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Abstract

Westudied cellular processes activated by prostaglandins
(PG) that are involved in the protection of gastric chief cell
injury estimated in terms of dye exclusion test, release of lac-
tate dehydrogenase (LDH), or 5"Cr from prelabeled chief cells.
Pretreatment of chief cells with 3 X 10-6 MPGE2or PGE, at
37°C and pH 7.4 for 15 min maximally reduced not only eth-
anol- but also taurocholic acid-caused LDHrelease from chief
cells. PGs equipotently stimulated increases in the accumula-
tion of diacylglycerol and cyclic AMPwithout elevating intra-
cellular Ca2+ concentrations in gastric chief cells. The rank
order of the potency was equal to that of PGs to reduce the
injury. Pretreatment of chief cells with synthetic 1-oleoyl-2-
acetyl-sn-glycerol (OAG) or 12-o-tetradecanoyl phorbol 13-ac-
etate (TPA) reduced the injury of chief cells, while 4a-phorbol
12,13-didecanoate, an inactive phorbol ester, failed to reduce
the injury and 1-(5-isouinolinylsulfonyl)-2-methylpiperazine
(H7) blocked the protective action of PGE2. On the other
hand, forskolin and dbcAMP had no effect on ethanol-caused
LDHrelease and diacylglycerol formation in chief cells. These
results suggest that PGE2and PGE, possess the direct protec-
tive action against ethanol- or taurocholic acid-caused injury in
chief cells, presumably through the activation of the diacyl-
glycerol/protein kinase C signaling pathway. (J. Clin. Invest.
1990. 86:1897-1903.) Key words: prostaglandin - lactate dehy-
drogenase

Introduction

Prostaglandins (PG)' have been shown to possess a variety of
actions, such as the stimulation of mucous and bicarbonate
secretion, mucosal blood flow, and ion transport and the inhi-
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1. Abbreviations used in this paper: [Ca2+]i, intracellular free Ca2+
concentration; CCh, carbachol; CCK8, COOH-terminal octapeptide
of cholecystokinin; dbcAMP, dibutyryl cyclic AMP; DG, 1,2-sn-diac-
ylglycerol; 16,16dmPGE2, 16,16 dimethyl prostaglandin E2; fura-2/
AM, fura-2 acetoxymethyl; H7, 1-(5-isoquinolinylsulfonyl)-2-methyl-
piperazine; IBMX, isobutyl- I -methylxanthine; LDH, lactate dehydro-
genase; OAG, 1-oleoyl-2-acetyl-sn-glycerol; PDBu, phorbol
12,1 3-dibutyrate; 4aPDD, 4a-phorbol 12,1 3-didecanoate; PG, prosta-
glandin; TPA, 1 2-o-tetradecanoylphorbol 13-acetate.

bition of gastric acid secretion in the stomach (1-3). Some of
the effects may contribute to reduce injury to the gastric mu-
cosa caused by various noxious agents luminally applied in
humans and experimental animals (4-6). This PG action,
which seems to be independent of their inhibitory action on
gastric acid secretion, is referred to as cytoprotection (7). How-
ever, in addition to the mechanisms proposed, recently avail-
able evidence has suggested that PGs may also preserve the
viability of not only gastric glands but also a homogeneous
population of gastric cells exposed to noxious agents in vitro
(8-10). Because PGs can directly interact with and protect
gastric cells in the absence of mucus, blood flow, or bicarbon-
ate, it is reasonable to speculate that PGs exert their protective
effects presumably through activating intracellular processes.
However, so far pretreatment of mucous-producing cells with
dbcAMP has been shown not to reduce taurocholic acid-in-
duced injury of the cells (9).

Accordingly, to clarify the mechanism by which PGs pro-
tect gastric cells against noxious agents-induced injury, we
evaluated the effects of PGs on ethanol- or taurocholic acid-
caused injury of isolated chief cells prepared from guinea pig
stomach. Weexamined whether PGs stimulate not only cyclic
AMPaccumulation but also any other intracellular signals in
gastric chief cells and clarified what cellular events activated by
PGs are related to their protective effects on chief cell injury.

Methods

Materials. 45CaC12, 5'Cr, [3H]arachidonic acid, and cAMPassay kit
were obtained from Amersham Corp. (Arlington Heights, IL). [3H]-
Glycerol was obtained from ICN K&KLaboratories Inc. (Plainview,
NY). 16,16-Dimethyl prostaglandin E2 (16,16dmPGE2) was donated
from Upjohn Co. (Kalamazoo, MI). Other PGs were donated from
Ono Pharmaceutical Co. Ltd. (Japan). Collagenase (type 1), trypsin
inhibitor (type Is), I-oleoyl-2-acetyl-sn-glycerol (OAG), forskolin, se-
cretin, dibutyryl cAMP(dbcAMP), fura-2 acetoxymethyl (fura-2/AM),
bovine hemoglobin, 12-O-tetradecanoylphorbol 13-acetate (TPA),
Ca2+ ionophore A23 187, 1-(5-isoquinolinylsulfonyl)-2-methyl pipera-
zine (H7), 4a-phorbol 12,13-didecanoate (4aPDD), porcine pepsino-
gen, isobutyl- I -methylxanthine (IBMX), and taurocholic acid (sodium
salt) were purchased from Sigma Chemical Co. (St. Louis, MO).
COOH:terminal octapeptide of cholecystokinin (CCK8) was donated
from Squib Institute Inc. (Princeton, NJ). Percoll was obtained from
Pharmacia Fine Chemicals (Piscataway, NJ). Protein assay dye reagent
concentrate was obtained from Bio-Rad Laboratories (Richmond,
CA). All other materials used were of the highest grade available.

Preparation of isolated guinea pig gastric chief cells. The isolated
guinea pig gastric chief cells were prepared as described previously (1 1,
12). The fundus and corpus of the stomach removed from a male
guinea pig (Hartley strain, 250-300 g) were minced and digested for 30
min at 37°C in a incubation medium containing 0. 1%collagenase. The
gastric chief cell-enriched fraction was obtained after centrifugation of
the unfractionated gastric cells dispersed in Percoll solution at 30,000 g
for 15 min. For experiments, the chief cells were suspended and incu-
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bated at 37°C in an oxygenated incubation medium constituting of
128 mMNaCl, 1.1 mMMgCl2-6H20, 4.7 mMKCI, 1.28 mM
CaCl2 * 2H20, 1 mMNa2 HPO4, 0.5% BSA, 10 mMHepes, 2%MEM
amino acid (50 times concentrated), 0. 1%glucose and 0.01% soybean
trypsin inhibitor, at pH 7.4 (HR buffer).

LDHdetermination. Isolated chief cells were pretreated for 15 min
at 37°C in HRbuffer containing either PG, other agents or 0.025%
ethanol as a solvent unless otherwise indicated. Chief cells were then
incubated in HR buffer containing indicated volume of ethanol or
taurocholic acid at 37°C for 1 h. The LDH released into the superna-
tant was determined by using a spectrophotometric LDHassay kit of
Nihon Syoji using pyruvate as the substrate. LDH release during the
incubation was expressed as a percentage of total LDHcontent present
in the chief cells before the incubation.

Dye exclusion test. Gastric chief cells were pretreated with PGsand
incubated with a noxious agent as described above. The washed chief
cells were then suspended in I ml of PBSand thereafter 0.1 ml trypan
blue solution (0.4 g/dl) was added directly to the cell suspension ac-
cording to the method of Phillips (13). The number of stained or
nonstained cells was counted within 10 min.

5'Cr release assay. Isolated chief cells were incubated in HRbuffer
containing 10 ,Ci/ml of 51Cr for 2 h. The labeled cells were pretreated
with PGsand incubated with ethanol for 1 h. Thereafter, 5'Cr radioac-
tivity of the cells and of the supernatant was counted with a gamma
counter. The percentage of 5'Cr released per sample was expressed by
the method previously reported (14).

Pepsinogen measurement. Chief cells were incubated at 37°C for
30 min in the presence of test agents. Thereafter pepsinogen released
into the medium was measured by the method of Anson and Mirsky
using acid-denatured hemoglobin as previously described (15). Pep-
sinogen release was expressed as a percentage of total pepsinogen con-
tent present in the chief cells before the incubation. Pepsinogen con-
tent in chief cells was measured by the method above using porcine
pepsinogen (3,800 peptic units/mg) as a standard.

Measurement of intracellular free Ca2" concentration ([Ca2+]j).
[Ca2+]i of isolated chief cells was measured by the method utilizing the
Ca2"-selective fluorescence indicator fura-2 essentially as described
previously (I 1).

Measurement of initial Ca2" influx rate. Initial Ca2+ influx rate into
chief cells was measured according to the methods of Mauger et al. as
described previously (16). The cells were incubated in the presence of
45CaC12 (2 ACi/ml) with test agents for 30, 90, 150, and 210 s at 37°C.
The 45Ca2+ associated with the cells was increased lineally within the
range of these time points (data not shown). The initial Ca2+ influx rate
was calculated by using a slope of the linear regression line of Ca2+
uptake.

Measurement of 5Ca2" efflux from chief cells. Chief cells were
prelabeled with 45Ca2+ (2 MCi/ml) by incubation in HRbuffer at pH 7.4
for 1 h. Thereafter, the cells were incubated with test agents for indi-
cated periods, centrifuged, and counted for the radioactivity ( 17).

Measurement of cyclic AMPaccumulation. Chief cells suspended
in HRbuffer at pH 7.4 were incubated with PGs in the presence of 0.1
mMIBMX at 37°C. Intracellular cAMPwas extracted by sonicating
and boiling the chief cells in 0.02 N HCI containing 5 mMEDTAas
described previously (18). Cyclic AMPextracted was measured by a
radioimmunoassay procedure.

Assay of 1,2-sn-diacylglycerol (DG) formation. Gastric chief cells
were incubated with either [3H]arachidonic acid (2 MCi/ml) in BSA-
free HRbuffer or [3H]glycerol (155,Ci/ml) in usual HRbuffer at 37°C
for 2 h. The cells were then washed, PGs or other agents were added
into the cell suspensions, and the incubation was continued for the
desired time interval. The reaction was stopped by the addition of 1.88
ml cold chloroform/methanol (2:1, vol/vol) followed by the addition
of 0.62 ml chloroform and the same volume of distilled water. To
separate [3H]DG by thin layer chromatography, dried lipids (dissolved
in chloroform/methanol, 90:10) and authentic standards were spotted
on silica gel plates activated at 1 10°C for 60 min and developed in the
solvent system of hexane/diethylether/acetic acid (70:30:10) twice. Ra-

dioactive spots were identified by phosphomolybdic acid staining, and
the radioactivity in each area was determined by liquid scintillation
counting (19, 20).

Statistical analysis. All values are given mean±SE. The Student's t
test was used for statistical evaluation. Comparisons involving more
than two groups were performed by an analysis of variance. With these
analysis, an associated probability (P value) of < 5% was considered
statistically significant. All experiments were performed at least four
times in triplicate unless otherwise indicated.

Results

Weexamined the effects of varying concentrations of PGE2on
ethanol-caused injury of chief cells. The incubation of chief
cells with 8%ethanol for 1 h caused LDHrelease to 20.3±0.3%
of total content as compared with 3.6±0.2% of total content in
the absence of ethanol. However, PGE2pretreatment lessened
the LDH release in a dose-dependent manner with the maxi-
mal reduction to 15.1±0.6% at 3 X 10-6 M. A half-maximal
dose (ED50) of the inhibitory effect of PGE2 on LDH release
was 1.8 X lo-' M. PGE2 pretreatment for 15 min also dose-
dependently reduced 5 mMtaurocholic acid-caused LDH re-
lease from 21.9±0.7% to 15.9±0.6% with an ED50 of 1.6
X lo0- M. When the chief cell viability was estimated by the
percentage of trypan blue-stained cells, PGE2 similarly re-
duced their percentage from 56.5±0.2% to 36.0±0.3% with an
ED50 of 3.2 X l0-7 M. A similar dose response curve was also
observed when the viability was estimated by 51Cr release (Fig.
1). Therefore, we evaluated chief cell viability by measuring
the release of LDH in the following experiments.

The protective effect of PGE2against ethanol-caused injury
was reduced when chief cells were pretreated at either acid or
alkaline pH or at reduced temperature. PGE2 maximally pre-
served chief cell viability when the cells were pretreated at
37°C and pH 7.4 (Table I). These results suggest that PGE2
protects chief cells from ethanol injury only at physiological
conditions.

As compared with PGE2, other PGs such as 16,16dm-
PGE2, and PGE, also significantly reduced ethanol-caused
LDHrelease to 14.8±0.7% and 15.8±0.8%, respectively. PGA2
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Figure 1. Effect of PGE2pretreatment on ethanol-caused LDH re-
lease, 5'Cr release, and inability of chief cells to exclude trypan blue.
Isolated chief cells were incubated with indicated concentrations of
PGE2at 37°C for 15 min and thereafter incubated with 8%ethanol
for 1 h. Chief cell injury caused by ethanol was estimated in terms of
LDH release (o), 5'Cr release (-), and dye exclusion test (A) as de-
scribed in Methods. Chief cell samples were prepared in triplicate in
each experiment and results shown are mean±SE of four separate ex-

periments. Values indicated (*P < 0.05, **P < 0.01) are significantly
different from a respective control.
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Table I. Effects of PGE2Pretreatment at Different pH
or Temperature on Ethanol-caused LDHRelease

Temperature 4°C 160C 37°C

PGE2pretreatment
(-) 22.9±0.9 22.2±0.7 20.5±0.6
(+) 22.4±1.0 19.0±0.8 15.1±0.7

Reduction of LDH
release (%) 6.6±2.3 14.2±2.0 26.5±1.7

pH 6.0 6.8 7.4 7.8 8.2

PGE2pretreatment
(-) 22.0±0.9 20.9±0.8 20.2±0.6 2 1.3±0.7 22.7±0.7
(+) 19.2±1.0 15.9±0.8 14.9±0.5 17.8±0.6 20.1±0.7

Reduction of LDH
release (%) 12.6±1.8 23.5±1.4 26.4±1.6 16.6±1.3 11.4±1.7

Chief cells were pretreated with 3 X 106 MPGE2either at the indicated tem-
perature at pH 7.4 or at the indicated pH at 37°C for 15 min. Chief cells were
subsequently incubated with 8%ethanol for 1 h at 37'C and pH 7.4. Thereaf-
ter LDH released into the medium was measured. Chief cell samples were pre-
pared in triplicate in each experiment and results shown are mean±SE of four
separate experiments.
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reduced LDH release to 19.4±0.6%, but the reduction was not
statistically significant. PGB2and PGF2a had no effect on eth-
anol-caused LDH release.

PGE2 not only reduced ethanol-caused LDH release but
also stimulated pepsinogen secretion dose dependently. The
maximal pepsinogen response observed at 10-5 M was
4.3±0.4% total corresponding to 0.85±0.08 lsg pepsinogen
with the calculated ED"o of 2.4 X 10-' M(Fig. 2 A). The effects
of PGE2at varying concentrations of up to 10-5 Mon pepsin-
ogen secretion and ethanol-caused chief cell injury showed a
similar proportional concentration dependency. Therefore, we
examined what cellular processes are involved in PG-induced
biological actions in chief cells. 16,16dmPGE2, PGE2, and
PGE, stimulated a dose-dependent increase in cAMP accu-
mulation with the maximal response at 10-6 Mand ED50 Of
1.0 X l0-7, 1.1 X l0-7 and 1.2 X l0-7 M, respectively. PGA2
had only a weak stimulatory effect and PGB2and PGF2a had
no effect on cAMPaccumulation (Fig. 2 B). Wefurther exam-
ined whether pretreatment of chief cells with dbcAMP or for-
skolin reduces ethanol-caused LDH release from chief cells.
However, ethanol-caused increase in LDH release was not re-
duced by the pretreatment with 10-5 M forskolin or 10-4 M
dbcAMP at all (data not shown).

By contrast with the effects of PGs on cAMP, 3 X 10-6 M
PGE2 caused no significant change in [Ca2+], of chief cells
(data not shown). Furthermore, 3 X 10-6 MPGE2 did not
affect a basal rate of initial Ca2+ influx of 0.7±0.3 nmol/min
per mgof chief cell protein. On the other hand, CCK8or CCh
stimulated an increase in initial Ca2+ influx rate to 4.8±0.5 or
6.6±0.4 nmol/min per mgprotein.

Wenext examined the possibility that PGs stimulate an
increase in DGaccumulation, thereby exerting their protective
effects on chief cells. Incubation of chief cells with 3 X 10-6 M
PGE2 for 15 s to 30 min resulted in a biphasic increase in DG
accumulation in chief cells. DGresponse to PGE2 reached to
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Figure 2. Effect of PGs on pepsinogen release and cAMPaccumula-
tion. (A) Chief cells were incubated with indicated concentrations of
PGE2at 37'C for 30 min, and thereafter pepsinogen released into
the medium was measured. Chief cell samples were prepared in trip-
licate in each experiment and results shown are mean±SE of four
separate experiments. Chief cells in each sample (5.4±1.7 X 105 cells)
contain 19.7±2.1 lAg of pepsinogen before the incubation. (B) Chief
cells were incubated with indicated concentrations of (-)
16,16dmPGE2, (o) PGE2, (A) PGEI, (A) PGA2, (o) PGB2, and (m)
PGF2a at 37'C for 30 min. Cyclic AMPextracted from chief cells
was measured by radioimmunoassay. Chief cell samples were pre-
pared in triplicate in each experiment and results shown are mean
values of four separate experiments. Each SE less than 8%of mean
values was omitted for clarification. Values indicated (*P < 0.05, **P
< 0.01) are significantly different from a control value.

100

80
60
40
20

0

100

80
60
40
20

0

0 5 10 15 20 30
TIME (min)

Figure 3. Effect of PGE2on [3H]WD formation. Chief cells prela-
beled with [3H]glycerol (o) or [3H]arachidonic acid (-) were incu-
bated with 3 X 106 MPGE2at 37'C for indicated time periods.
Thereafter the reaction was stopped as described in Methods. DO
generated was collected in an organic phase, resolved, and separated
by TLC. Values were expressed as percent increase over the basal
value (mean values, 1,658±121 dpm, [3H]arachidonic acid;
1,884±144 dpm, [3H]glycerol). Samples were prepared in triplicate
in each experiment and results shown are mean±SE of four separate
experiments.
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Figure 4. Effect of varying doses of PGs, dbcAMP, and forskolin on
[3H] DGformation. Chief cells were prelabeled with [3H]glycerol and
thereafter incubated with indicated agents at 37°C for 3 min. (A) Ef-
fects of varying doses of PGE2on DGgeneration. (B) Effects of 3
X 10-6 MPGs, 10-4 MdbcAMP, and Io-5 Mforskolin. Chief cell
samples were prepared in triplicate in each experiment, and results
shown are mean±SE of four separate experiments. Values indicated
(*P < 0.05, **P < 0.01) are significantly different from control.

the first peak value at 3 min with 80±4% increase above a basal
level in [3H]glycerol-labeled chief cells. PGE2 further stimu-
lated an increase in DGaccumulation with the second peak at
20 min. DGaccumulation was consistently sustained above a
base level for at least 30 min. A biphasic increase in DGaccu-
mulation in a similar time course was also observed in re-
sponse to 3 X 10-6 M PGE2 in chief cells prelabeled with
[3HJarachidonic acid (Fig. 3).

This increase in DGaccumulation at 3 min was dependent
on either doses of PGE2or PGs used. The maximal increase in
DGin response to PGE2was observed at 3 X 10-6 Mwith an
ED50 of 1.0 X l0-7 M (Fig. 4). 16,16dmPGE2 or PGE1 at 3
X 10-6 Malmost equally stimulated an increase in DGaccu-
mulation, but PGA2, PGB2, or PGF2a at 3 X 10-6 Mdid not
significantly stimulate the increase in DGaccumulation. Fur-
thermore, l0-4 MdbcAMPor 10-' Mforskolin had no stimu-
latory effect on DGaccumulation (Fig. 4).

Therefore, we investigated the role of DG/protein kinase C
signaling pathway for the protection of chief cells from ethanol

injury by PGs. Pretreatment of chief cells for 15 min with
varying doses of OAG, a synthetic diacylglycerol, which has
been shown to activate protein kinase C directly (21), reduced
ethanol-caused LDHrelease from chief cells in a dose-depen-
dent manner (Fig. 5 A). TPA or PDBu, when added instead of
OAGinto pretreatment medium also reduced ethanol-caused
LDH release dose dependently. By contrast, 4aPDD, an inac-
tive phorbol ester (22), did not cause any reduction of eth-
anol-caused LDH release (Fig. 5 B). TPA or PDBu only at a
high dose of 50 nMalso failed to reduce ethanol-caused LDH
release. When chief cells were pretreated with PGE2 in the
presence of H7, a protein kinase C inhibitor (23), H7 reversed
the reduction of ethanol-caused LDH release by PGE2 (Fig.
5 C).

When chief cells were pretreated with varying doses of
OAGplus l0-4 MdbcAMP, dbcAMP did not affect the pro-
tective action of OAGor the chief cell injury at all (Fig. 6 A).
On the other hand, simultaneous pretreatment of chief cells
with OAGplus l0-7 MCa2+ ionophore A23187 significantly
reversed the reduction of ethanol-caused LDHrelease by OAG
(Fig. 6 B). Even if chief cells were pretreated with varying doses
of OAGplus 3 X 10-6 MPGE2, additive effects on the reduc-
tion of LDH release were not observed (Fig. 6 C). Pretreat-
ment of chief cells with l0-7 MCCK8, another pepsinogen
releasing agonist which has been shown to stimulate poly-
phosphoinositides breakdown in chief cells (17), also maxi-
mally reduced LDHrelease from a control value of 20.3±0.3%
to 18.2±0.5%, but the reduction was approximately one-third
of that obtained with l0-4 MOAGor 3 X 10-6 MPGE2.

Because Ca2+ ionophore blocked the protective effect of
OAGon chief cell injury, we considered the possibility that
OAGexerts the protective effect by increasing Ca2' efflux
from chief cells. 2.5 X 10-' MOAGor 3 X 10-6 MPGE2
significantly stimulated Ca2' efflux from chief cells prelabeled
with 45Ca2+ at 5-15 min of incubation. On the other hand,
l0-4 MdbcAMP did not affect Ca2+ efflux from chief cells at
all (Fig. 7).

Discussion

In the present study by using isolated gastric chief cells, we
confirmed previous reports which suggest that PGs directly

0310 30 50 100
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0 1 3 10 30 50 0 10 910 810 710 610 5

PHORBOL(nM) PGE2 (M)

Figure 5. Effects of agents which may affect protein
kinase C activity on ethanol-caused LDH release
from chief cells. Isolated chief cells were pretreated
with varying concentrations of (A) OAG(o), (B)
phorbols ([o] PDBu, [-] TPA, [A] 4aPDD) or (C)
PGE2 in the presence (e) or absence (o) of 5 x 10-5
MH7 at 37°C for 15 min and subsequently incu-
bated with 8%ethanol. Thereafter, LDH released
into the medium was measured. Chief cell samples
were prepared in triplicate in each experiment and
results shown are mean±SE of four separate experi-
ments. In A and B, values indicated (*P < 0.05, **P
< 0.01) are significantly different from a control
value obtained without OAGor phorbols. In C,
values indicated (**P < 0.01) are significantly differ-
ent from those without H7 at respective PGE2con-
centrations.
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Figure 6. Combined effects of OAGwith either
dbcAMP, A23 187, or PGE2on ethanol-caused LDH
release. Chief cells were pretreated with varying con-
centrations of OAG(o) plus either (A) l-4 M
dbcAMP (-), (B) l0-7 MA23187 (e), or (C) 3 x 10-6
MPGE2 (e) at 37°C for 15 min. The cells were sub-
sequently incubated with 8% ethanol for 1 h. Chief
cell samples were prepared in triplicate in each exper-
iment and results shown are mean±SE of four sepa-
rate experiments. In B, values indicated (*P < 0.05,
**P < 0.01) are significantly different from respective
control values obtained without A23 187.

protect gastric cells from injury caused by noxious agents. Fur-
thermore, we extended the previous studies in vitro and pro-
vided new data on the possible mechanism by which PGs
protect chief cells directly. In the present study, PGE2 dose
dependently reduced ethanol-caused increases in percentage of
trypan blue-stained chief cells and release of cytoplasmic en-
zyme LDHand 5'Cr from prelabeled chief cells. The methods
we used to evaluate the degree of chief cell injury quantita-
tively limit the estimation of cellular viability and function.
However, previous studies have also suggested by using a
scanning electron microscopy that the measurement of leaked
LDH is a sensitive and accurate index of ethanol-caused injury
to the gastric chief cell plasma membranes and PGE2pretreat-
ment preserves the structural integrity of not only plasma
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Figure 7. Effects of PGE2, OAGor dbcAMPon 45Ca2+ efflux from
chief cells prelabeled with 45Ca2 Chief cells prelabeled with 45Ca2+
were incubated with 3 x 10-6 MPGE2 (A), 2.5 x I0-' MOAG(-),
or l0-4 MdbcAMP (.) for the indicated periods. (o) Control values.
Triplicate chief cell samples were then centrifuged and the radioac-
tivity associated with the cells was counted. The 45Ca2+ effilux was ex-

pressed as the percent radioactivity of the cells before the incubation.
Results shown are mean±SE of four separate experiments. Values in-
dicated (*P < 0.05, **P < 0.01 ) are significantly different from con-
trol values at respective time points.

membranes but also subcellular organelles in most chief cells
exposed to ethanol (8, 24). Therefore, present results suggest
that our methods utilized detected chief cell injury and PGE2,
at least in part, effectively protected ethanol- or taurocholic
acid-caused injury of chief cells.

Weshowed in the present study that the maximal protec-
tive effect was observed when chief cells were pretreated with 3
X 10-6 MPGE2 at 37°C and pH 7.4, but the protection was
reduced when the pretreatment was carried out at 4°C. These
results suggest that PGs may activate intracellular biochemical
events thereby causing the protection of chief cells. Several
lines of evidence suggest that PGs exert their protective effects
on chief cells presumably through the activation of diacylglyc-
erol/protein kinase C signaling pathway.

First, PGE2stimulated an increase in the accumulation of
diacylglycerol in gastric chief cells prelabeled with [3H]arachi-
donic acid or [3H]glycerol in a dose-dependent manner. The
ED50 of PGE2to cause the protection of chief cells is very close
to the ED50 of PGE2 to generate diacylglycerol. Furthermore,
the rank order of potency of various PGs to generate diacyl-
glycerol in chief cells is parallel with that of various PGs in
reducing ethanol-caused injury. It is well known that diacyl-
glycerol-activated protein kinase C plays a crucial role for a
variety of biological actions in a number of cell types (25).

Second, not only OAGbut also TPA, a phorbol ester which
has been shown to activate protein kinase C apparently by
substituting for diacylglycerol (21, 22), effectively reduced
chief cell injury in a dose-dependent manner. On the other
hand, 4aPDD, an inactive phorbol ester which does not bind
to or activate protein kinase C (22), did not show any protec-
tive effect on ethanol-caused injury. Furthermore, H7 reduced
the protective action of PGE2, suggesting that protein kinase C
may be involved in the action of PGE2. Although at present we
do not know yet why TPA at a very high dose failed to protect
chief cell injury, TPA itself at high doses may be cytotoxic.

Third, although PGs stimulated an increase in cAMPac-
cumulation in gastric chief cells, cAMP-dependent signaling
pathway does not appear to be involved in PGs protection of
chief cell injury. Whenchief cells were pretreated with forsko-
lin at 1 0' Mwhich has been shown to stimulate an increase in
the accumulation of cAMP in chief cells (16), it failed to re-
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duce the extent of chief cell injury caused by ethanol.
DbcAMPat 0.1 mMalso did not show any protective effect on
chief cell injury.

Fourth, PGsdid not stimulate any increase in cytosolic free
Ca2+ concentrations and initial Ca2+ influx rate in gastric chief
cells. On the other hand, either PGE2or OAGstimulates Ca2+
efflux at 5-15 min of incubation. Moreover, Ca2+ ionophore,
when added into preincubation medium in the presence of
OAG, partially inhibited the protective effect of OAGon eth-
anol-caused chief cell injury. Therefore, an increase in [Ca2+],
in chief cells may negatively affect the protective action of
OAGagainst chief cell injury and OAG-induced chief cell
protection may be due to its effect on Ca2' efflux. However,
further works are clearly required to clarify whether PGE2- or
OAG-induced increase in Ca2+ efflux is really involved in the
protection of chief cells exposed to noxious agents. Of interest
is the observation that although CCK8 causes polyphospho-
inositide breakdown thereby producing inositol phosphate and
diacylglycerol in gastric chief cells (16), CCK8at a maximally
effective concentration for pepsinogen secretion does not pro-
tect chief cells from ethanol-caused injury to the extent which
PGs do. An increase in [Ca2+], stimulated by CCK8may also
negatively affect the endogenously generated diacylglycerol-
provoked protection.

In general, diacylglycerol has been shown to be derived
from the polyphosphoinositide breakdown which is consid-
ered to be stimulated by phospholipase C activation by extra-
cellular signals (26). However, in the present study, we were
not able to observe any increase in [Ca2+]J in chief cells. We
have previously shown that Ca2+ mobilization can be observed
in gastric chief cells when polyphosphoinositide breakdown is
occurred by the stimulation of cholecystokinin (16). There-
fore, PGs seem not to stimulate polyphosphoinositide break-
down to generate diacylglycerol in chief cells, although we can
not completely exclude the possibility that diacylglycerol is
generated in part from hydrolysis of inositol containing phos-
pholipids (27). At present, we can not account for how PGs
stimulate an increase in the accumulation of diacylglycerols in
chief cells, but these data may be consistent with the observa-
tions that in some cells not all of the stimulated diacylglycerol
can be derived from the hydrolysis of polyphosphoinositide
(20, 28). The mechanism by which PGs stimulate an increase
in DGaccumulation in chief cells is currently under investiga-
tion.

One note of caution that we must consider in interpreting
our findings is that the cell preparations used for the present
study consisted of 95% chief cells in our best preparation. Ac-
cordingly, it is possible that the observed changes in diacyl-
glycerol accumulation occurred in non-chief cells contaminat-
ing our preparations. However, the correlation between alter-
ations in these parameters and PG-induced change in
pepsinogen secretion suggests that the events are closely
linked, probably within chief cells. Confirmation of this link-
age requires additional studies in chief cells or other cell prepa-
rations of greater purity.

In conclusions, besides various effects of PGs in vivo, PGE2
and PGE, seem to possess the direct protective action against
ethanol- or taurocholic acid-caused injury in guinea pig chief
cells, presumably through the activation of diacylglycerol/pro-
tein kinase C signaling pathway.
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