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Abstract

Oxidants are involved in the pathogenesis of a variety of gastrointestinal disorders. Intracellular GSH protects rat gastric cells against
Ž .oxidants. We examined whether GSH isopropyl ester GSH ester can protect against oxidants and whether a system of GSH ester uptake

is present in these cells; we also investigated a possible role of GSH in inhibiting lipid peroxidation. Cytotoxicity was quantified by 51Cr
release. Lipid peroxidation was assessed by measuring malondialdehyde production. tert-Butyl hydroperoxide caused a dose-dependent
increase in 51Cr release. Treatment with GSH ester attenuated the toxicity of tert-butyl hydroperoxide. Incubation with GSH ester

w xenhanced the cellular GSH content, which was prevented by DL-buthionine- S, R -sulfoximine, an inhibitor of g-glutamylcysteine
synthetase. GSH ester prevented tert-butyl hydroperoxide-induced lipid peroxidation, corresponding with the degree of protection.
Therefore, we concluded that GSH isopropyl ester protects gastric cells against oxidants through the accumulation of intracellular GSH.
This protection is mediated in part by the prevention of hydroperoxide-induced lipid peroxidation. However, the gastric epithelial system
of GSH ester uptake appears distinctly different from those observed in hepatocytes, lymphoid cells and fibroblasts in terms of mediation
of g-glutamylcysteine synthetase activity. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Reactive oxygen species are pathophysiologically in-
volved in a variety of gastroduodenal disorders, such as

Žthose induced by ischemiarreoxygenation Freeman and
.Crapo, 1982; Granger et al., 1986; McCord, 1986 , ethanol

Ž .Mutoh et al., 1990; Szelenyi and Brune, 1988 , or non-
Žsteroidal anti-inflammatory drugs Vaananenn et al., 1991;

.Wallace et al., 1990 . It is noteworthy that the gastric
epithelium is continuously exposed to luminal oxidants
generated from ingested food, catalase-negative bacteria,

Žcast-off mucosal cells, and cigarette smoke and tar Carls-
son et al., 1983; Cross et al., 1984; Nakayama et al., 1984;

.Thomas et al., 1980 . A recent report has also suggested a
possible involvement of reactive oxygen species in the
gastric mucosal injury and inflammation induced by Heli-

Ž . Ž .cobacter pylori H. pylori infection Suzuki et al., 1992 ,
whose eradication reduces the recurrence of peptic ulcer

Ž .diseases Hentschel et al., 1993 . However, healthy gastric
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epithelium appears unaffected despite the exposure to these
reactive oxygen species, suggesting that gastric epithelial
cells are endowed with effective anti-oxidant defenses,
such as the glutathione redox cycle and superoxide dismu-

Ž .tase Hiraishi et al., 1991b, 1994b . Thus, an oxidation–re-
duction system in the epithelium of the stomach may
represent the first line of defense against such oxidants.

ŽIt has been shown that GSH g-glutamylcysteinylgly-
.cine is an important cellular protectant against reactive

Žoxygen species in cultured gastric mucous Hiraishi et al.,
. Ž .1987, 1991a,b and chief cells Olson, 1988 , as well as in

Ž . Žtumor cells Nathan et al., 1980 , endothelial cells Harlan
. Ž .et al., 1984 , or hepatocytes Starke and Farber, 1985 by

Žserving as a substrate for glutathione peroxide Flohe,
.1979; Wendel, 1980 . Glutathione peroxidase utilizes GSH

as a reductant to reduce toxic peroxide. While depletion of
GSH by conjugation with electrophilic compounds such as

Ž .diethyl maleate Chasseaud, 1979 or by inhibition of
w xg-glutamylcysteine synthetase with DL-buthionine- S, R -

Ž .sulfoximine Griffith and Meister, 1979 potentiates injury
Ž .from H O Hiraishi et al., 1987, 1991b; Olson, 1988 ,2 2

extracellular GSH provides protection against oxidant stress
through the accumulation of intracellular GSH in cultured
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Ž .gastric mucosal cells Hiraishi et al., 1994a . Thus, there is
much interest in procedures that increase the cellular levels
of GSH. In this regard, it has been shown that the mo-
noethyl, diethyl, and isopropyl esters of glutathione are
more effective than native GSH in enhancing intracellular

ŽGSH in human lymphoid cells, fibroblasts Wellner et al.,
. Ž .1984 , endothelial cells Tsan et al., 1989 and rat hepato-
Ž .cytes Fernandez-Checa et al., 1991 in vitro. These glu-

tathione esters, in which the carboxyl group of the glycine
residue is esterified, are thought to be readily transported
into these cells and hydrolyzed to GSH intracellularly.

Reactive oxygen species may cause tissue or cellular
injury through a variety of processes including disruption
of the interstitial matrix by the degradation of hyaluronic

Žacid and collagen Brown and Fridovich, 1980; McCord,
.1974 , lipid peroxidation of cellular components

Ž . ŽYamamoto et al., 1988 , and DNA damage Oleinick et
.al., 1984 . In particular, we have previously demonstrated

that oxidant stress causes lipid peroxidation, which is
Žfollowed by cytolysis in cultured gastric cells Yajima et

.al., 1995 . However, the causal relationship between lipid
peroxidation and GSH is not yet well established in gastric
mucosal cells.

Accordingly, the present study was designed to examine
Ž . Ž .1 whether extracellular GSH isopropyl ester GSH ester

Ž .can protect against oxidant stress, 2 whether an uptake
Ž .system of GSH ester is present, and 3 whether GSH

plays a role in preventing hydroperoxide-induced lipid
peroxidation in cultured gastric mucosal cells.

2. Materials and methods

2.1. Animals and reagents

The experiments were carried out under approval of the
institutional ethics committee. Sprague–Dawley rats, 7–

Ž .10-days-old, Dohken Laboratory, Ibaraki, Japan of either
sex were used. tert-Butyl hydroperoxide, GSH, and GSSG

Žwere purchased from Sigma. GSH isopropyl ester YM737,
.GSH ester was a kind gift from Yamanouchi Pharmaceuti-

Ž . Ž .cal Tokyo, Japan . Malondialdehyde 98% was pur-
Žchased from Wako Pure Chemical Industries Osaka,

. Ž .Japan . Hanks’ balanced salt solution HBSS and Earle’s
Ž .balanced salt solution EBSS supplemented with 15 mM

Hepes were obtained from Sigma and adjusted to pH 7.4.
51 Ž .Cr sodium chromate, 200–900 Cirg chromium was

Ž .obtained from NEN Boston, MA Tissue culture plates
Žand dishes were from Corning Glass Works Corning,

.NY . Sources of other chemicals were described elsewhere
Ž .Hiraishi et al., 1987, 1991b, 1994a .

2.2. Cell culture

Primary culture of the gastric fundic mucosa from
Žnewborn rats was prepared, as described previously Terano

.et al., 1982 . Confluent monolayers were studied 3 days
after seeding. The cells have been previously characterized
as gastric mucus-producing epithelial cells.

2.3. 51Cr release assay

Cytotoxicity was quantified by measuring 51Cr release
from prelabeled cells. Correlation between the result of

51 Žspecific Cr release and of the dye exclusion test the
.trypan blue test has been reported to be strongly positive

Ž .Terano et al., 1987 . After overnight prelabeling with
51Cr, cells were washed three times with HBSS, then
incubated with 1 ml EBSS only or EBSS containing test
agents at 378C in 95% room air–5% CO . In some experi-2

Ž .ments, cells were preincubated for 3 h with EBSS control
Ž .or GSH ester 0.05–5 mM before incubation with the test

Ž .agents. Aliquots 200 ml of cell-free supernatant buffer
were removed at intervals for determination of specific
51 ŽCr release, as described previously Terano et al., 1987;

.Hiraishi et al., 1987 .

2.4. Assay for cellular glutathione content

Ž .Total glutathione GSHqGSSG was measured by a
sensitive and specific assay to indicate the glutathione
content of the cells. Monolayers in 35-mm culture dishes

Ž . Žwere incubated in EBSS control or GSH ester 0.5–5
.mM in the presence or absence of buthionine sulfoximine

for 3 h. After incubation, the cells were washed three times
with HBSS and solubilized in 0.2% Triton X-100. An
aliquot of each sample was removed for protein assay.
Then, cellular glutathione was assayed according to the

Ž .method of Tietze Akerboom and Sies, 1984; Tietze, 1969 ,
Ž .as described previously Hiraishi et al., 1994a . Data were

expressed in ‘GSH equivalents’: GSHq2GSSG nmolrmg
protein.

2.5. Assay for malondialdehyde

Malondialdehyde was measured fluorometrically by
Ž .adaptation of the method of Yagi Yagi, 1976 . In some

experiments, monolayers in 60-mm dishes were pretreated
Ž .with control buffer EBSS without phenol red or GSH

Ž .ester 0.5–5 mM before 3 h of exposure to tert-butyl
hydroperoxide. The concentrations of tert-butyl hydro-
peroxide used in the cytotoxicity assay where cells on

Ž 2 .24-well 2 cm rwell plates were exposed to 1 ml of
Ž .tert-butyl hydroperoxide 0.025–0.5 mM , were equivalent

to 0.0125–0.25 mmol of tert-butyl hydroperoxidercm2 of
cells. Thus, these concentrations of tert-butyl hydro-
peroxide were used in malondialdehyde assay so that cells
on 60-mm dishes were exposed to the same amounts of
tert-butyl hydroperoxide used in the cytotoxicity assay. At
the time indicated, the cells and incubation buffer were

Žrecovered and sonicated with a Sonifier model 250 Bran-
.son Ultrasonics, Danbury, CT . Aliquots of the samples

were removed for protein assay, then 50% trichloroacetic
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acid was added to achieve a final concentration of 5%, and
the mixture centrifuged at 3000=g for 30 min. There-
after, malondialdehyde was assayed as described previ-

Ž .ously Hiraishi et al., 1987; Yajima et al., 1995 .

2.6. Calculation and statistics

Data are expressed as means"S.E.M. Analysis of vari-
Ž .ance ANOVA was performed when more than two groups

Ž .were compared. When significant P-0.05 , Tukey’s
multiple comparison test was applied to test the differences
between individual groups. The significance of the differ-
ences between two groups was evaluated by an unpaired

Ž .Student’s t-test Woolson, 1987 .

3. Results

3.1. Effect of pretreatment with GSH ester on tert-butyl
hydroperoxide-induced 51Cr release from culture cells

tert-Butyl hydroperoxide caused a dose-dependent in-
crease in specific 51Cr release during the 5-h incubation. In

Ž .5-h incubation with tert-butyl hydroperoxide 0.5 mM ,
the specific 51Cr release from cultured gastric cells was

Ž .55.2"6.2% mean"S.E.M. of four separate cultures
Ž . Ž .Fig. 1 . Preincubation with GSH ester 5 mM signifi-
cantly attenuated the toxicity of tert-butyl hydroperoxide,
shifting the dose–response curve of tert-butyl hydro-

Ž .peroxide to the right Fig. 1 . Preincubation with increas-
Ž .ing concentrations of GSH ester 0.05–5 mM for 3 h

caused dose-dependent inhibition of tert-butyl hydro-
Ž . 51 Ž .peroxide 0.2 mM -induced specific Cr release Fig. 2 .

Preincubation with GSH ester, at concentrations greater

Fig. 1. Dose-dependent tert-butyl hydroperoxide-induced 51Cr release
and protection by GSH ester. Labeled cells were preincubated for 3 h

Ž .with buffer or GSH ester 5 mM , then incubated for 5 h with increasing
Ž .concentrations of tert-butyl hydroperoxide 0.05–0.5 mM . Values repre-

sent means of four separate cultures. Significant differences compared
with control values without GSH ester pretreatment were determined by
Student’s t-test; ) P -0.01, )) P -0.001 and NS, not significant.

Fig. 2. Effect of preincubation with GSH ester on tert-butyl hydro-
peroxide-induced 51Cr release. Labeled cells were preincubated for 3 h

Ž .with buffer or GSH ester 0.05–5 mM , then incubated for 5 h with
Ž .tert-butyl hydroperoxide 0.2 mM . ANOVA was performed with P -

0.001, and Tukey’s multiple comparison test was applied to compare
Ž .GSH ester-treated values with the control value 0 concentration ; ) P -

0.05, )) P -0.01, ))) P -0.001 and NS, not significant.

than 0.5 mM, significantly diminished specific 51Cr release
induced by tert-butyl hydroperoxide.

3.2. Effect of buthionine sulfoximine on GSH ester-induced
protection against tert-butyl hydroperoxide

Cells were preincubated in EBSS with or without GSH
Ž .ester 5 mM in the presence or absence of buthionine

Ž .sulfoximine 0.1 mM for 3 h, then exposed to tert-butyl
Ž .hydroperoxide 0.1 mM for 5 h. Buthionine sulfoximine

inhibits GSH synthesis by irreversibly inhibiting g-gluta-
Ž .mylcysteine synthetase Griffith and Meister, 1979 . In

control cultures without extracellular GSH ester in the
absence of buthionine sulfoximine, tert-butyl hydro-

51 Žperoxide-induced Cr release was 25.9"3.8% mean"

Fig. 3. Effect of preincubation with GSH esterrbuthionine sulfoximine
on tert-butyl hydroperoxide-induced 51Cr release. Labeled cells were

Ž .preincubated for 3 h with buffer or GSH ester 5 mM in the presence or
Ž .absence of buthionine sulfoximine 0.1 mM . After preincubation, cells

Žwere washed three times, then exposed to tert-butyl hydroperoxide 0.1
.mM for 5 h; ) P -0.01 and )) P -0.001.
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. Ž .S.E.M. of five separate cultures Fig. 3 . Preincubation
with 5 mM GSH ester in the absence of buthionine sulfox-
imine significantly decreased tert-butyl hydroperoxide-

51 Ž .induced Cr release to 1.0"1.4% P-0.01 . In cultures
without GSH ester treatment in the presence of buthionine
sulfoximine, tert-butyl hydroperoxide-induced 51Cr release
was 22.3"2.1%, which was not significantly different
from the control values. The presence of buthionine sulfox-
imine during the preincubation period with GSH ester
significantly increased tert-butyl hydroperoxide-induced
51 Ž .Cr release from 1.0"1.4 to 32.6"4.4% P-0.001 ,
indicating that g-glutamylcysteine synthetase activity is
necessary for the protection afforded by extracellular GSH
ester.

3.3. Effect of increasing concentrations of GSH ester on
intracellular GSH content in the presence or absence of
buthionine sulfoximine

Cells were incubated in EBSS with or without GSH
Ž .ester 0.5–5 mM in the presence or absence of buthionine

Ž .sulfoximine 0.1 mM for 3 h, washed three times, and the
cellular GSH content was measured. In cultures without
buthionine sulfoximine, incubation with extracellular GSH
ester caused a dose-dependent increase in the intracellular

Ž .GSH content; GSH ester 5 mM increased the GSH
Ž .content from 14.8 " 2.1 in control to 61.3 " 0.5

Žnmolrmg protein means"S.E.M. of three separate cul-
.tures; Fig. 4 . The presence of buthionine sulfoximine

during incubation with extracellular GSH ester inhibited

Fig. 4. Effects of GSH ester and buthionine sulfoximine on intracellular
ŽGSH levels. Cells were incubated for 3 h with buffer or GSH ester 0.5–5

. Ž .mM in the presence or absence of buthionine sulfoximine 0.1 mM and
washed three times with PBS; cellular GSH was extracted and measured.
Values represent means of three separate cultures. In GSH ester-exposed
cells in the absence of buthionine sulfoximine, ANOVA was performed
and Tukey’s multiple comparison test was applied to compare GSH
ester-exposed values with the control values; )) P -0.001 and NS, not
significant. Significant differences in buthionine sulfoximine-exposed
values compared with corresponding values without buthionine sulfox-
imine were determined by Student’s t-test; ) P -0.01, )) P -0.001
and NS, not significant.

Fig. 5. Effect of GSH ester on tert-butyl hydroperoxide-induced lipid
peroxidation. Cells were preincubated for 3 h with buffer or GSH ester
Ž .0.5–5 mM , then incubated for 5 h with or without tert-butyl hydro-

Ž 2 51peroxide 0.1 mmolrcm , equivalent to 0.2 mM used in Cr release
.assay . Values represent means of two separate cultures.

Ž .the accumulation of intracellular GSH contents Fig. 4 ,
indicating that enhancement of intracellular GSH by extra-
cellular GSH ester required the activity of g-glutamylcy-
steine synthetase, and that extracellular GSH ester was not
taken up by the cells in an intact form.

3.4. Effect of GSH ester on tert-butyl hydroperoxide-
induced lipid peroxidation

Cultured cells were preincubated with or without GSH
Ž .ester 0.5–5 mM for 3 h, washed three times to remove

Fig. 6. Correlation between prevention of tert-butyl hydroperoxide-
induced lipid peroxidation and inhibition of cytolysis by GSH ester. The

Ž .effects of preincubation with GSH ester 0.5–5 mM on tert-butyl
Ž . 51hydroperoxide 0.2 mM -induced specific Cr release and on tert-butyl
Ž 2 51hydroperoxide 0.1 mmolrcm , equivalent to 0.2 mM used in Cr

.release assay -induced malondialdehyde accumulation were plotted. The
numerals in parentheses indicate the concentrations of GSH ester admin-
istered in the preincubation period. The correlation between prevention of
tert-butyl hydroperoxide-induced lipid peroxidation and inhibition of

Ž .cytolysis by GSH ester was strongly positive r s0.946 .
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excess of GSH ester, then exposed to tert-butyl hydro-
Žperoxide for 5 h. Preincubation with GSH ester 0.5–5

. Ž 2mM before tert-butyl hydroperoxide 0.1 mmolrcm ,
.equivalent to 0.2 mM used in the cytotoxicity assay

exposure attenuated malondialdehyde production in a
dose-dependent fashion at 5 h of incubation with tert-butyl

Ž . Žhydroperoxide Fig. 5 . tert-Butyl hydroperoxide 0.1
2 .mmolrcm caused an increase in malondialdehyde pro-

Žduction 2.0"0.2 nmolrmg protein; mean"S.E.M. of
.two separate cultures compared with the control cultures

Ž .0.4"0.1 . Malondialdehyde accumulation in tert-butyl
hydroperoxide-exposed cells after incubation with 5 mM
GSH ester was 1.0"0.2 nmolrmg protein, compared with
2.0"0.2 in tert-butyl hydroperoxide-exposed, control cells
Ž .Fig. 5 . Thus, enhanced lipid peroxidation, as assessed by
the accumulation of malondialdehyde, was demonstrated in
gastric cells exposed to tert-butyl hydroperoxide, but was
prevented by preincubation with GSH ester. The degree of
prevention of tert-butyl hydroperoxide-induced malon-
dialdehyde production correlated well with that of decrease

51 Ž .in specific Cr release rs0.946, Fig. 6 .

4. Discussion

Ž .The major findings of the current study were: 1 GSH
ester protects cultured gastric mucosal cells against tert-
butyl hydroperoxide through the accumulation of intra-

Ž .cellular GSH; 2 exogenous oxidant stress induced by
tert-butyl hydroperoxide accelerated lipid peroxidation, as

Ž .assessed by enhanced malondialdehyde production; and 3
enhanced lipid peroxidation was significantly prevented by
GSH ester. These findings suggest that GSH ester offers
protection against oxidant stress in part by preventing
tert-butyl hydroperoxide-induced lipid peroxidation in these
cells.

Cultured gastric cells were loaded with tert-butyl
hydroperoxide as oxidant stress in the present study. A
range of toxic peroxides including tert-butyl hydro-
peroxide and H O may be detoxified by glutathione2 2

Žperoxidase, which utilizes GSH as a reductant Wendel,
.1980 . These cells are endowed with substantial levels of

Žglutathione peroxidase and GSH Hiraishi et al., 1987,
.1991b . We have previously demonstrated that accumula-

tion or depletion of intracellular GSH renders cells more or
less resistant to oxidant stress in in vitro studies, respec-

Ž .tively Hiraishi et al., 1987, 1991b, 1994a . GSH esters
may be more effective than GSH itself in enhancing the
accumulation of intracellular GSH in a variety of cells
ŽFernandez-Checa et al., 1991; Maeno et al., 1989; Tsan et

.al., 1989; Wellner et al., 1984 .
We have found that exogenous GSH ester provided

significant protection of gastric cells against the toxicity of
tert-butyl hydroperoxide when added in the preincubation

Žperiod before tert-butyl hydroperoxide exposure Figs. 1
.and 2 . Treatment with exogenous GSH ester was associ-

Žated with a dose-dependent increase in cellular GSH Fig.
.4 , corresponding with the degree of protection against

Ž .subsequent exposure to tert-butyl hydroperoxide Fig. 2 .
To determine whether this protection was caused by the
uptake of GSH ester in an intact form and subsequent
hydrolysis into GSH as observed in other cell types
ŽFernandez-Checa et al., 1991; Tsan et al., 1989; Wellner

.et al., 1984 , we examined the effect of buthionine sulfox-
imine on protection afforded by GSH ester. Buthionine
sulfoximine is known to inhibit GSH synthesis by irre-

Žversibly inhibiting g-glutamylcysteine synthetase Griffith
.and Meister, 1979 . Buthionine sulfoximine, added with

exogenous GSH ester during the incubation period, com-
pletely prevented protection by exogenous GSH ester

Ž .against tert-butyl hydroperoxide Fig. 3 . Furthermore,
intracellular GSH accumulation by incubation with GSH
ester was also abolished by the presence of buthionine

Ž .sulfoximine Fig. 4 .
Earlier studies on GSH esters, including monoethyl,

diethyl, and isopropyl ester, in which the carboxyl group
of the glycine residue is esterified, have shown that these

Žesters protect animals against acetaminophen toxicity Puri
.and Meister, 1983 and brain ischemia and hematoma

ŽMaeno et al., 1989; Noguchi et al., 1989; Yamamoto et
.al., 1990 in vivo; they also protect lymphoid cells and

Ž .fibroblasts against radiation injury Wellner et al., 1984 ,
Ž .and endothelial cells Tsan et al., 1989 and hepatocytes

Ž .against oxidants Fernandez-Checa et al., 1991 in vitro. It
has been hypothesized that these esters are readily trans-
ported into cells and hydrolyzed into GSH by substantial
activities of cellular esterase, thus offering protection. Fur-
thermore, Meister et al. demonstrated that, in buthionine
sulfoximine-treated mice, both intraperitoneal and oral ap-
plication of GSH ester leads to substantial increase in GSH
levels and GSH ester is more effective than GSH in
increasing cellular levels of GSH in the gastric mucosa in

Ž .vivo Martensson et al., 1990 . However, the present study
showed that this is not the case with cultured gastric
mucosal cells from rats. Cellular GSH was increased by
exogenously supplied GSH ester, but the increase was

Žinhibited in the presence of buthionine sulfoximine Fig.
.4 .

Several mechanisms may be involved in the utilization
Ž .of extracellular GSH ester by these cells; 1 cleavage of

Ž . ŽGSH ester to its constituent amino acid s which requires
.the activity of g-glutamyltranspeptidase and dipeptidase

followed by their transport and intracellular GSH synthesis
Žwhich requires the activity of g-glutamylcysteine syn-

. Ž . Ž .thetase ; 2 formation of g-glutamylcyst e ine by carboxy-
peptidase-type cleavage of GSH ester, or by transpeptida-

Ž .tion between GSH and cyst e ine, followed by transport
Žand conversion to GSH by GSH synthetase which does

.not require the activity of g-glutamylcysteine synthetase
Ž . Ž .Anderson and Meister, 1983 ; and 3 transport of GSH

Žester and hydrolysis to GSH by esterase which does not
.require the activity of g-glutamylcysteine synthetase
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ŽFernandez-Checa et al., 1991; Tsan et al., 1989; Wellner
.et al., 1984 . Our results that accumulation of GSH by

extracellular GSH ester is prevented by inhibition of g-
glutamylcysteine synthetase with buthionine sulfoximine
Ž .Fig. 4 suggest that the mechanisms of GSH ester
metabolism by cells involve the breakdown of GSH ester,

Ž . Ž Ž . .transport of the degradation product s e.g., cyst e ine
and intracellular synthesis of GSH. The increase in intra-
cellular GSH and protection by GSH ester may be sensi-
tive to inhibition of g-glutamyl transpeptidase by prevent-
ing breakdown of extracellular GSH ester. We have previ-
ously demonstrated that these cells have substantial level
of g-glutamyl transpeptidase activity and that treatment of
cells with acivicin resulted in a significant inhibition of

Ž .g-glutamyl transpeptidase activity Hiraishi et al., 1994a .
However, since complete inhibition of g-glutamyl
transpeptidase cannot be achieved even with the highest
concentration of acivicin, the effect of acivicin on the
increase in intracellular GSH may be partial, as observed

Žin our previous study on native GSH Hiraishi et al.,
.1994a . Instead, we have shown that GSH accumulation as

well as protection against tert-butyl hydroperoxide by
GSH ester were completely prevented by buthionine sul-

Ž .foximine Figs. 3 and 4 . Thus, gastric epithelial uptake
system of GSH ester appears identical to that of native

Ž .GSH by the cells Hiraishi et al., 1994a and distinctly
different from that proposed in human lymphoid cells,

Ž . Žfibroblasts Wellner et al., 1984 , endothelial cells Tsan et
. Žal., 1989 and rat hepatocytes Fernandez-Checa et al.,

.1991 .
Lipid peroxidation is oxidant-mediated, chain reaction

resulting in the oxidative deterioration of polyunsaturated
fatty acids and reduced membrane fluidity of cytoplasm or
subcellular organelles, which is essential for the proper

Žfunctioning of biological membranes Halliwell and Gut-
teridge, 1988; Noguchi et al., 1989; Yamamoto et al.,

.1988 . It has been shown that lipid peroxidation is one of
the mechanisms by which oxidant stress induces cytolysis.
In the present study, we found that tert-butyl hydro-
peroxide-induced damage was associated with enhanced
lipid peroxidation, as determined by the production of

Ž .malondialdehyde Figs. 1 and 5 , consistent with the result
of our previous study where lipid peroxidation was fol-

Ž .lowed by cytolysis Yajima et al., 1995 . The current study
also demonstrated that incubation with increasing concen-

Ž .trations of GSH ester 0.5–5 mM caused a dose-depen-
dent inhibition of tert-butyl hydroperoxide-induced malon-

Ž .dialdehyde production Fig. 5 , corresponding with the
degree of prevention of tert-butyl hydroperoxide-induced

51 Ž .specific Cr release Fig. 2 . The degree of inhibition of
tert-butyl hydroperoxide-induced malondialdehyde accu-
mulation correlated well with that of inhibition of cytolysis

Ž .brought about by tert-butyl hydroperoxide Fig. 6 . Ac-
cordingly, these observations suggest that the mechanisms
of protection by GSH ester involve the prevention of
tert-butyl hydroperoxide-induced lipid peroxidation; this is

the first report to indicate that cellular GSH is an essential
protectant against oxidant-induced lipid peroxidation as
well as cytolysis in gastric cells in vitro.

In summary, treatment of cultured gastric mucosal cells
with exogenous GSH ester rendered cells more resistant to
tert-butyl hydroperoxide. Exogenous oxidant stress in-
duced by tert-butyl hydroperoxide accelerated lipid per-
oxidation, which was prevented by treatment with GSH
ester. The degree of protection offered by graded doses of
GSH ester against tert-butyl hydroperoxide correlated well
with that of prevention of hydroperoxide-induced lipid
peroxidation. These results lead to the conclusion that
GSH offers protection against oxidant stress in part through
the prevention of lipid peroxidation. However, gastric ep-
ithelial uptake of GSH ester seems distinctly different from
that observed in other cell types, such as lymphoid and

Žendothelial cells, fibroblasts and hepatocytes Fernandez-
.Checa et al., 1991; Tsan et al., 1989; Wellner et al., 1984 .

Since it is highly possible that reactive oxygen species
are pathophysiologically involved in a variety of gastric

Žmucosal injury and inflammation Granger et al., 1986;
.Mutoh et al., 1990; Wallace et al., 1990 , including H.

Ž .pylori infection Suzuki et al., 1992 , a possible role of
GSH in maintaining the integrity of the gastric mucosa
against reactive oxygen species needs to be clarified in
human gastric cells as well as in vivo.
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