol/g wet weight)

Distilled water (pH 10.8) 236 + 4.0 10 62.1 + 43 7

Allopurinol (100mg/kg x 2) 11.3 + 3.4* 9 48.5 + 3.3 7

Normal rabbit serum 280 + 64 8 61.2 + 54 8

Anti-rat PMN antibody 19.6 + 4.6 8 58.0 + 5.0 8

Each value indicates the mean + SE *p < 0.05 for difference to the values of rats treated with distilled

water (pH 10.8). # Number of rats.

with anti-rat PMN antibody did not show significant inhibition against the aggrava-
tion of gastric mucosal lesions or the increase in TBA reactive substances in gastric
mucosa induced by ischemia or ischemia-reperfusion (Table 1).

DISCUSSION

The roles of free radical-mediated injuries have become increasingly accepted in many
disease states.'? Increasingly, interest has focused on their role in the setting of
ischemia and reperfusion, where injury has been convincingly linked to free radical
production in several organs. This study shows that gastric mucosal injury can be
produced and TBA reactive substances in the gastric mucosa significantly increase
after gastric mucosal ischemia induced by the clamping of the celiac artery, and also
after reoxygenation following 30 min of ischemia. These results suggest that lipid
peroxidation may play an important role in the formation of gastric mucosal lesions
induced by ischemia or ischemia-reperfusion. These changes induced by reperfusion
were more marked than those induced by ischemia. Mucosal injury and the increase
in TBA reactants were clearly and significantly inhibited during ischemia or reper-
fusion in the SOD and catalase-treated rat stomachs without altering the reduced
mucosal blood flow. These results indicate that the effectiveness of these enzymes may
possibly occur not through the effect on gastric mucosal microcirculation, but
through the catalysis of oxygen radicals. We reported that the serum a-tocopherol/
cholesterol ratio is a good index for monitoring lipid peroxidation in vivo.” In the
present investigation, the ratio was significantly decreased during both ischemia alone
and ischemia-reperfusion. It has become clear that lipid peroxidation may occur not
only during reperfusion but also during ischemia.

Many physiological processes are known to result in the production of oxygen-
derived free radicals:enzymatic reactions, electron transport processes within the
mitochondria and endoplasmic reticulum, intracellular autooxidation of various
compounds, arachidonic acid metabolism, and the activation of phagocytic cells. The
source of oxygen free radicals in tissues subjected to ischemia and reperfusion is not
yet clear. Xanthine oxidase was the first documented biological source of superoxide
radical."

In the presence of oxygen, xanthine oxidase catalyzes the conversion of hypoxanth-
ine to xanthine with the simultaneous generation of superoxide.” While one substrate
(hypoxanthine) accumulates during ischemia as a result of adenosine 5’-triphosphate
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degradation, the other (molecular oxygen) is provided by reperfusion, which could
theoretically result in a burst of superoxide production. In a gastric injury model
induced by hemorrhagic shock, Itoh and Guth® reported that gastric lesions were
reduced by treatment with SOD or allopurinol, a competitive inhibitor of xanthine
oxidase. In our model of ischemia-reperfusion, pretreatment with allupurinol largely
prevented the formation of gastric mucosal injury, indicating that xanthine oxidase
in a major source of reactive oxygen metabolites in gastric injury induced by ischemia-
reperfusion.

Another postulated source of oxygen free radicals is activated PMN.* When PMN
are stimulated by particles or specific soluble inflammatory mediators, they produce
superoxide radicals via the activation of NADPH oxidase in the cell membrane. Most
of the hydrogen peroxide released during the stimulation of phagocytic cells appears
to be directly derived from the dismutation of superoxide radicals. To clarify the role
of PMN on ischemia-reperfusion injury in the stomach, we produced PMN depleted
rats by the administration of anti-PMN antibody obtained from immunized rabbits.
However, by the treatment with anti-PMN antibody, the gastric mucosal injury
induced by ischemia-reperfusion was not inhibited. As compared with the hyp-
oxanthine-xanthine oxidase system catalyzed by xanthine oxidase, PMN seem to play
arelatively small part in the formation of gastric mucosal injury induced by ischemia-
reperfusion. Broader knowledge concerning the source of free radicals, the mechan-
ism of injury initiation, and the biochemical regulation of antioxidant defence mech-
anisms should provide insight into new therapeutic strategies for the modulation of
many disorders induced by ischemia and ischemia-reperfusion.
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