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Abstract

When primary cultures of guinea pig gastric mucosal cells
were exposed to heat (43°C), ethanol, hydrogen peroxide
(H,0,), or diamide, heat shock proteins (HSP90, HSP70,
HSP60, and HSC73) were rapidly synthesized. The extent
of each HSP induction varied with the type of stress. Etha-
nol, H,0,, and diamide increased the syntheses of several
other undefined proteins besides the HSPs. However, none
of these proteins were induced by exposure to heat or the re-
agents, when intracellular glutathione was depleted to < 10%
of the control level by pretreatment with DL-buthionine-
[S,R]-sulfoximine. Gel mobility shift assay using a synthetic
oligonucleotide coding HSP70 heat shock element showed
that glutathione depletion inhibited the heat- and the re-
agent-initiated activation of the heat shock factor 1 (HSF1)
and did not promote the expression of HSP70 mRNA. Im-
munoblot analysis with antiserum against HSF1 demon-
strated that the steady-state level of HSF1 was not changed
in glutathione-depleted cells, but glutathione depletion in-
hibited the nuclear translocation of HSF1 after exposure to
heat stress. These results suggest that intracellular glu-
tathione may support early and important biochemical
events in the acquisition by gastric mucosal cells of an adap-
tive response to irritants. (J. Clin. Invest. 1996. 97:2242—
2250.) Key words: stress response « adaptive cytoprotection
« glutathione redox « heat shock protein  heat shock factor 1

Introduction

The increase in the resistance of gastric mucosa to various ne-
crotizing agents that occurs after treatment with mild irritants
is named “adaptive cytoprotection” (1). Endogenous vasoac-
tive mediators, including prostanoids, nitric oxide, and sensory
neuropeptides, have been suggested to participate in this adap-
tation by regulating gastric blood flow and mucosal integrity
(for review see reference 2). Gastric epithelium is frequently
exposed to hot food, ethanol, and oxidants generated from in-
gested food, catalase-negative bacteria, and cigarette smoke
(3-6). Gastric mucous epithelial cells are the first line of de-
fense against these irritants. Interest has recently been focused
on the molecular mechanism by which gastric mucosal cells de-
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fend themselves against irritant-induced injury. We previously
reported that primary cultures of gastric mucosal cells respond
to heat stress by rapid induction of a set of highly conserved
proteins, termed heat shock protein (HSP),! and we suggested
that these HSPs may play an important role in protection
against cell damage caused by subsequent exposure to high
concentrations of ethanol (7). The stress response in mamma-
lian cells is suggested to occur via transcriptional induction of
heat shock genes mediated by activation of a pre-existing pool
of the heat shock transcription factor (HSF), which binds to
the heat shock promoter element (HSE) (see references 8 and
9 for reviews).

Glutathione, a ubiquitous thiol, is involved in many cellular
functions (10, 11) and has been postulated to mediate gastric
mucosal protection (12). However, there is some controversy
about the relationship between the endogenous glutathione
level and acquisition of adaptive cytoprotection in vivo (13,
14). Glutathione has been shown to protect cultured gastric
cells against oxygen radicals (15) and acid (16), and we have
suggested that it may prevent irreversible reorganization of
microfilaments of gastric epithelial cells under oxidative stress,
possibly through S-thiolation of actin (17). In addition, glu-
tathione has been suggested to mediate the initial response for
acquiring tolerance to heat stress (18).

The present study was designed to determine whether glu-
tathione regulates the acquisition of endogenous defense
through induction of HSPs. When the intracellular glutathione
level of cultured gastric mucosal cells was depleted to < 10%
of that of control cells by treatment with a specific inhibitor of
glutamylcysteine synthetase, buthionine-[S,R]-sulfoximine
(BSO), the induction of HSPs did not occur after exposure to
heat, ethanol, hydrogen peroxide (H,0,), or diamide. Here we
provide evidence that depletion of glutathione may impair
transcriptional activation of heat shock genes in cultured gas-
tric mucosal cells.

Methods

Reagents and media. RPMI 1640, Hanks’ balanced salt solution with-
out phenol red (HBSS), and Eagle’s minimum essential medium
(MEM) were purchased from Nissui Pharmaceutical Co., Tokyo. Me-
thionine-free RPMI 1640 was from GIBCO BRL (Gaithersburg,
MD). Fetal calf serum (FCS) was obtained from Flow General Co.
(McLean, VA). 33S-Protein labeling mix containing = 77% L-methi-
onine and = 18% L-cysteine (> 1000 Ci/mmol) was from DuPont/
New England Nuclear (Boston, MA). Rabbit polyclonal antibodies
against HSP90 (19), HSP70 with a molecular mass of 72 kD (20),
HSP60 (21), and a cognate 73-kD HSP (HSC73) (20) were gifts from
Dr. Hideaki Itoh, Akita University. Rabbit antiserum against rat
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HSF1 was a gift from Dr. Kazuhiro Nagata, Kyoto University. cDNA
clones for human HSP70 (ATCC 57494) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH, ATCC 57090) were purchased from
American Type Culture Collection (Rockville, MD). Milk casein (Block
ace™) was from Yukijirushi (Sapporo, Japan). [y-?P]ATP (> 5,000
Ci/mmol), [a-*P]CTP (> 3,000 Ci/mmol), T4 polynucleotide kinase,
a random primer kit, and an enhanced chemiluminescence (ECL)
Western blot detection kit were purchased from the Amersham Ja-
pan, Tokyo. Poly(dI-dC) - poly(dI-dC) was from Pharmacia LKB
Biotechnology Inc. (Sweden).

Preparation and culture of gastric mucosal cells. Male guinea pigs
weighing ~ 250 grams were purchased from Japan SLC Inc. (Shi-
zuoka, Japan). Gastric mucosal cells were isolated aseptically from
fundic glands and cultured for 2 d in RPMI 1640 containing 10% FCS,
2 mM glutamine, 100 pg/ml streptomycin, and 100 U/ml penicillin, as
described previously (7, 17). The periodic acid-Schiff reaction showed
that > 85% of the cultured cells were mucus secreting (7, 17). Intra-
cellular glutathione was depleted by treating the cells with BSO at
various concentrations. Cell protein was measured by the method of
Lowry et al. Cell viability was assessed by trypan blue exclusion test and
by lactate dehydrogenase (LDH) release, as described previously (7).

Measurement of intracellular glutathione content. The contents of
reduced glutathione (GSH) and its disulfide (GSSG) in cultured cells
were measured as described previously (17). Briefly, acid-soluble thi-
ols were extracted by treating the cells in 35-mm-diameter culture
dishes with 200 pl of 5% perchloric acid containing 2.5 mM o-phen-
anthroline for 30 min on ice. The supernatants, obtained by centrifu-
gation at 11,300 g for 20 min, were made alkaline by addition of ex-
cess NaHCO; and subsequently alkylated with iodoacetic acid. The
mixtures were then treated with 3% 1-fluoro-2,4-dinitrobenzene
overnight at 4°C, and the fluorodinitrophenyl derivatives were sub-
jected to HPLC analysis (22).

Exposure of cells to heat or chemicals. Cells growing in 35-mm-
diameter culture dishes (Becton Dickinson Japan, Tokyo) were washed
twice with phosphate-buffered saline (PBS) and incubated for 20 min
with MEM at 37°C. The MEM was adjusted to pH 7.4 with 1 N
NaOH before use. The medium was immediately replaced by MEM
prewarmed at 43°C, and the dishes were placed in a water bath at
43°C for the indicated times. Alternatively, cells preincubated with
MEM at 37°C were exposed to various concentrations of hydrogen
peroxide (H,0,), ethanol, or diamide, for the indicated times.

Protein labeling and analysis of synthesized proteins. Immediately
after exposure to heat or chemicals, the cells were washed twice with
PBS prewarmed at 37°C and incubated for 1 h in methionine-free
RPMI 1640 containing 10% dialyzed FCS and 50 pM L-[**S]methio-
nine (16 wCi/ml). After labeling, the medium was removed, and the
cells were washed twice with PBS. Then, 100 wl of sample buffer con-
taining 50 mM Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate (SDS),
10% glycerol, 2% 2-mercaptoethanol, and 0.001% bromophenol blue
for SDS-PAGE was added to the plates. The cell lysate was collected
with a rubber policeman and transferred to a microcentrifuge tube.
The lysate was passed through a 27-gauge needle several times and
boiled for 2 min. The extracted proteins were subjected to SDS-
PAGE in 10% polyacrylamide gel. The gel was stained with Coomas-
sie brilliant blue R-250, dried, and exposed to Fuji RX-R film (Fuji
Photo Film, Tokyo) for autoradiography.

Preparation of whole-cell, cytosol, and nuclear extracts. Whole-cell
extracts for gel mobility shift assay were prepared based on the method
of Mosser et al. (23). Confluent cells in 60-mm-diameter culture
dishes were untreated or treated with 50 wM BSO for 18 h and then
exposed to heat at 43°C, or to chemicals, for the indicated times. The
cells were harvested and transferred to microcentrifuge tubes. After
centrifugation at 5,000 rpm for 5 s in a microcentrifuge, pelleted cells
were rapidly frozen in liquid nitrogen. The frozen pellets were sus-
pended in 20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid buffer (Hepes, pH 7.9) containing 25% (vol/vol) glycerol, 0.42 M
NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride (PMSF), 1 pg/ml leupeptin, and 0.5 mM dithiothreitol

(DTT). The mixture was gently pipetted with a pasteur pipette and
was stood on ice for 15 min. Whole-cell extracts were obtained by ul-
tracentrifugation at 100,000 g for 5 min at 4°C. The supernatants were
dialyzed against binding reaction buffer, consisting of 10 mM Tris-
HCI (pH 7.8), 50 mM NaCl, 1 mM EDTA, 0.5 mM DTT, 0.5 mM
PMSF, 1 pg/ml leupeptin, and 5% glycerol, using an oscillatory mi-
crodialysis system (Bio-Tech International Inc., Bellenue, WA). The
dialyzed supernatants were stored at —80°C.

Cytosol and nuclear extracts for immunoblot analysis of HSF1
were prepared by the method of Schreiber et al. (24). The washed cell
pellets were suspended in 10 mM Hepes buffer, pH 7.9, containing 10
mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT, 0.2 mM
PMSF, and 1 pg/ml leupeptin. The cells were allowed to swell on ice
for 10 min, and then they were lysed by adding Nonidet P-40 at a final
concentration of 0.6% (vol/vol). Lysis was completed by vortexing for
10 s. The sample was centrifuged at 13,000 g for 30 s in a microcentri-
fuge at 4°C. The supernatant was used as the cytosolic fraction. The
resulting pellet was resuspended in 20 mM Hepes, pH 7.9, containing
25% (vol/vol) glycerol, 0.42 M NaCl, 1 mM EDTA, 1 mM EGTA, 0.2
mM PMSF, and 1 pg/ml leupeptin, and agitated on ice for 20 min.
The supernatant obtained by centrifugation at 13,000 g for 20 min at
4°C was used as the nuclear extract.

Immunoblot analysis. For detection of HSPs by immunoblot
analysis, cells were lysed with SDS-PAGE sample buffer. The lysate
was passed through at 27-gauge needle several times and boiled for 2
min. For detection of HSF1, the cytosol or the nuclear extract, pre-
pared as described above, was subjected to 10% SDS-PAGE. The
separated proteins were transferred to a polyvinylidene difluoride
(PVDF) membrane. After blocking nonspecific binding sites with 4%
milk casein, the membrane was incubated with antibody against
HSP90, HSC73, HSP70, or HSP60, or antiserum against HSF1, for 1 h
at room temperature. After washing with PBS containing 0.2%
Tween-20, bound antibodies were detected with an ECL detection Kkit.

Northern blot analysis. Total RNA was isolated with an acid
guanidinium thiocyanate-phenol-chloroform mixture (25). Samples
of 15 pg of total RNA were subjected to electrophoresis in 1% aga-
rose gels containing 0.6 M formaldehyde and transferred to nylon
membrane filters (Hybond™-N+, Amersham). The filters were hy-
bridized for 4 h at 65°C with the cDNA probe for human HSP70 or
GAPDH, which was labeled with [«-*?P]CTP to a specific activity of
> 10% cpm with a random-primer kit. After hybridization, the filters
were washed twice with 2 X SSC (0.3 M NaCl, 0.03 M sodium citrate)
containing 0.5% SDS for 10 min at room temperature and then three
times with 0.2 X SSC containing 1% SDS for 10 min at 65°C. Bound
probes were analyzed using a Fujix Bio-Analyzer BAS-2000 (Fuji
Photo Film) and autoradiographed by exposure to Fuji RX-R film for
an appropriate time.

Gel mobility shift assay. The probe used to detect the DNA bind-
ing activity of HSF was synthesized by a DNA synthesizer (Model
392; Applied Biosystem, Foster City, CA). The double-stranded HSE
oligonucleotide encoded nucleotides —107 to —83 of the human
HSP70 gene (5'-GATCTCGGCTGGAATATTCCCGACCTGGC-
AGCCGA-3") (23). The [**P]HSE oligonucleotide was prepared by
5’-end labeling one strand with T4 kinase and [y-*>P]ATP. The la-
beled nucleotide was isolated by Sephadex G-50 chromatography.
The radiolabeled nucleotide was annealed to the complementary
strand. The AP-1 oligonucleotide in the human c-jun promoter (=77
TTGGGGTGACATCATGGGCTA —57) was used as a non-self
competitor.

For gel mobility shift assay, 7 pg of whole-cell extract was mixed
with 0.1 ng of [**P]JHSE oligonucleotide and 2 pg of poly(dI-dC) -
poly(dI-dC) in binding reaction buffer in a final volume of 20 pl. The
binding reaction was carried out for 20 min at 25°C, and 2 pl of a dye
solution containing 0.2% bromophenol blue, 0.2% xylene cyanol, and
50% glycerol was added. The mixtures were loaded onto 4% poly-
acrylamide gel in 6.7 mM Tris (pH 7.5) containing 1 mM EDTA and
3.3 mM sodium acetate. Antibody perturbation experiments were
performed using antiserum against HSF1. Whole-cell extracts were
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Figure 1. Effect of BSO on glutathione contents of gastric mucosal
cells. After treatment of cultured cells with 50 .M BSO, acid-soluble
thiols were extracted as described in Methods. The fluorodinitrophe-
nyl derivatives of GSH (A) and GSSG (B) were analyzed by the
HPLC method of Reed et al. (22). Values are means*SD, n = 4.

preincubated with 1 pl of 100 times diluted antiserum at 4°C for 20
min before the binding reaction. Electrophoresis was carried out at
4°C for 2-3 h at 140 V, and then the gels were dried and exposed to
Fuji RX-R film.

Results

Effects of BSO on glutathione contents and cell viability. In our
previous study (17), intracellular glutathione was depleted by
overnight treatment with BSO at 1 mM. After this treatment,
both 0.2 mM H,0O, and 0.2 mM diamide caused cell damage,
estimated by the trypan blue exclusion test and increased

Table 1. Effects of Heat and Chemicals on the Rate of Protein
Synthesis

Radioactivity (X10~7 cpm/mg protein)*

Treatment Control cells BSO-pretreated cells
No treatment 6.15+0.13 6.13+0.10
Heat (43°C, 10 min) 5.91+0.48 5.54*0.48
Heat (43°C, 30 min) 5.31+0.28* 5.17+0.41%
Ethanol (250 mM, 30 min) 5.52+0.43* 4.98+0.56%
Ethanol (500 mM, 30 min) 4.57x0.35* 4.14+0.24%
H,0, (0.2 mM, 30 min) 5.65x0.61 5.34+0.52¢
H,0, (0.5 mM, 30 min) 5.04+0.64* 4.84+0.30%
Diamide (0.2 mM, 30 min) 5.00+0.21* 4.26+0.75%
Diamide (0.5 mM, 30 min) 4.26+0.75* 3.84+0.81%

* After exposure of control and BSO-pretreated cells to heat (43°C) or
the chemicals, they were labeled with L-[**S]methione for 1 h and then
washed three times with PBS. The radioactivity of labeled proteins pre-
cipitated with 5% (vol/vol) trichloroacetic acid was counted by a liquid
scintillation counter. Values are mean+SD, n = 5. *Significantly de-
creased versus unstressed control cells (P < 0.05) by Student’s ¢ test.
$Significantly decreased versus unstressed BSO-treated cells (P < 0.05).

LDH release. In the present study, we treated cells with vari-
ous concentrations of BSO for 6 h to determine its minimum
effective concentration. BSO at a concentration of 50 uM or
higher significantly decreased the glutathione content (data
not shown). Treatment of cells with 50 uM BSO for 18 h de-
creased the level of total glutathione to 4.8+0.6% (mean*SD,
n = 8) of the control value (Fig. 1). Cells treated with 50 uM
BSO for 18 h are referred to as “glutathione-depleted cells.”
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Glutathione-depleted cells were exposed to heat stress
(43°C), ethanol, H,0O,, or diamide, and cell viability was esti-
mated by the trypan blue exclusion test and by percentage of
LDH release (Fig. 2). Heat stress at 43°C for 60 min; or treat-
ment for 30 min with ethanol at concentrations of up to 2 M,
with H,O, at up to 0.5 mM, or with diamide at up to 0.5 mM,
did not cause any significant difference between LDH release
from control and BSO-pretreated cells. Similar results were
obtained by the trypan blue exclusion test (data not shown).
We also assessed the rate of overall protein synthesis by mea-
suring the [*S] incorporation into TCA-precipitated proteins
after metabolic labeling of unstressed and stressed cells with 50
M L-[*S]methionine (16 p.Ci/ml) for 1 h (Table I). Pretreat-
ment with BSO did not affect the incorporation in unstressed
cells (Table I). Exposure to each metabolic insult as well as
heat at 43°C decreased the rate of overall protein synthesis in
both control and BSO-pretreated cells as listed in Table I.
BSO-pretreated cells placed under the stresses showed lower
incorporation values than control cells. However, the differ-
ence between the incorporation from control and BSO-pre-

treated cells did not reach statistical significance, when both
types of cells were exposed to the same stressor (Table I).

Effects of various stresses on protein synthesis. Using meta-
bolic pulse-chase labeling and immunoblotting, we found pre-
viously that heat stress induced the synthesis of HSP70,
HSC73, and HSP90 (7). In the present study, we examined
how the stress response occurred in cells placed under stress by
treatment with different agents. Both control and glutathione-
depleted cells were exposed to heat at 43°C (Fig. 3 A) or
treated at 37°C with ethanol (Fig. 3 B), H,O, (Fig. 3 C), or dia-
mide (Fig. 3 D). Immediately after exposure to each stressor,
the cells were metabolically labeled with L-[*S]methionine for
60 min. Labeled proteins were separated by SDS-PAGE, and
the proteins synthesized were detected by autoradiography.
Lanes were loaded on an equal cpm basis. This method reveals
the relative rate of synthesis and not the absolute amount of
synthesis.

As shown in Fig. 3 A, exposure to heat at 43°C for 10 min
was enough to increase the synthesis of 110-, 90-, and 73-kD
proteins, and to induce a 72-kD protein. The 72-kD protein
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Figure 4. Immunoblot analy-
sis of HSPs in gastric mucosal
cells. Control cells (lanes 1-5)
and BSO-treated cells (lanes
6-10) were not treated further
(lanes I and 6); or they were
exposed to the following: heat
at 43°C for 30 min (lanes 2 and
7), 500 mM ethanol for 30 min
(lanes 3 and 8), 0.5 mM H,0,
for 30 min (lanes 4 and 9), or
0.5 mM diamide for 30 min
(lanes 5 and 10). Equal
amounts of cell proteins (30 pg

5 6 7 B8 9 10

3

—=+HSC73

BSO-treated cells

1 2 3 4 5 6 7 8 9 10 12 3 4

HSP70= ' D o i W = i

was prominently induced after exposure to heat for 30 min,
when overall protein synthesis was reduced by 15%. In glu-
tathione-depleted cells, the pattern of individual protein syn-
thesis was similar to that of control cells (Fig. 3 A, lane 4).
Heat stress did not apparently change the pattern, and none of
the proteins was induced by heat shock (lanes 5 and 6).

When cells were exposed to ethanol, the pattern of induc-
tion was different from that in heat-stressed cells. Ethanol
prominently induced a 60-kD protein and up-regulated the
syntheses of several proteins, including 90-, 78-, 72-, 50-, 38-,
35-kD proteins (Fig. 3 B, lanes 2 and 3). In contrast, pretreat-
ment of cells with BSO completely blocked the inductions of
these proteins without affecting the relative synthesis of other
non-regulated proteins (lanes 4-5).

Induction of HSPs under oxidative stress was examined by
treatment of cells with H,O, or diamide. The syntheses of a
similar group of proteins, which increased their syntheses in
response to heat or ethanol, were also up-regulated by H,0O,
(Fig. 3 C, lanes 2 and 3). Diamide reacts nonenzymatically with
sulthydryl groups to oxidize glutathione, proteins, and other
thiols to disulfides. When cells were exposed to this agent, the
pattern of protein synthesis was strikingly changed (Fig. 3 D,
lanes 2 and 3). Treatment with diamide for 30 min induced sev-
eral other proteins besides the same group of proteins induced
by heat, ethanol, or H,O,. The cells depleted of glutathione
with BSO again completely inhibited the inductions of all of
these proteins after oxidative challenges (Figs. 3, C and D,
lanes 5 and 6).

We also examined how the glutathione level affected the
inductions of these proteins after incubation for 18 h with vari-
ous concentrations of BSO. Glutathione depletion did not in-
hibit the induction of the stress-inducible proteins when its
level was not reduced to below 10% of the control value (data
not shown).

Detection of HSPs by Western blotting. The 90-, 73-, 72-, and
60-kD proteins induced by heat and the reagents were most
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10% SDS-PAGE and trans-
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Immunoblot analysis was car-
ried out with antibody against
HSP90 (A), HSC73 (B),
HSP70 (C), or HSP60 (D) as
described in Methods. Results
were confirmed in four com-
plete experiments.
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likely HSP90, HSC73, HSP70, and HSP60, respectively. The
steady-state levels and inductions of these HSPs were identi-
fied by Western blotting with polyclonal antibody against
HSP90, HSC73, HSP70, or HSP60. In this case, an equal
amount of whole-cell protein (30 ug protein) was separated by
SDS-PAGE. Fig. 4 shows that the extents of accumulation of
these HSPs varied with the type of stress. Untreated cells ex-
pressed low levels of HSP90 (Fig. 4 A, lane 1), and heat at 43°C
and the chemicals induced HSP90 similarly (Fig. 4 A, lanes 2—
5). HSC73 was also detected in control cells (Fig. 4 B, lane 1),
and its level increased after heat stress or ethanol treatment
(lanes 2 and 3). In contrast, unstressed cells had no detectable
levels of HSP70 (Fig. 4 C, lane 1) and HSP60 (Fig. 4 D, lane 1).
Heat stress strikingly induced HSP70 (Fig. 4 C, lane 2), while
ethanol and diamide mainly induced HSP60 (Fig. 4 D, lanes 3
and 5). These results were similar to those obtained by the la-
beling method (Fig. 3).

In glutathione-depleted cells, HSC73 was not detected be-
fore and even after exposure to heat to each insult (Fig. 4 B).
In addition, glutathione depletion substantially suppressed the
accumulations of HSP90, HSP70, and HSP60 (lanes 5-10 in
Figs. 4, A, C, and D), also supporting the results of labeling
studies (Fig. 3).

Detection of HSP70 mRNA. Northern blot analysis with
human HSP70 cDNA as a probe was carried out to detect the
accumulation of HSP70 mRNA after exposure to heat stress
or the chemicals (Fig. 5). Low levels of HSP70 mRNA were
sometimes detected in unstressed control cells. Each stressor
rapidly increased HSP70 mRNA levels within 5 min, and max-
ima were reached at 30 min. Pretreatment of cells with BSO
decreased the steady-state level of GAPDH mRNA, but this
level remained constant after exposure to the stresses (Fig. 5).
However, the expression of HSP70 mRNA after exposure to
heat or the chemicals was completely blocked in glutathione-
depleted cells (Fig. 5), suggesting that the inhibition of HSP70
induction might be at the transcriptional level.
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Figure 5. Accumulation of HSP70 mRNA after exposure to stresses.
Control cells and BSO-pretreated cells were exposed to heat at 43°C
(A), 250 mM ethanol (B), 0.2 mM H,0, (C), or 0.2 mM diamide (D),
for the indicated times. Total RNA was extracted as described in
Methods. Samples of 15 pg of RNA were separated in 1% agarose
gel and transferred to nylon membrane filters. The filters were hy-
bridized with the cDNA probe for human HSP70 or GAPDH as de-
scribed in Methods. Bound probes were detected by autoradiogra-
phy. Results were confirmed in four separate experiments.

Identification of HSF-HSE complex in control and BSO-
pretreated cells. Activation of HSF was examined by gel mo-
bility shift assay using a synthetic double-stranded oligonucle-
otide corresponding to the two overlapping HSEs located
between positions —107 and —83 in the human HSP70 pro-
moter (23). Gastric mucosal cells maintained at 37°C con-
tained an HSE binding activity, indicated as “ns” in Fig. 6 A,
which did not compete for excess unlabeled HSE oligonucle-
otide (Fig. 6 A, lanes /8 and 19). Exposure to heat at 43°C pro-
duced another protein-DNA complex within 5 min, which mi-
grated slowly (indicated by “h” in Fig. 6 A, lanes 2—4). This
band competed for excess unlabeled self oligonucleotide (Fig.
6 A, lanes 18 and 19), but not for non-self oligonucleotide (Fig.
6 A, lanes 20 and 27). Gel mobility shift assay demonstrates
that ethanol, H,O,, and diamide also induced this HSE-bind-
ing activity (Fig. 6 A, lanes 5-13). The relationship of the acti-
vated HSE-binding proteins was examined further in super-
shift experiments with antiserum against HSF1. The antiserum
supershifted the band (h) and produced a more slowly migrat-
ing band (indicated by an arrow) in the extracts of control cells
exposed to heat (Fig. 6 A, lane 74), 250 mM ethanol (lane 75),
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Figure 6. Detection of HSF-binding activity after heat shock. (4) Af-
ter control cells were exposed to heat stress at 43°C or treated with
250 mM ethanol, 0.2 mM H,0,, or 0.2 mM diamide, whole cell pro-
teins were extracted as described in Methods. Gel mobility shift assay
was performed with a [*?P]HSE oligonucleotide as described in Meth-
ods. Lanes /4-17 show supershift experiments with antiserum against
HSF1. Lanes 18 and 19, marked self, contained 100- and 50-fold mo-
lar excess of unlabeled HSE oligonucleotide, respectively. Lanes 20
and 2/ contained 100- and 50-fold molar excess of unlabeled AP-1
oligonucleotide, respectively. Lane 22 lacked cell proteins. (B)
Whole-cell extracts from BSO-treated cells exposed to heat at 43°C,
250 mM ethanol, 0.2 mM H,O,, or 0.2 mM diamide were subjected to
gel mobility shift assay as described in Methods. (C) Whole-cell ex-
tracts from control cells exposed to heat for 15 min were untreated
(lane 1) or treated with 50 (lane 2) or 100 pM BSO (lane 3) during
the binding reaction. Lanes 5 and 6 contained 0.5 mM and 5 mM
GSH in the binding reaction mixture, respectively. Interaction shown
by h was specific HSE-binding activity. ns, nonspecific interaction.
Results were similar in six separate experiments.

0.2 mM H,0O, (lane 76), and 0.2 mM diamide (lane /7), sug-
gesting that the increase in transcription and accumulation of
HSP70 transcripts by heat, ethanol, H,O,, and diamide were
mediated through activation of HSF1.

When whole-cell extracts from BSO-pretreated cells were
incubated with the HSE oligonucleotide, a single nonspecific
binding, indicated by “ns,” was observed (Fig. 6 B, lane 1).
Heat stress and the chemicals did not produce additional pro-
tein-HSE complex corresponding to the HSF1-HSE complex
(Fig. 6 B, lanes 2-13). This inhibition by pretreatment with
BSO was not due to the direct action of BSO, since the inhibi-
tion of HSP induction did not occur after treatment with 50
pwM BSO for shorter periods, when the glutathione level was

Glutathione and Heat Shock Proteins in Gastric Mucosal Cells 2247



control cells

cytosol nuclear extract cytosol

MW. 8TD

BSO-treated cells

Figure 7. Immunoblot analy-
sis of HSF1 in gastric mucosal
cells. Before and after expo-
sure of control and BSO-

nuclear extract treated cells to heat 43°C for

MW. STD.

@ 1 2 3 4 5 6 7 8 9 10 11
66 - Fap———

0 0 10 30 o o
heat (min)

10 30 o 0
heat (min)

not reduced to below 10% of the control level. Furthermore,
an addition of 50 or 100 pM BSO to whole-cell extract from
heat-stressed control cells did not block the HSE binding (Fig.
6 C, lanes 2 and 3). We also examined whether replacement of
GSH to whole-cells extracts from glutathione-depleted cells
could restore the HSE-binding activity. Lanes 5 and 6 in Fig. 6
C show that the supplementation of GSH did not recover the
binding activity in the whole-cell extracts from glutathione-
depleted cells exposed to heat stress for 15 min.

Detection of HSFI in gastric mucosal cells. The results from
gel mobility shift assay suggested that glutathione-depleted
cells might not contain enough HSF1 protein, otherwise, they
might impair the activation processes of HSF1 after exposure
to heat or the chemicals. Mammalian cells have at least three
HSF genes encoding HSF1, HSF2, and HSF3 (26-29). HSF1 is
the primary activator of heat shock gene transcription in re-
sponse to stress (28, 30, 31). According to the results from gel
mobility shift assay, Western blot analysis with antiserum
against HSF1 was performed to determine the steady-state
level and the distribution of HSF1 in cytosol and nuclear ex-
tracts (Fig. 7). Before heat stress, HSF1 was mainly detected in
the cytosol from control (lanes / and 2) and BSO-treated cells
(lanes 9 and 10), and the steady-state level of HSF1 was not af-
fected by pretreatment with BSO. Heat stress promoted the
translocation of HSF1 from cytosol (lanes 3 and 4) to nuclear
fractions (lanes 5 and 6) in control cells, but pretreatment with
BSO inhibited this nuclear translocation at 10 and 30 min of
heat stress (lanes 15 and 16).

Discussion

Homeostasis of cellular function is a consequence of a genetic
program that endows individual cells with the ability to re-
spond to environmental stress. A typical stress response was
observed in primary cultures of gastric mucous epithelial cells.
These cells are believed to serve a primary protective role by
providing a mucous coat in the stomach and are frequently ex-
posed to physiological and chemical stressors derived from in-
gested food. Pre-exposure of cultured gastric mucosal cells to
heat shock and induction of HSPs protect these cells from sub-
sequent injury by ethanol (7), and this response may partici-
pate in adaptive cytoprotection of gastric tissue in vivo.

HSPs were induced in cultured gastric mucosal cells not
only by heat shock but also by exposure to other metabolic in-
sults (ethanol, H,O,, and diamide). Metabolic labeling studies
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and immunoblot analyses clearly showed that heat stress at
43°C and these chemicals up-regulated the syntheses of the
stress-inducible HSP90, HSP70, HSP60, and a constitutively
expressed HSC73, although the pattern of their induction var-
ied depending on the type of stress.

The present experiments were designed to determine the
role of glutathione in mediating the initial biochemical events
leading to the transcriptional activation of HSP genes. For this
purpose, the intracellular glutathione pool was depleted with
BSO before induction of HSPs. The inductions of the proteins
by various types of stress were almost completely inhibited,
when intracellular glutathione was depleted to < 10% of the
control level. Saunders et al. also reported that CHO cells de-
pleted of glutathione did not induce HSPs (32), but they
showed, in a subsequent study, that glutathione depletion op-
positely enhanced HSP70 induction in Hep G2 cells (33). Our
observations might be limited to primary cultures of gastric
mucosal cells, but both metabolic labeling and Western blot
analyses clearly demonstrated that the stress response did not
occur in gastric mucosal cells depleted of glutathione. This in-
hibition was not due to cell damage. We carefully examined
the effects of the period of exposure to heat shock and the con-
centrations of chemicals at which the cells did not significantly
release LDH.

Northern blot analysis with the cDNA probe for human
HSP70 demonstrated that accumulation of HSP70 mRNA did
not occur in glutathione-depleted cells exposed to heat, etha-
nol, H,O,, or diamide. The heat shock response in mammalian
cells is mediated by activation of pre-existing transcription fac-
tors (HSFs) (8, 9). Recently, a family of HSFs has been identi-
fied in mammalian cells, and the complexity of transcriptional
regulation of heat shock genes has been suggested to be due to
the differential activations of distinct HSF family members
(26-29). HSF1 was identified as the mediator of stress-induced
transcription of heat shock genes (28, 30, 31). Activation of
heat shock gene transcription by HSF1 in response to stress
conditions is associated with its oligomerization, nuclear local-
ization, and acquisition of binding activity to HSE (30, 34, 35),
which consists of a contiguous array of alternately oriented
pentanucleotide 5'-nGA An-3’ units (36-38).

Gel mobility shift assay showed that not only heat shock
but also each metabolic insult activated HSF1. We further ex-
amined the mechanism by which glutathione depletion inhib-
ited the activation of HSF1. Western blot analysis with anti-
body against HSF1 showed that glutathione depletion did not



reduce the amount of HSF1 protein in the cytosol from un-
stressed cells, but it blocked the nuclear translocation of HSF1
after heat shock. Gel mobility shift assay showed that none of
the stressors activated HSF1 in glutathione-depleted cells. Al-
though glutathione-depleted cells contained similar levels of
immunoreactive HSF1 protein, multiple activation processes
besides nuclear translocation may be impaired by depletion of
glutathione, since we preferentially used whole-cell extracts to
determine the HSE-binding activity instead of nuclear ex-
tracts. The reagents or conditions that induced the heat shock
response cause oxidative stress and depletion of glutathione
reduces antioxidant defense. Replacing GSH in whole-cell ex-
tracts from BSO-pretreated and heat-stressed cells did not re-
store the HSF1 activity. We should be concerned about the
possibility that HSF1 might be irreversibly inactivated, i.e., au-
tooxidation of HSF1. Thus, intracellular glutathione plays an
important role in defense against oxidative stress not only as
an antioxidant but also as a modulator of the heat shock re-
sponse. Alternatively, Huang et al. reported that thiol reduc-
ing agents, such as DTT or 2-mercaptoethanol, inhibited the
heat-initiated activation processes of HSF, i.e., its trimeriza-
tion, phosphorylation, and nuclear translocation (39). The re-
port and our findings support, but do not prove, the concept
that a glutathione redox buffer system may participate in HSP
gene expression by functioning as an environmental sensor
and a signal transducer in the stress response.

Ethanol and H,0, induced several other proteins with dif-
ferent molecular masses from those of known HSPs, as well as
major HSPs examined. Furthermore, the thiol-oxidizing agent
diamide induced a larger number of proteins than the other
stressors did, suggesting that oxidation of intracellular thiols
may trigger the induction of certain stress-related proteins.
Glutathione depletion completely inhibited the inductions of
all of the proteins. We also found that glutathione depletion
inhibited H,0O,- or diamide-initiated activation of AP-1 and
Jun-2 in cultured gastric mucosal cells (unpublished observa-
tions). It has been reported that modulation of the redox state
and the function of a key regulatory protein(s) by glutathione
depletion abolishes the activations of transcription factors such
as AP-1, Egr-1, and NF-kB (40, 41). Several transcription fac-
tors contain redox-sensitive cysteine residues, whose oxidation
states affect DNA binding activity in vitro. These factors in-
clude AP-1 (42), NF-xB/Rel (43), Myb (44), NF1 (45), and
Egr-1 (40). An important role of GSSG in the activations of
these redox-sensitive factors has been suggested (46), but
there is no evidence for the direct interaction of glutathione re-
dox potential with any transcription factor in the redox signal
cascade. Recently, reversible oxidation of cysteine sulfhydryl
residues to sulfenic acid residues (-SOH) has been proposed to
be a biochemical mechanism of redox regulation of DNA-
binding activity (47, 48), and a highly basic environment sur-
rounding the oxidation-sensitive cysteine residues is necessary
to stabilize sulfenic acid residues (48). However, another bio-
chemical modification of reversible disulfide formation with
glutathione, a process called S-thiolation/dethiolation, may
also account for the redox regulation of the specific cysteine
residues, since the basic environment favors negatively
charged glutathione, and sulfenic acid forms disulfides with
low-molecular-weight thiols (48). This modification may pre-
serve the biological activity of the cysteine sulfhydryl residues,
which otherwise may undergo irreversible oxidation to sulfinic
and sufonic acids. We have shown that oxidative stress initiates

S-thiolation of specific proteins in various types of cells (49—
51), including cultured gastric cells (17). We have also found
that diamide initiates more profound S-thiolation of nuclear
proteins than cytosolic proteins (unpublished observation).

The present study does not completely reveal the biochem-
ical events leading to inhibition of activation of HSF1 in glu-
tathione-depleted cells. However, our results suggest that in-
tracellular glutathione in gastric mucosal cells may be involved
in early and important steps in the acquisition of an adaptive
response to irritants, and they support the concept that endog-
enous glutathione plays an important role in gastric mucosal
cytoprotection.
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