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ABSTRACT

Gatric mucosa is exposed to toxic, reactive oxygen species generated within the lumen. Nitric
oxide protected acetaminophen-induced hepatotoxicity by maintaining glutathione homeostasis.
The present study examined the role of nitric oxide in mediating hydrogen peroxide - induced
damage to gastric cells. Hydrogen peroxide was generated by glucose oxidase acting on S-D-glu-
cose. L-arginine, N°-nitro-L-arginine methyl ester, or N°-nitro-L-arginine were treated to the cells
with glucose/glucose oxidase. Lipid peroxidation and nitrite release and cellular content of gluta-
thione were determined. As a result, dose - dependent increase in lipid peroxide production as
well as dose - dependent decrease in nitrite release and cellular glutathione content were ob-
served in glucose/glucose oxidase - treated cells. Pretreatment of L-arginine, a substrate for nitric
oxide synthase, prevented the increase of lipid peroxide production and the reduction of nitrite
release as well as glutathione content. Inhibitors of nitric oxide synthase such as NS-nitro-L-argi-
nine methyl ester and N°nitro-L-arginine did not protect hydrogen peroxide - induced cell dam-
age. In conclusion, nitric oxide protects gastric cells from hydrogen peroxide possibly by inhibit-
ing lipid peroxidation and by preserving cellular glutathione stores.

Key Words: Nitric oxide, Antioxidant, Gastric cells

INTRODUCTION

The gastric mucosa is continuously exposed
to oxygen metabolites that are generated within
the lumen. Potential sources of luminal oxi-
dants include ingested food, catalase - negative
bacteria, desquamated mucosal cells, and ciga-
rette smoke and tar (Nayfield er al., 1976;
Carlsson et al.,, 1983; Cross et al, 1984; Grisham
et al., 1986). Oxygen metabolites also contribute
to ischemia/reperfusion - induced gastric muco-
sal lesions (Itoh and Guth, 1985; Perry et al.,
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1986). Despite the exposure to these oxidants,
however, the gastric mucosa appears to be un-
affected. This would suggest that gastric mucosa
contains effective defense mechanisms against
oxidant such as glutathione redox cycle, cata-
lase, and superoxide dismutase (Hiraishi et al,
1991). It was reported that reactive oxygen me-
tabolites, particularly hydrogen peroxide (H.0.),
or subsequent oxidizing species such as
hydroxyl radical, cause injury to rat gastric
mucosal cells in vitro (Hiraish et al., 1987) and
intracellular iron plays a crucial role in medi-
ating oxygen radical damage to gastric mucosal
cells (Hiraish et al., 1993).

Nitric oxide (NO) is now established as a
mediator of various biological actions under
physiological conditions. NO increases gua-
nylate cyclase activity so as to elevate cGMP
concentration, which has diverse functions in
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various tissues (Moncada ef al, 1991). Recent
studies have shown that NO is a regulator of
the gastric mucosal microcirculation under
resting and stimulated conditions (Pigue et dl.,
1989; Whittle er al, 1990) and interacts with
prostanoids and sensory neuropeptides to main-
tain gastirc mucosal integrity (Tepperman and
Whittle, 1992). For the mucosal protective
action of NO, regulation of gastric mucosal
blood flow is considered to be of major impor-
tance (Pigue et al, 1989; Lippe and Holzer,
1992). Other defensive mechanisms induced by
NO are stimulation of mucus secretion in epi-
thelial cells (Brown ef al, 1992), inhibition of
the aggregation and adhesion of platelets
(Radomski et al, 1987) and inhibition of the
adherence of neutrophils to the endothelium
and their emigration to blood vessels (Kubes er
al, 1991), which cause mucosal damage
(Kvietys et al, 1990; Wallace et al., 1990). How-
ever, bicarbonate secretion, one of the defensive
factors in the gastroduodenal mucosa, was in-
creased by NO synthase inhibitors (Takeuchi et
al., 1993, 1994, 1995), which is contradictory to
the mucosal protective role of NO.

Few 'studies on the role of NO on oxidative
injury were reported. In cultured rat hepato-
cytes, NO showed a protective effect on acet-
aminophen - induced injury by modulating glu-
tathione homeostasis (Kuo and Slivka, 1994).
On the other hand, superoxide and NO rapidly
react to form peroxynitrite, which decomposes
and generates strong oxidant molecules
(Beckman e al.,, 1990). Addition of nitroprusside
reversed NC-nitro-L-arginine methylester (L-
NAME), a NO synthase inhibitor, protection
against hypoxia/reoxygenation injury of rat
proximal tubules (Yu et al., 1993).

The present study aims to investigate whether
NO has an antioxidant defensive role against
H,O: - induced gastric cell injury. H:0. was
generated by glucose oxidase acting on S-D-glu-
cose. Gastric cells were isolated from the cor-
pus of rabbit stomach. Modulators of NO
synthesis such as L-arginine, N%nitro-L-arginine
methyl ester, and NSnitro-L-arginine were
treated to gastric cells with glucose/glucose oxi-
dase. In addition, glucose/glucose oxidase - in-
duced cell injury were determined by treating
different doses of glucose oxidase with glucose

(10mM) to gastric cells and by observing
alterations in lipid peroxide (LPO) production,
nitrite (NO,) release as well as cellular content
of glutathione (GSH).

METHODS

Materials

The following compounds were purchased: 2-
thiobarbituric acid and 1,1,3,1-tetramethoxypro-
pane (Fluka, Switzerland), collagenase type I
(280 U/mg), L-arginine, NC°-nitro-L-arginine me-
thyl ester (L-NAME), N¢nitro-L-arginine (L-
NNA) and all other reagents (Sigma, St Louis,
MO, USA). All the drugs were dissolved in dis-
tilled water for the experiment.

Solutions

The collagenase digestion solution contained:
NaCl 1300mM NaHCO; 120 mM, NaH.PO. 3.0
mM, Na.HPO. 3.0mM, K.HPO. 3.0 mM, MgSO;
20mM, CaCl; 1.0 mM, phenol red 10mg/l, pH
74. Before use, 1 mg/ml collagenase (type I),
1 mg/ml rabbit albumin and 2mg/ml glucose
were added. The incubation medium consisted
of NaCl 1324mM, KCl 54mM, Na,HPO: 5.0
mM, NaH.PO, 1.0 mM, MgSO: 1.2mM, CaCl: 1.0
mM, phenol red 10mg/l, pH 74. Before use,
2mg/ml rabbit albumin and 2mg/ml glucose
were added.

Animal preparation

Male New Zealand white rabbits weighing 1.5
~2.5kg were fed ad [libitum before the experi-
ment. Anesthesia was induced with secobarbital
solution (30 mg/kg intravenously). The abdomen
was opened and the aorta cannulated below the
celiac artery in a retrograde direction. Five ml
of heparin salution, 250U/ml, were injected
through the cannula. After 1 min, the rabbit
was bled through the cannula and a ligature
was placed around the superior mesenteric
artery. The chest was quickly opened and the
thoracic aorta was clamped. Warm (37°C), oxy-
genated phosphate - buffered saline (PBS) was
then pumped into the aorta, whereupon the
portal vein was opened to allow a free outflow
of the perfusate. By this procedure, most of the
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500m! PBS was forced through the gastric
blood vessels. When the stomach appeared to-
tally exsanguinated, it was rapidly removed
and cut open along the lesser curvature; the
contents of the stomach were discarded.

Isolation of gastric cells

Gastric cells were separated by the method
of Berglindh and Obrink (1976). Briefly, the
cardiac and antral regions were discarded. The
corpus was rinsed several times in PBS and fi-
nally blotted with a filter paper, thereby re-
moving the remaining gastric contents. By blunt
dessection, the mucosa was easily separated
from the muscular and submucosal layers and
was then minced into small pieces with a pair
of scissors. The pieces were washed twice in
warm oxygenated PBS and transferred to a
200 ml flask containing 50 ml collagenase diges-
tion solution, gassed with 100% oxygen and in-
cubated in a water bath at 37°C. The whole
procedure from the removal of the stomach to
the start of the incubation took less than 5
min. Incubation was terminated after 90 min
when most gastric cells had been separated.
The remaining procedures were continued at
room temperature. The cloudy cell suspension
was filtered through a 200#m nylon mesh into
I5ml conical tubes. The gastric cells were
washed with incubation medium three times
over about 15 min to remove all collagenase.
Morphology was examined under the light mi-
croscope and viability (>90%) was checked by
trypan blue exclusion.

Experimental protocol

To investigate the role of NO on H:O: - in-
duced cell injury, a substrate for NO synthase
(10*M L-arginine) or inhibitors of NO synthase
(10°M L-NAME, 10™*M L-NNA) was added to
the gastric cells suspended in incubation buffer
and incubated for 30 min at 37°C. Further in-
cubation for 2 h at 37°C was performed follow-
ing treatment with p-D-glucose (10mM) and
glucose oxidase (10mU/ml). For dose- response
curve of glucose/glucose oxidase, gastric cells
were exposed to A-D-glucose (10 mM) with dif-
ferent doses of glucose oxidase (0.1, 1, 10,
100 mU/ml) for 2 h. After incubation, the cell

suspensions were centrifuged at 3,000g for 2
min. Incubation medium was assessed for LPO
and NO; and the cells were homogenized with
0.IM Tris-HCl buffer (pH 74) for GSH and
protein assay.

Assay for LPO

LPO was measured fluorometrically by
adaptation of the metod of Yagi(1976) using 1,
1,3,3-tetramethoxypropane as a standard. Brief-
ly, 20% acetic acid, adjusted to pH 3.5, was
added to incubation medium to achieve a final
concentration of 15%, and centrifuged at 3,000g
for 30 min. 0.2ml of the clear supernatant was
added to 0.15ml 8% sodium dodecyl sulfate
and 0.15ml of 0.8 % 2-thiobarbituric acid. The
mixture was vortexed and then boiled for 15
min at 95°C. The colored product was extracted
by adding 2m! of n-butanol, vortexing and cen-
trifuging for 15min. The fluorescence of upper
layer was read in a Model SPF-500C spec-
trofluorometer (SLM Instruments, Urbana, IL,
USA) at 515 nm excitation and 553 nm emis-
sion.

Assay for NO:

NO: in incubation medium was quantitated
colorimetrically after reaction with the Greiss
reagents (Green et al. 1982). Samples (0.5 ml)
were mixed with 0.25ml 1% sulfanilic acid - 5%
phosphoric acid and 0.25ml 0.1% naphthyl-
ethylenediamine dihydrochloride and stand for
10~30 min at room temperature. The absor-
bance was measured at 550 nm in a Ultraspec
3000 spectrophotometer (Pharmacia Biotech,
Cambridge, England). Concentrations were de-
termined from a linear standard curve between
1 and 254M sodium nitrite.

Assay for cellular GSH

Cell homogenates were deproteinated with
equal volume of 10% S5-sulfosalicylic acid and
centrifuged at 12,500g for 5 min at 4°C. An
aliquot of the acid - soluble supernatant was 10
- fold diluted with phosphate buffer (125 mM,
pH 7.5) containing 6.3mM EDTA. GSSG reduc-
tase in a concentration of 5 units/ml and 6 mM
5,5’-dithiobis-2-nitrobenzoic acid were added.
The reaction was started with 0.3 mM NADPH.
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The change of absorbance was monitored spec-
trophotometrically at 412nm (Griffith, 1980).
Exogenous GSH was used as the standard.
Results were expressed as total GSH in nmoles
per mg protein, determined by the method of
Lowry et al. (1951).

Statistical analysis

Results were presentaed as means+SE of
triplicate samples from 6 experiments. The sta-
tistical difference of experimental treatments
was detemined by analysis of variance followed
by the Newman-Keuls test (Zar, 1984). A P
value of <0.05 was considered statistically sig-
nificant.

RESULT

Dose-dependent gastric cell injury generated by
glucose/glucose oxidase

To determine H:O: - induced cell injury, gen-
erated by glucose oxidase acting on A-D-glu-
cose, dose-responses of glucose oxidase on LPO
production, NO; release and cellular GSH con-
tents were observed. The reaction mixture of
10mM g-D-glucose and glucose oxidase (0.1, 1,
10, 100 mU/ml) resulted in a significant increase
of LPO production (Fig. 1) and significant re-
ductions of NO; release (Fig. 2) as well as cel-
lular GSH content (Fig. 3) during 2 h - incuba-
tion. LPO production of gastric cells untreated
and treated with glucose oxidase 0.1, 1, 10 and
100 mU/ml were 0.18+0.03, 0.19£0.10, 0.26+0.01,
0.52+0.06 and 1.53£0.04, respectively, which
were expressed as nmole/ml incubation medium
(Fig. 1). This dose - response of glucose oxidase
for LPO production was reciprocal to those for
NO:; release and cellular GSH content. NO, re-
lease (nmole/ml) of untreated gastric cells was
8.77£0.28, which decreased to 8.02+0.21, 6.84+
0.28, 2.88+0.10 and 2.67+0.10 at the treatment
of glucose oxidase of 0.1, 1, 10 and 100 mU/ml
(Fig. 2). Cellular GSH contents (nmole/mg pro-
tein) of glucose oxidase - treated cells were 72.0
+5.9, 588+1.8, 37.6+1.8 and 36.7t1.5 at 0.1, 1,
10 and 100 mU/ml, respectively, which were sig-
nificantly lower than cellular GSH level of un-
treated control, 114.5+7.9 nmole/mg protein
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Fig. 1. Dose - response of glucose oxidase on LPO
production of gastric cells.
Gastric cells were exposed to S-D-glucose
(10mM) with different doses of glucose oxi-
dase (0.1, 1, 10, 100 mU/ml) for 2 h. After in-
cubation, the cell suspensions were centri-
fuged at 3,000g for 2 min. Incubation medi-
um was assessed for LPO (nmole/ml). *P <
0.05 vs untreated control.
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Fig. 2. Dose - response of glucose oxidase on NO,
release from gastric cells.
Gastric cells were exposed to S-D-glucose
(10mM) with different doses of glucose oxi-
dase (0.1, 1, 10, 100 mU/ml) for 2 h. After in-
cubation, the cell suspensions were centri-
fuged at 3,000g for 2 min. Incubation medi-
um was assessed for NO; (nmole/ml). *P <
0.05 vs untreated control.

(Fig. 3). From 10mU/ml of glucose oxidase, re-
ductions both in NO, release and cellular GSH
contents became plateur to 100mU/ml even if
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Fig. 3. Dose - response of glucose oxidase on cellu-
lar GSH content of gastric cells.
Gastric cells were exposed to G-D-glucose
(10 mM) with different doses of glucose oxi-
dase (0.1, 1, 10, 100 mU/ml) for 2 h. After in-
cubation, the cell suspensions were centri-
fuged at 3,000g for 2 min. Cell homogenate
was assessed for GSH (nmole/mg protein). *P
< 0.05 vs untreated control.
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LPO production of gastric cells increased with
the dose of glucose oxidase. Therefore, 10 mU/
ml glucose oxidase with 10 mM glucose was
used for further experiment of NO synthase
modulators on H:O: - induced gastric cell inju-
ry.

Effects of NO generator and NO synthase in-
hibitors on LPO production, NO; release and
cellular GSH content

Pretreatment of L-arginine (107‘M) prevented
glucose/glucose oxidase-induced lipid peroxi-
dation of gastric cells but neither L-NAME (10™*
M) nor L-NNA (107*M) had protective effects
(Fig. 4); LPO contents in incubation medium
(nmole/ml) released by the cells treated with
glucose/glucose oxidase alone, pretreated with
L-arginine, L-NAME and L-NNA were 0.57+0.06,
0391001, 0.60+006 and 0.61%+0.04, respec-
tively. Decreased NO production caused by
glucose/glucose oxidase, assessed as NO; release
into medium (nmole/ml) was reversed by pre-
treatment of L-arginine, but inhibitors of NO
synthase did not affect this alteration in NO
production (Fig. 5). NO; release from the cells
only received glucose/glucose oxidase was 2.88
+0.10 while those pretreated with L-arginine, L-
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Fi

-

4

— 393 —

N 1
g1l

Control None L-Arg L-NAME L-NNA
Glucose / Glucose Oxidase

4. Effects of NO generator and NO synthase
inhibitors on LPO production of gastric cells.
A substrate for NO synthase (107*M L-argi-
nine) or inhibitors of NO synthase (10°M L-
NAME, 100‘M L-NNA) was added to the
gastric cells and the cell suspensions were
incubated for 30 min at 37°C. Further incu-
bation for 2 h at 37°C was performed follow-
ing treatment with A-D-glucose (10mM) and
glucose oxidase (10 mU/ml). *P < 0.05 vs un-
treated control. *P < 005 vs glucose/glucose
oxidase alone.
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. 5. Effects of NO generator and NO synthase
inhibitors on NO, release from gastric cells.
A substrate for NO synthase (10'M L-argi-
nine) or inhibitors of NO synthase (10°M L-
NAME, 10*M L-NNA) was added to the
gastric cells and the cell suspensions were
incubated for 30 min at 37°C. Further incu-
bation for 2 h at 37°C was performed follow-
ing treatment with S5-D-glucose (10 mM) and
glucose oxidase (10mU/ml). *P < 005 vs un-
treated control. *P < 0.05 vs glucose/glucose
oxidase alone.
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Fig. 6. Effects of NO generator and NO synthase
inhibitors on GSH content of gastric cells.
A substrate for NO synthase (10'M L-argi-
nine) or inhibitors of NO synthase (10°M L-
NAME, 10*M L-NNA) was added to the
gastric cells and the cell suspensions were
incubated for 30 min at 37°C. Further incu-
bation for 2 h at 37°C was performed follow-
ing treatment with S-D-glucose (10mM) and
glucose oxidase (10mU/ml). *P < 0.05 vs un-
treated control. P < 005 vs glucose/glucose
oxidase alone.

NAME and L-NNA were 4.25+0.35, 2.03+0.25
and 2.10+0.20, respectively. Fig. 6 shows cellu-
lar GSH contents of gastric cells, expressed as
nmole/mg protein, treated with glucose/glucose
oxidase alone (37.6+7.8), pretreated with L-argi-
nine (69.7+32), L-NAME (400+3.0) and L-
NNA (38.1£235).

DISCUSSION

It is reported that several necrotizing agents,
i.e, ethanol and aspirin, induce gastric mucosal
injury by promoting the generation of reactive
oxygen metabolites (Terano et al, 1989; Pihan et
al, 1987). Furthermore, it has been indicated
that compounds and enzymes that are capable
of scavenging or inhibiting the generation of re-
active oxygen species are able to protect the
gastric mucosa from hemorrhagic lesions (Cho
et al., 1991; Ito et al, 1992). In present study, H:
O,, generated by glucose oxidase acting on S-D-
glucose, induced gastric cell damage, which was
assessed by the increment of LPO and by the

reduction of NO production as well as cellular
GSH level. Thus, glucose/glucose oxidase
system seems to be a suitable agent for investi-
gating reactive oxygen metabolite - induced
gastric cell injury, which was also suggested by
other studies using cultured rat gastric mucosal
cells (Hiraish e al., 1991, 1993).

GSH is present in almost all mammalian cells
(Mirabelli et al, 1989), existing in a combina-
tion of its reduced form and its oxidized dimer.
Its particularly high concentration (about 8 mM
range) in the gastric mucosa, compared with
other areas of the gastrointestinal tract or in
most other organs (Meister and Anderson,
1983), suggests a role for GSH in maintaining
gastric mucosal integrity. GSH acts both as a
nucleophilic scavenger of the superoxide anion
and as a cofactor in the GSH peroxidase - me-
diated reduction of H.O. (Meister and Ander-
son, 1983). Therefore, depletion to 20~30% of
total GSH levels can readily impair the cell’s
defense against oxidative damage from H:O,
which may lead to cell damage and cell death
(Reed and Fariss, 1984). At this point of view,
NO may contribute to antioxidant defensive
mechanism of gastric cells since NO showed
protective effect on acetaminophen-induced
hepatotoxicity by modulating GSH homeostasis
(Kuo and Slivka, 1994). Present study proved
this hypothesis by demonstrating that L-argi-
nine, a substrate for NO synthase, preserved
cellular GSH stores against H.O: attack while
inhibitors of NO synthase had no effect on
GSH depletion. The possible mechanism of the
inhibition of H:O: - induced GSH depletion by
NO in gastric cells is thought to be (1) the
stimulation of GSH synthesis, (2) the result of
the inhibition of gastric lesion, which may not
be related to GSH, or (3) the inhibition of GSH
consumption in gastric cells. In our preliminary
study, treatment of a NO synthase substrate, L-
arginine, did not affect gastric cellular total
GSH level, suggesting that the inhibition of
GSH - depletion by L-arginine might be related
to its inhibitory effect on the consumption of
GSH during H;O: attack.

Upon exposure to excess H.O; which cannot
be detoxified by the cells, stored L-Fe** (ferric
iron bound to ligand) may be reduced to L-Fe**
(ferrous iron bound to ligand) so that H.O: re-
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acts with L-Fe’" presumably to form a more re-
active peroxo complex (which may yield
hydroxyl radical or higher oxidation states of
iron (Halliwell, 1982; Sutton and Winterbourn,
1989), leading to cell damage. NO may confer
protection by chealating stored Fe** or reduced
Fe** to form iron - nitrosyl compounds (Kanner
et al, 1991), without affecting endogenous anti-
oxidant defenses. Other possibility for antioxi-
dant role of NO is termination of radical chain
propagation by direct reaction with lipid radi-
cal species (LO, LOO ) (Rubbo et al, 1994).
However, the product of NO termination of
lipid radicals are unstable and may mediated a
different spectrum of as yet undefined target
molecule and pathological reactions. Excess NO
production in central nervous system during is-
chemia/reperfusion leads to pathological res-
ponses through combination of excess NO with
superoxide to yield peroxynitrite and its secon-
dary reactive species (Beckman and Crow,
1993). Development of better understanding of
the physiological roles of NO coupled with de-
tailed insight into NO regulation of oxygen
radical - dependent reactions and the chemistry
of NO, should yield a more rational basis for
the present and futher therapeutic use of NO
donors and inhibitors of NO syntheses.
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Age 7t AAEE SAlo] A3 AT =&t} Nitric oxidex gluta-
thione?] AL GAAZ 024 acetaminophen F% Z5Adel Wt REashE vehisd
t}, 2 97 hydrogen peroxide® & $IAAE Aol High nitric oxide?l #H8-& 4
37 8+¢ich. Hydrogen peroxide: B-D-glucose$t glucose oxidase? uh-g-eoll 2jaf 44
AlFem], $}AAEe L-arginine, N°-nitro-L-arginine methyl ester ¥ NSnitro-L-argi-
nined AAz 3 F, AXYZ {HE AARAINE 9 nitriteF FH3L AEW glutathi-
one ¥=S A3ty AR A, glucose/glucose oxidase® A el ¢ glucose oxidase
FroEdo g AAFANEE YA FrE%en, nitrite -+ ¥ glutathione #%FE A5
gJth. NO synthase®] 712<l L-arginine A2 A} glucose/glucose oxidaseo| 2jgr A&}
Akst 2 nitrite 8 27k} A EW glutathione ZH4-5o] ¥A| ¥l N-nitro-L-arginine
methyl ester = NSnitro-L-arginines NO synthase QAAEE AZHded REgdE
el %) ¢okch, AEA 0 2 nitric oxidet hydrogen peroxideZ g A|EEA o] gt B3
3V} glon, ol AAzAE uke L A ZW glutathione n2%5S JAAHo2H o]Fo
Ak Al e},
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