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The gastric mucosa is frequently exposed to various
types of irritants (such as alcohol, acid, oxidative
irritants, drugs, and bacteria), resulting in gastric mu­

cosal cell death through both necrosis and apoptosis (1-4).
Cell death under such conditions can cause gastropathy,
which is manifested in the form of conditions such as gastric
ulcer. Therefore, methods that make gastric mucosal cells
resistant to gastric irritants are important for establishing
clinical protocols to overcome gastritis caused by gastric

Adaptive cytoprotectlon Is the process by which the pretreat­
ment of cells with low concentrations of a noxious agent pre­
vents the damage caused by a sUbsequent exposure of those
cells to higher concentrations of that same agent. In this study,
a human gastric carcinoma cell line was used to examine the
molecular mechanism of adaptive cytoprotectlon Induced by
ethanol. Pretreatment of cells with 1%-4% ethanol made cells
resistant to a subsequent exposure to 8% ethanol. This adap­
tive cytoprotectlon was accompanied by an In.crease In prosta­
glandin E2 synthesis and was partially Inhibited by Inhibitors of
cyclooxygenase-2, but not by an Inhibitor of cyclooxygenase-1.
Furthermore, the adaptive cytoprotectlon was not dependent on
newly synthesized proteins and was Inhibited by a protein ty­
rosine kinase Inhibitor. Based on these results, It Is proposed
that the stimulation of cyclooxygenase-2-dependent prosta­
glandin E2 synthesis, which Is regulated post-translatlonally by
protein tyrosine phosphorylation, plays an Important role In
adaptive cytoprotectlon Induced by ethanol In gastric cells. Exp
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irritants. From this point of view, the phenomenon called
adaptive cytoprotection has been paid much attention.

Cyclooxygenase (COX) is a rate-limiting enzyme for
prostaglandin (PO) synthesis. COX exists in two subtypes,
COX-l and COX-2. In the gastric mucosa, COX-l is con­
stitutively expressed in normal tissues, whereas COX-2 is
induced under pathogenic conditions, such as inflammation
(5). However, a low but significant expression of COX-2 in
normal gastric mucosa was recently reported (6). It has also
been reported that both COX-l and COX-2 mRNA are ex­
pressed in the human gastric carcinoma cell line AGS (7).
The COX-2 gene is known to be induced by various stimuli
at a transcriptional level (8, 9). Recently, the post­
translational regulation of COX-2 by tyrosine phosphoryla­
tion in cerebral endothelial cells was reported (10).

Adaptive cytoprotection refers to a phenomenon in
which the gastric mucosa develops enhanced resistance to a
gastric irritant by preadministration of low doses of the
irritant (mild irritant) in vivo (II). As for the mechanism of
adaptive cytoprotection in vivo, the stimulation of PO syn­
thesis, especially POE2, was initially thought to be able to
fully account for the phenomenon. PGs, especially PGE2,

have cytoprotective effects on gastric mucosa as a conse­
quence of various physiological mechanisms that include
increased epithelial mucus, bicarbonate secretion, and inhi­
bition of apoptosis (12-14). Some mild irritants stimulate
PO synthesis (11, 15). Indomethacin, an inhibitor of both
COX-I and COX-2, abolishes adaptive cytoprotection (11,
15, 16). Furthermore, it was recently reported that adaptive
cytoprotection is inhibited in knockout mice for one of the
PO receptors, EPI (17). Together, these results support the
concept that PGs playa major role in adaptive cytoprotec­
tion in vivo. However, this theory has been challenged by a
number of investigators who showed that protective doses
of a mild irritant did not always stimulate PO synthesis or
that some adaptive cytoprotection was not completely in­
hibited by indomethacin (18, 19). Furthermore, other factors
have been suggested to be involved in adaptive cytoprotec­
tion, such as nitric oxide, heat shock proteins, Ca2

+ , neuro­
nal pathways, salivary agents, and blood flow (20-23).
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Therefore, the molecular mechanism governing adaptive
cytoprotection in vivo remains to be fully elucidated.

Adaptive cytoprotection of gastric mucosal cells is also
observed in vitro; pretreatment of cultured gastric mucosal
cells with low concentrations of an irritant (mild irritant)
induces a cell phenotype that is resistant to subsequent ex­
posure of the cells to high concentrations of the irritant
(24-27). Adaptive cytoprotection in vivo and in vitro are not
closely related to each other because the in vitro form is
simplified and does not involve neural input, mucosal blood
flow, salivary factors, or the immune system. Only a few
papers have described the characterization of adaptive cy­
toprotection in vitro. In these previous reports, the stimula­
tion of PG synthesis by mild irritants was suggested to be
not involved in adaptive cytoprotection in vitro, but rather
mucin release and Ca2

+ influx were proposed to be key
factors in this process (24-27).

In this study, we used AGS cells to systematically ex­
amine adaptive cytoprotection induced by ethanol, which is
the most typical external gastric irritant. This cell line has
been shown to be morphologically and functionally consis­
tent with normal gastric mucosal cells (24, 28, 29). Our data
suggest that stimulation of PG synthesis by low concentra­
tions of ethanol is partly involved in adaptive cytoprotection
in this model. Furthermore, using inhibitors of protein ty­
rosine kinase, protein synthesis, and COX, we suggest that
the post-translational regulation of COX-2 by protein tyro­
sine phosphorylation is partly involved in this adaptive
cytoprotection.

Materials and Methods
Chemicals and Media. Fetal bovine serum was

from Gibco (Grand Island, NY). Ham's Fl2 medium was
from Nissui (Tokyo, Japan). Indomethacin, aspirin, and NS-

398 were from Wako Co. (Tokyo, Japan). Ibuprofen, di­
clofenac, cycloheximide, actinomycin-D, genistein, and
3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bro­
mide (MIT) were from Sigma Co. (Tokyo, Japan). The
enzyme immunoassay (EIA) kit for PGE2 and SC-560 were
from Cayman Chemical Co. (Ann Arbor, MI).

Assay of Cell Injury by Ethanol. AGS cells were
cultured in Ham's Fl2 medium containing 10% fetal bovine
serum, as described previously (24, 28, 29). AGS cells (2 x
105 cells per well in a 24-well plate) were cultured for 24 hr
and used for experiments. Cell viability was determined by
the MIT method as previously described (4, 30).

Determination of PGE2 in Culture Media. De­
termination of PGE2 levels in culture media was done by
EIA as previously described (31). Briefly, samples were
loaded on microtiter plates coated with goat polyclonal anti­
mouse IgG and incubated with PGE2 acetylcholinesterase
tracer and PGE2 monoclonal antibody at 4°C for 18 hr.
After washing, Ellman's reagent was added and the medium
incubated for I hr at room temperature. The activity of
acetylcholinesterase trapped in each well was monitored on
a microtiter plate reader at a wavelength of 412 nm.

Statistical Analysis. All values are expressed as
the mean ± SEM. One-way analysis of variance (ANOVA)
of variance followed by Scheffe multiple comparison was
used for evaluation of differences between the groups in
Table I and Figures 4, 5, and 6. Two-way ANOVA of
variance followed by Student's t test was used for evalua­
tion of results in Figure 3.

Results
Dose- and Incubation Period-Dependent Adap­

tive Cytoprotection Induced by Ethanol. We first
measured the sensitivity of AGS cells to ethanol. Treatment

Table I. Effect of Nonsteroidal Anti-Inflammatory Drugs on the Adaptive Cytoprotection Induced by Ethanol

NSAID
in preincubation

Aspirin (10 mM)
Diclofenac (100 IJM)
Ibuprofen (100 IJM)
Indomethacin (200 IJM)
SC-560 (100 IJM)
NS-398 (100IJM)
Aspirin (10 mM)
Diclofenac (100 IJM)
Ibuprofen (100 IJM)
Indomethacin (200 IJM)
SC-560 (100 IJM)
NS·398 (100 IJM)

Specificity for COX·1
[COX-2]/[COX-1]

1.5
0.34
6.7
3.3

290
0.045
1.5
0.34
6.7
3.3

290
0.045

Preincubation
(3% EtOH)

+
+
+
+
+
+
+
+
+
+
+
+
+

Incubation
(8% EtOH)

+
+
+
+
+
+
+
+

Relative
viability (%)

100.0 ± 2.3
3.6 ± 1.1

60.6 ± 2.4
24.3 ± 2.18

28.6 ± 1.78

29.9 ± 1.58

27.6 ±2.58

59.8 ± 1.8
31.3±1.1 8

97.9 ± 0.9
100.0 + 1.8
97.4 + 2.0

103.6 + 1.4
104.1 + 2.8
106.2 + 0.8

AGS cells were preincubated with for 1 hr with or without each nonsteroidal anti-inflammatory drug (NSAID) as indicated, then with or without
3% ethanol (EtOH) for 1 hr, and finally incubed with or without 8% EtOH for 1 hr. Cell viability was determined by the MTT method. Values
are expressed as mean ± SEM.
s P < 0.001. Specificity for COX-1 (expressed as the ratio of ICsc (median inhibitory concentration) for [COX-2j/[COX·1j of each COX inhibitor
was from previous papers (41-43).
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Figure 2. Adaptive cytoprotection in AGScells induced by ethanol.
AGS cells were pretreated with indicated concentrations of ethanol
for indicated periods. Cells were further treated with 8% ethanol for
1 hr. Cell viability was determined by the MTTmethod. Values are
expressed as mean ± SEM (n =3).

of cells with 8% ethanol for 1 hr decreased the cell viability
to less than 10% (Fig. 1). AGS cells were pretreated with
low concentrations (0.5%-4%) of ethanol for 0.5-5 hr and
subsequently treated with 8% ethanol for 1 hr (Fig. 2). The
pretreatment alone did not affect cell viability (data not
shown), suggesting that these low concentrations of ethanol
serve only as a "mild irritant" for AGS cells. As shown in
Figure 2, the pretreatment of cells with 1%-4% ethanol for
0.5-5 hr clearly attenuated the cell death caused by subse­
quent treatment of cells with 8% ethanol for 1 hr. We con­
sidered these findings to be indicative of adaptive cytopro­
tection and will refer to this process as such in the subse­
quent sections of this paper. The adaptive cytoprotection
measured here was dependent on both the concentrations of
ethanol used and the duration of the pretreatment (Fig. 2),
with the most apparent adaptive cytoprotection observed
when the pretreatment was performed with 3% ethanol for
2 hr (Fig. 2). We used this 3% ethanol concentration as the
pretreatment concentration in the following experiments.

Involvement of PG and COX-2 in the Adaptive
Cytoprotection Induced by Ethanol. The level of
PGEz in the culture medium was measured by EIA (Fig. 3)
and was found to significantly increase within 30 min of
treatment of cells with 3% ethanol (ANOVA, F = 112,
P = 0.000177). This high level ofPGE2 in the medium was
still present 5 hr later, suggesting that PG synthesis was
stimulated by the ethanol treatment.

As shown in Figure 4B, the adaptive cytoprotection
caused by the short-term (l-hr) ethanol pretreatment was
partially attenuated by indomethacin (200 I-LM) (ANOVA,
F = 8.55, P = 0.0175). This concentration of indomethacin
also partially inhibited the stimulation of PG synthesis
caused by the short-term ethanol pretreatment (ANOVA,
F = 9.20, P = 0.0149) (Fig. 4A). We have no clear ex­
planation as to why indomethacin could not completely in­
hibit the PG synthesis but were unable to evaluate the effect

o-t-~--r----'--,-""'---,--"",----!;!!....-"""

02468
EtOH concentration (%)

Figure 1. Celldeath induced byexposure of AGS cellsto ethanol for
1 hr.AGScellsweretreated with indicated concentrations of ethanol
(EtOH) for 1 hr. Cell viability was determined by the MTI method.
Values are expressed as mean ± SEM (n = 3).
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Figure 3. Stimulation of PG synthesis by treatment of AGS cells
with3% ethanol. AGScellsweretreated withor withoui3% ethanol
(EtOH) for indicated periods. The amount of PGE2 in the culture
medium was determined by EIA. Values are expressed as mean ±
SEM (n = 3). "'P< 0.001.

of higher concentrations of indomethacin on PG synthesis
due to its cytotoxicity (data not shown). The inhibition by
indomethacin was not so apparent for the adaptive cytopro­
tection brought about by the long-term (2-5 hr) ethanol
pretreatment (data not shown).

Next, we used various COX inhibitors, including those
specific for COX-lor COX-2, for examining their effects
on the adaptive cytoprotection. As shown in Table I, non­
specific COX inhibitors (aspirin, diclofenac, and ibuprofen)
partially attenuated the adaptive cytoprotection induced by
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Figure 4. Effect of indomethacin on the adaptive cytoprotection in­
duced by ethanol (EtOH). AGS cells were initially treated with or
without indicated concentrations of indomethacin for 1 hr, then with
or without 3% EtOH for 1 hr, and finally with or without 8% EtOH for
1 hr. The amount of PGE2 in the culture medium was determined by
EIA (A). Cell viability was determined by the MIT method (B). Val­
ues are expressed as mean ± SEM (n =3)."p < 0.05.
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Figure 5. Effect of nonsteroidal anti-inflammatory drugs (NSAIDs)
on PG synthesis induced by ethanol (EtOH). AGS cells were initially
treated for 1 hr with or without each NSAID as indicated. then with or
without 3% EtOH for 1 hr. The amount of PGE2 in the culture medium
was determined by EIA. Values are expressed as mean ± SEM (n =
3). ·P<0.05, ··P<0.01.

Involvement of Post-Translational Regulation
of COX·2 by Tyrosine Phosphorylation in the Adap­
tive Cytoprotection Induced by Ethanol. We used
the quantitative reverse transcription polymerase chain re­
action method to measure COX-2 mRNA levels under vari­
ous experimental conditions. The level of COX-2 mRNA
was not increased by the pretreatment of cells with 3%
ethanol (data not shown). We further examined the effect of
an inhibitor of transcription (actinomycin-D) or translation
(cycloheximide) on the adaptive cytoprotection induced by
ethanol. Neither actinomycin-D nor cycloheximide inhib­
ited the adaptive cytoprotection (data not shown).

We used genistein (an inhibitor of protein tyrosine ki­
nase) at concentrations of 50 and 100 f.LM in accordance
with previous reports of its use (10, 32). As shown in Figure
6A, pretreatment of cells with 100 f.LM genistein partially
attenuated the stimulation of PG synthesis caused by the
ethanol pretreatment (ANOVA, F = 16.9, P :=; 0.00342).
We also examined the effect of this inhibitor on the adaptive
cytoprotection. As shown in Figure 6B, the pretreatment of
cells with 50 or 100 f.LM of genistein partially attenuated the
adaptive cytoprotection caused by the ethanol pretreatment
(ANOVA, F = 147, P = 7.99 x 10-6

) . Genistein alone
at these concentrations did not affect the viability of con­
trol cells (i.e., in the absence of the 8% ethanol treatment)
(Fig.6B).

Discussion

In this study, we examined the molecular mechanism of
the adaptive cytoprotection induced in vitro by exposure of
AGS cells to ethanol. The adaptive cytoprotection induced
by the pretreatment of cells with low concentrations of etha­
nol was accompanied by the stimulation of PG synthesis
and was partially inhibited by inhibitors of COX-2, suggest-
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ethanol to a similar extent as did indomethacin (ANOVA,
F :=; 113, P :=; 4.7 x 10- 11

) . The suppression of adaptive
cytoprotection was observed with a COX inhibitor specific
for COX-2 (NS-398), but not with an inhibitor specific for
COX-I (SC-560). None of the COX inhibitors showed cy­
totoxicity at the concentrations used (Table I).

We also examined the effects of COX inhibitors on the
stimulation of PG synthesis caused by low concentrations of
ethanol. As shown in Figure 5, most of the COX inhibitors
used (except SC-560) were able to partially inhibit the
stimulation of PG synthesis caused by low concentrations of
ethanol (ANOVA, F :=; 9.29, P :=; 0.000321) in a manner
consistent with the results reported in Table I. The fact that
SC-560 was the only inhibitor that did not affect PG syn­
thesis in the presence of low concentrations of ethanol sug­
gests that COX-2 but not COX-l is primarily responsible
for PG synthesis under the conditions examined. These re­
sults suggest that COX-2 is responsible for the adaptive
cytoprotection.
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Figure 6. Effect of an inhibitor of tyrosine kinase on both PG syn­
thesis and adaptive cytoprotection induced by ethanol (EtOH). AGS
cells were initially treated with or without indicated,concentrations of
genistein for 1 hr, then with or without 3% EtOH for 1 hr, and finally
with or without 8% EtOH for 1 hr. The amount of PGE2 in the culture
medium was determined by EIA (A). Cell viability was determined by
the MIT method (B). Values are expressed as mean ± SEM (n =3).
··P< 0.01, ···P< 0.001.

been published concerning adaptive cytoprotection in gas­
tric mucosal cells in vitro. None of these reports supported
the idea that stimulation of PG synthesis is involved in this
phenomenon. Mutoh et at. (25) used primary cultures of rat
gastric mucosal cells to demonstrate the induction of adap­
tive cytoprotection by ethanol. They showed that the pre­
treatment of cells with low concentrations of ethanol de­
creased PG synthesis (25), a finding that is not consistent
with our data (Fig. 3). This discrepancy may be due to the
difference in cell type (primary culture and cell line). They
pointed out the importance of mucin release in the adaptive
cytoprotection by showing that changing the culture me­
dium after the pretreatment diminished this phenomenon
(25). Although AGS cells produce mucin (36), changing the
culture medium after pretreatment with low concentrations
of ethanol did not affect the extent to which adaptive cyto­
protection was manifested in our model (data not shown).
Kokoska et at. (24) reported adaptive cytoprotection in­
duced by deoxycholate using AGS cells. They suggested
that this effect was not mediated by the stimulation of PG
synthesis by showing that the stimulation of PG synthesis
required much higher concentrations of deoxycholate than
did the adaptive cytoprotection. According to our data, the
stimulation of PG synthesis was observed simultaneously
with the adaptive cytoprotection phenomenon (Figs. 2 and
3). This discrepancy may be due to the difference in irritant
used. It was reported that the mechanism of adaptive cyto­
protection in vivo differs depending on the irritant involved
(37). Differences in the optimal preincubation time for the
adaptive cytoprotection (10-20 min for deoxycholate (24)
and 2 hr for ethanol (Fig. 2) suggest that the mechanism of
the adaptive cytoprotection is different between ethanol and
deoxycholate. Kokoska et at. (27) suggested that Ca2+ in­
flux is a key factor for the adaptive cytoprotection against
deoxycholate; however, we found that the-adaptive cytopro­
tection induced by ethanol was not inhibited by the Ca2+

chelator EGTA (data not shown), suggesting that Ca2
+ is not

a key factor in this mechanism.
Recently, much attention has been paid to the relation­

ship between COX-2 and cancer. This is because overex­
pression of COX-2 has been reported in many types of
cancer cells, and epidemiological studies have shown that
prolonged use of aspirin or other COX inhibitors reduces
the risk of cancer (38, 39). It is considered that elevated
levels of PGs in vivo stimulate the growth of cancer, inhibit
apoptosis in cancer cells, and stimulate angiogenesis around
cancer cells, resulting in progression of the cancer (40).
Because it is believed that COX-2 is regulated only at the
level of transcription, much attention has been paid to the
regulation of COX-2. transcription in cancer cells. Cancer
cells appear to be challenged by various stressors, If these
stressors affect cancer cells in a similar manner t~ that in
which ethanol affects AGS cells, then thesestressors may
activate PG synthesis via a post-translational mechanism.
From this point of view, to study the relationship between
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ing that a COX-2-dependent stimulation of PG synthesis is
partially involved in adaptive cytoprotection in this model.
As for the mechanism of the activation of COX-2, because
the adaptive cytoprotection caused by the ethanol pretreat­
ment was inhibited by an inhibitor of protein tyrosine ki­
nase, but not of transcription or translation, we consider that
the post-translational regulation of COX-2 by tyrosine phos­
phorylation is partially involved in the adaptive cytoprotec­
tion. COX-2 itself is one candidate as a target protein for
tyrosine phosphorylation, because it has been suggested that
COX-2 is phosphorylated by tyrosine kinase (10), in addi­
tion to which some tyrosine residues located close to the
active site of COX were shown to be important for the
maintenance of COX activity (33-35). However, because
there are a number of proteins whose activities are regulated
by tyrosine kinase, the target protein of tyrosine phosphor­
ylation in the adaptive cytoprotection process is unknown at
present.

As described in the introduction, several papers have
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cancer and COX-2, much attention should be paid to the
post-translational regulation of COX-2.

In summary, we have observed here the presence of
adaptive cytoprotection induced by ethanol in AGS cells
and suggest that stimulation of PG synthesis by low con­
centrations of ethanol is partly, involved in this process.
Furthermore, we suggest that the post-translational regula­
tion of COX-2 by protein tyrosine phosphorylation is partly
involved in the mechanism of adaptive cytoprotection.
However, because inhibition of neither COX nor protein
tyrosine kinase is able to completely block ethanol-induced
adaptive cytoprotection, other factors might be involved in
the process. As described in the introduction, adaptive cy­
toprotection in vivo is not closely related to that in vitro.
Therefore, at present, it is unclear whether observations in
this study can be used to explain adaptive cytoprotection in
vivo. Furthermore, although AGS cells are morphologically
and functionally consistent with normal gastric mucosal
cells, they are cells from a cancer cell line. Constitutive
high-level expression of the COX-2 gene in AGS cells may
be related to the fact that these cells are from a cancer cell
line. Therefore, similar experiments to this study should be
repeated on normal gastric mucosal cells (such as primary
cultures of these cells) before it is concluded that the mecha­
nism of adaptive cytoprotection proposed in this study is
involved in adaptive cytoprotection in normal gastric mu­
cosal cells.
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