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Activation of c-Jun N-terminal kinase (JNK) signalling in experimentally
induced gastric lesions in rats
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Introduction

Summary

The c-Jun N-terminal kinase (JNK) participates in intracellular signalling
cascades that mediate inflammatory responses. Therefore, the JNK signalling
may be involved in gastric injury and inhibition of this pathway may form the
basis of a new strategy for the treatment of gastric injury. The aim of this study
was to determine whether JNK participates in the formation of gastric lesions
in an experimental model. Acute gastricinjury wasinduced in Sprague-Dawley
rats by intragastric administration of 100% ethanol. The amount of phospho-
JNK in the rat stomach was determined using immunohistochemistry and
Western analysis. Animals received subcutaneous injections of a specific JNK
inhibitor SP600125 or vehicle and the extent of mucosal damage in the stomach
was determined. Western analysis revealed early phosphorylation of JNK and,
to alesser extent, p38 as well as late phosphorylation of the p42/44 extracellular
signal-related kinases during the development of gastriclesions. JNK was phos-
phorylated in epithelial cells and in occasional mononuclear cells present at
lesion sites. These cells were rarely found in samples from control specimens.
Treatment with SP600125 significantly reduced the extent of gastric lesions.
These findings indicate that experimental gastric injury is associated with acti-
vation of the JNK signalling pathway, and also suggest that JNK inhibitors may
play a role in the treatment of gastric injury in humans.
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Although the functions of many of the MAPKs have
been determined using specific inhibitors, no specific JNK

Mitogen-activated protein kinases (MAPKs) are part of
intracellular signalling cascades that transduce signals from
diverse extracellular stimuli to initiate inflammatory cellular
responses [1,2]. Several subgroups have been identified
within the MAPK family, including the p42/44 extracellular
signal-related kinases (ERKs), p38 MAPKs, and c-Jun N-
terminal kinases (JNKs). Of these, JNK has been implicated
as an important regulator of the coordinated release of
cytokines by immunocompetent cells and of the response of
neutrophils to inflammatory stimuli [3,4]. Many different
stiumuli can activate JNK, including lipopolysaccharide and
other bacterial products, cytokines such as tumour necrosis
factor (TNF)-o and interleukin (IL)-1, growth factors, and
stresses such as heat shock, hypoxia, and ischemia/reperfu-
sion. In addition, JNK activates the expression of a variety of
genes involved in inflammation, such as those encoding
TNF-o, IL-1, and IL-6 [5-10].

inhibitor has been available until very recently. Recently,
SP600125 has been identified as a specific inhibitor of JNK
[11]. The in vivo effects of SP600125 on the inhibition of
cytokine synthesis and protection against tissue injury have
been evaluated in several animal models of inflammation
including adjuvant-induced arthritis [12] and pulmonary
inflammation [13]. Accordingly, pharmacological inhibition
of JNK has been proposed as a potential therapeutic strategy
for the treatment of gastric injury.

Ethanol penetrates deeply into the gastric mucosa because
of its high lipid solubility and causes microvascular damage,
resulting in ulcerative lesions [14,15]. This injury is charac-
terized by a group of highly varied and complex cellular and
biochemical events in which cytokines and growth factors
play an important role in modulating inflammation [16-20].
A study by Pai et al. [21] demonstrated that ERK, a member
of the MAPK family, promotes the repair of ethanol-induced
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gastric lesions in rats. However, to the best of our knowledge,
nothing is known about the role of JNK in the setting of gas-
tric injury.

The aims of the present study were to determine the level
of expression of activated JNK in ethanol-induced gastric
lesions, and to use SP600125 to examine whether JNK block-
ade can suppress this injury.

Materials and methods

JNK inhibitor

SP600125 (anthra[1,9-cd]pyrazol-6(2H)-one) is a reversible
ATP-competitive inhibitor of JNK synthesized by the
Department of Chemistry at the Signal Research Division of
Celgene (San Diego, CA, USA). Its chemical and biochemical
properties have been reported elsewhere [11,12].

Induction of gastric injury

Seven-week-old female Sprague-Dawley rats weighting
180-200 g (SLC Co., Ltd, Shizuoka, Japan) were used for this
study. Gastric injury was induced by intragastric administra-
tion of 2 ml of 100% (v/v) ethanol [14,20]. The studies were
approved by the Animal Research Committee of Kurume
University.

Temporal assessment of experimental gastric injury

Rats were killed before or 1, 6, 12 or 24 h or 4 or 7 days after,
the induction of gastric injury. The stomach and proximal
duodenum were removed, opened along the greater curva-
ture, rinsed with ice-cold saline, and photographed in a stan-
dardized fashion as described below. Regions of the stomach
with macroscopic evidence of damage were excised and pro-
cessed for Western blotting and immunohistochemistry as
outlined below.

Evaluation of gastric lesions

A semiquantitative scale (0, normal mucosa; 1, 1-4 small
petechia; 2,5 or more petechia or haemorrhagic streaks up
to 4 mm in length; 3, erosions longer than 5 mm or conflu-
ent haemorrhages) was used to assess the extent of gastric
mucosal lesions [22].

Western analysis

Stomach tissue was obtained from rats was frozen immedi-
ately in liquid nitrogen and stored at —80 °C. Thereafter, the
tissue was homogenized in 2—4 ml of lysis buffer containing
50 mM Tris-HCl (pH 8:0), 0:5% NP-40, 1 mM EDTA,
150 mM NaCl, 10% glycerol, 1 mM sodium vanadate,
50 mM sodium fluoride, 10 mM sodium pyrophosphate,
1 mM phenylmethylsulphonyl fluoride and a protease

JNK and experimental gastric injury

inhibitor cocktail (Sigma Chemical Co, St. Louis, MO, USA).
Extracts were cleared by pelleting cellular debris at 20 630 g
at 4 °C for 15 min, and then diluted with lysis buffer to
an approximate protein concentration of 2 mg/ml. Total
tissue extracts were resolved by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE), and pro-
teins were detected by Western blotting using antiphospho-
JNK (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
antiphospho-p38 (Cell Signalling Technology, Beverly, MA,
USA), antiphospho-ERK (Santa Cruz Biotechnology), anti-
JNK (Cell Signalling Technology), antip38 (Cell Signalling
Technology), and anti-ERK (Cell Signalling Technology)
antibodies.

Immunohistochemistry

Immunohistochemistry was performed using paraffin-
embedded rat stomach sections. A rabbit polyclonal anti-
body against phospho-JNK (Santa Cruz Biotechnology) was
used as the primary antibody. Horseradish peroxidase
staining was achieved using an avidin-biotin complex kit
(Vectastain; Vector Laboratories, Burlingame, CA, USA).
Each slide was stained with diaminobenzidine tetrahydro-
chloride substrate and counterstained with haematoxylin.

Effect of in vivo administration of SP600125

SP600125 (30 mg/kg) or vehicle (40% polyethylene glycol,
PEG 400, in PBS) was injected subcutaneously. The dosing
regimen used was based on previous in vivo studies [12].
The treatment was administered 2 h before ethanol expo-
sure and repeated 12 h later. Rats were killed 24 h after the
induction of injury. Thereafter, gastric mucosal damage was
assessed by stomach weight and the lesion scale described
above.

Statistical analysis

Values are expressed as the mean = SEM. Student’s #-test was
used to compare the differences between the means of two
groups. A value of P<0-05 was considered statistically
significant.

Results

Time course of gastric damage

The topical application of 100% ethanol resulted in severe
tissue damage as assessed by stomach weight and lesion
index (Fig. 1). The stomach weight peaked at 1 h and grad-
ually declined thereafter. The lesion index increased at 1h
and remained elevated 24 h after ethanol exposure. Figure 2
shows the temporal changes in the microscopic appearance
of rat gastric mucosa exposed to ethanol. Disruption or exfo-
liation of epithelial cells with inflammatory infiltrates and

© 2005 British Society for Immunology, Clinical and Experimental Immunology, 143: 24-29 25



K. Mitsuyama et al.

Stomach Weight (mg)
- N nN
[ o (o]
o o o
o o o

1000 : : : : : '

Ulcer Index
N
;

0 1 1 1 1 1
0 1h 6h 12h 24h 4d 7d

Time after gastric injury

Fig. 1. Time course for changes in gastric tissue damage. Gastric injury
was induced by intragastric administration of 100% ethanol and tissue
damage was assessed by stomach weight and lesion morphology (range
from 0, normal to 3, maximal activity) at the indicated time-points.
Each point represents the mean + SEM for 4-8 animals. P < 0-05 versus
control.

submucosal oedema was observed at 1 h and 24 h but the
damage had completely recovered at 4 days.

Time course of MAPK expression

During the course of ethanol-induced gastric injury, the
expression of MAPKSs at the lesion sites was monitored. As
shown in Fig. 3, all 3 MAPKSs were activated but the profiles

Fig. 2. 0. Histological manifestations of gastric
lesions (a) before and (b) 1 h, (c) 24 h and

(d) 4 days after exposure to 100% ethanol
(haematoxylin and eosin).

of activation were quite different. The phospho-JNK expres-
sion increased rapidly and peaked at 1-12 h, then gradually
returning to control levels of phosphorylation. This profile
paralleled the extent of mucosal damage as assessed by stom-
ach weight and lesion index. Similarly, p38 was phosphory-
lated but the level of phosphorylation was modest and of
short duration. In contrast to the JNK and p38 MAPK pro-
file, ERK was phosphorylated with a peak at 4 days, which
correspond to the time when mucosal damage began to
recover. It is therefore likely that, of the 3 MAPKs, JNK plays
a central role in the development of this injury.

JNK localization

To identify the cells expressing phospho-JNK in the rat gas-
tric mucosa, immunohistochemical staining was performed.
As shown in Fig. 4, epithelial cells at the lesion sites stained
positive for phospho-JNK in an ethanol-exposed animal
killed 24 h after the induction of injury. Some phospho-JNK
immunoreactivity was also detected in mononuclear cells.
Phospho-JNK immunoreactivity was very rare in control
animals.

Treatment with SP600125

Because an association between the extent of these lesions
and JNK activation was observed, we examined whether JNK
signalling is involved in the development of gastric injury by
using a specific JNK inhibitor. Treatment with SP600125 ini-
tiated 2 h before the induction of injury significantly inhib-
ited the appearance of gastic lesions when compared to the
vehicle-treated group (Fig.5). Representative photographs
of ethanol-induced gastric lesions after SP600125 treatment
are shown in Fig. 6. Gastric damage was mild in the
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Fig. 3. Time course-changes in the extent of MAPKs phosphorylation
during ethanol-induced gastric injury in rats. Gastric injury was
induced by intragastric administration of 100% ethanol. Expression of
phospho-ERK, ERK, phospho-p38, p38, phospho-JNK, and JNK in tis-
sue homogenates was determined by Western blotting. A representative
Western blot of three separate experiments is shown.

SP600125-treated stomach (Fig.6b) compared with the
vehicle-treated stomach (Fig. 6a). Severe mucosal and sub-
mucosal inflammation with evidence of erosive injury was
observed in the vehicle-treated stomach (Fig. 6¢), whereas

Fig. 4. Localization of phospho-JNK immunoreactivity in stomach sec-

tions of rats (a) before and (b) 24 h after intragastric administration of
100% ethanol. Staining of epithelial cells and occasional mononuclear
cells for phospho-JNK is demonstrated. Control slides incubated with
control IgG or saline showed no immunoreactivity, and staining was
greatly reduced after preincubation of the primary antibody with
recombinant phospho-JNK (not shown).

JNK and experimental gastric injury

the extent of injury was markedly attenuated by SP600125
(Fig. 6d).

Discussion

Based on the importance of cytokines in gastric injury, JNK
is likely to act as a key regulator of tissue damage via effects
on AP-1 [1,2]. However, previous studies of JNK function in
vitro and in vivo have been limited by the lack of availability
of a specific inhibitor. A recently developed specific JNK
inhibitor, SP600125 [11,12], provided us with a more precise
way to investigate the role of JNK in the development of gas-
tric injury.

We first examined the local expression of phospho-JNK
during the evolution of ethanol-induced gastric injury. We
found that ethanol activates all 3 MAPK pathways and that
the profile of activation is characterized by a rapid and high
level of activation of JNK, a rapid but modest activation of
P38, and a late activation of ERK. Therefore, of the three
MAPKSs, JNK appears to be a key regulator in the develop-
ment of gastric lesion formation.

Although transient and not as dramatic, p38 MAPKs acti-
vation also increased with lesion progression. However,
the in vivo effect of p38 inhibitors against gastric damage is
controversial. Takahashi etal. [23] reported a beneficial
effect of a p38 kinase-selective inhibitor FR167653 in Heli-
cobactor pylori-induced gastritis in Mongolian gerbils. In
contrast, Kobayashi et al. [24] have shown an impairment of
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Fig. 5. Effects of SP600125 on tissue damage in ethanol-induced gastric
injury in rats. Rats received SP600125 (30 mg/kg) or vehicle by subcu-
taneous injection 2 h before and 12 h after exposure to ethanol, and the
severity of injury was evaluated by stomach weight and lesion morphol-
ogy (range from 0, normal to 3, maximal activity) 24 h following the
induction of injury. Bars represent mean values = SEM for 9 rats per
group.
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Fig. 6. Photographs showing the
macroscopic (a,b) and micro-
scopic (c,d) appearance of etha-
nol-induced gastric injury after
treatment with vehicle (a,c) or
SP600125 (b,d). Rats received
SP600125 (30 mg/kg) or vehicle
by subcutaneous injection 2 h

before and 12 h after induction of
gastric injury. The stomach was
opened along the greater curva-
ture 24 h after the induction of
injury. Note that severe mucosal
and submucosal inflammation
with erosive injury was less severe
in the SP600125-treated rat (hae-
matoxylin and eosin). Original
magnification x100.

ulcer healing and angiogenesis by FR167653 in acetic acid-
induced gastric ulceration in rats. The exact role of p38
MAPKSs in gastric injury needs further investigation.

In contrast to these two MAPKs that are activated with
lesion progression, the activation of ERK occurred during
the healing process. These data are consistent with extensive
work performed by Pai et al. [21] who examined the ERK
activation profile in the same model. They also demon-
strated an impairment of mucosal healing in animals treated
with the ERK inhibitor Tyrphostin A46. Taken together, it
seems likely that ERK signalling induces mucosal repair
rather than mucosal destruction in this gastric lesion model.

With respect to the cellular source of JNK in our model,
phospho-JNK was detected mainly in epithelial cells at lesion
sites. Indeed, gastric epithelial cells have been shown to pro-
duce and release cytokines and chemokines in response to
various stimuli [25-28]. Thus, cytokines secreted by epithe-
lial cells may influence immunocompetent cells in a manner
that contributes to development of gastric injury. Mononu-
clear leucocytes are unlikely to contribute significantly to
phospho-JNK expression because of the relatively small
number of mononuclear cells that stained positive.

Given the high degree of activation of JNK signalling fol-
lowing the induction of experimental injury, investigating the
role of JNK in the initiation of injury was the next step. In vivo
inhibition studies using a specific JNK inhibitor demon-
strated a decrease in gastric damage in animals treated with
SP600125, suggesting a key role for JNK signalling in the
lesion progression. However, the finding that SP600125 treat-
ment led to a reduction in the gastric damage, but did not
completely abolish it, can be explained by the presence of
other signal transduction pathways involved in inflammatory

and immune reactions, such as NF-kB [29] and Janus kinases
(JAK)/signal transducer and activator of transcription
(STAT) [30], as well as p38 MAPKSs. These pathways warrant
further investigation. To date, there have been several reports
on the effectiveness of SP600125 in the treatment of inflam-
matory disorders [12,13]. However, to the best of our knowl-
edge, our study is the first to demonstrate the up-regulation
of JNK in the setting of gastric mucosal injury, and to dem-
onstrate that SP600125 ameliorates mucosal damage.

In conclusion, our study demonstrated that experimental
gastric injury is associated with activation of the JNK signal-
ling pathway, and also suggest that JNK inhibitors may play
a role in the treatment of gastric injury in humans.
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