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Introduction

The gastric mucosal changes associated with portal
hypertension are termed “portal hypertensive
gastropathy (PHG)”.1–3 PHG is a common feature of
cirrhosis and its prevalence parallels the severity of liver
dysfunction.4,5 The prevalence of mild PHG is approxi-
mately 20% to 90%.5–10 Previous studies have demon-
strated that the portal hypertensive gastric mucosa has
characteristic morphological and functional abnormali-
ties.11,12 In addition, clinical and experimental data indi-
cate that the portal hypertensive gastric mucosa has
increased susceptibility to mucosal injury by noxious
agents such as alcohol, bile acid, and nonsteroidal anti-
inflammatory drugs (NSAIDs) compared with normal
gastric mucosa.13–17 This increased susceptibility to
mucosal damage is thought to be due to the impairment
of mucosal defense mechanisms. Ultrastructural abnor-
malities of portal hypertensive gastric mucosal
microvessels, and submucosal blood flow shunting, pro-
ducing mucosal surface hypoxia, have been implicated
in the increased susceptibility of portal hypertensive
mucosa to damage.17–19 This impairment of mucosal de-
fense mechanisms results in the reduced synthesis of
prostaglandin E2, and in various ionic transport abnor-
malities, such as increased back-diffusion of hydrogen
ions and reduced electronegativity of potential differ-
ence, in portal hypertensive gastric mucosa.11,15,16

Further, other possible factors, such as excessive nitric
oxide (NO) production and increased generation of
oxygen free radicals and lipid peroxidation in the portal
hypertensive gastric mucosa, have also been implicated
in its increased susceptibility to injury.20–22 Also,
Kawanaka et al.23 have reported the impaired signaling
of mitogen-activated protein kinase (ERK2), which
protects cells against cellular stress and induces cell pro-
liferation, in gastric mucosa of portal hypertensive rats.

Heat shock proteins (HSPs), highly conserved and
ubiquitous proteins synthesized by a variety of stresses,

Background. Portal hypertensive gastropathy (PHG) is
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72-kDa heat shock protein (HSP72) has a crucial
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we investigated the expression and cytoprotective effect
of HSP72 on gastric mucosa in portal hypertensive rats.
Methods. PHG was produced by bile duct ligation
(BDL) or carbon tetrachloride administration in male
Sprague-Dawley rats. The expression of HSP72 in the
gastric mucosa was evaluated by Western blotting.
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control rats. Also, mucosal protective abilities against
hydrochloric acid (HCl; 0.6 N) following pretreatment
with water-immersion stress to induce HSP72 were
studied in both groups. Results. Portal venous pressure
was significantly higher in cirrhotic rats compared with
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with respect to cytoprotection; the induction of HSP72
may provide therapeutic strategies for protection
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including elevated temperature, exposure to toxins, or
heavy metals, have been shown by many studies to be
important for cell survival under stress conditions.24–26

HSPs are classified into four families, HSP90, HSP70,
HSP60, and the small HSP families, based on their
molecular weight. One of the most comprehensively
studied members of the HSP superfamily of proteins is
the inducible form of HSP70, commonly referred to as
HSP72.27–29 Animals with elevated levels of HSP72 have
been shown to be protected against ischemia-induced
cerebral and myocardial infarctions, sepsis, and liver
injury.30–33 In gastric mucosa also, HSP72 has a crucial
cytoprotective function mediated by its function as a
“molecular chaperone”.34–36 We have shown that water-
immersion stress induces HSP72 in gastric mucosa, and
that the induction of HSP72 prevents HCl-induced gas-
tric mucosal lesions in normotensive gastric mucosa.37

However, the cytoprotective effect of HSP72 in portal
hypertensive gastric mucosa has not yet been studied.
Because PHG is a frequent, serious complication in
patients with liver cirrhosis, we consider that this theme
has to be investigated. In this study, we investigated the
expression and cytoprotective effect of HSP72 in portal
hypertensive gastric mucosa in cirrhotic rats.

Materials and methods

Animals

Male Sprague-Dawley rats (220–250g) were fed a stan-
dard laboratory diet and water ad libitum, and kept
in cages in a temperature (22 � 2°C)- and humidity
(55 � 5%)-controlled room with a 12-h dark-light cycle
before and the during experiment. This study was ap-
proved by the Akita University Animal Care Commit-
tee. Two experimental models of portal hypertension
were used: one caused by bile duct ligation (BDL) and
the other caused by carbon tetrachloride (CCl4)-
induced cirrhosis (CCl4 model). In the BDL model, the
surgical procedure was performed while rats were
under pentobarbital anesthesia, as previously de-
scribed.38 Briefly, the bile duct was exposed after
median laparotomy, and a 3-0 silk was used to ligate it in
two places; then the bile duct was cut between both
ligations. In sham-operated rats, the bile duct was ex-
posed but not ligated. In the CCl4 model, rats (150g)
were injected intraperitoneally with CCl4 (diluted 1 :1
with olive oil; Wako Chemical, Osaka, Japan) twice
each week for 8 weeks. CCl4 was administered at in-
creasing dosages, of 0.5ml/kg during the first week and
1.0ml/kg from the second week until the eighth week.
One week after the cessation of CCl4 injections, CCl4-
treated rats were killed.

For the time course of liver cirrhosis, studies were
performed at 1, 2, 4, and 7 weeks after the BDL or sham

procedure, and four to six animals were used each week,
as indicated in “Results.” All animals later than 4 weeks
after the BDL procedure had macroscopic evidence of
liver cirrhosis at the time of the study, which was con-
firmed histologically. At weeks 1, 2, 4, and 7, the body,
liver, and spleen weights of the rats were measured.
For portal venous pressure measurements, intraluminal
polyethylene (PE-50) tubing was inserted via a large
pericolonic mesenteric tributary vein and gently ad-
vanced into the portal vein. The pressure was measured
from the level of the vena cava to the tip of a column of
saline within the tubing.39 For light-microscopic study,
part of the stomach tissue was fixed in 10% buffered
formalin, embedded in paraffin wax, and stained with
hematoxylin and eosin.

Immunohistochemistry

Part of the gastric mucosa of each rat was used
for immunohistochemical analysis. Tissue fixation and
immunoperoxidase staining were performed as de-
scribed previously, with slight modification.40 Briefly,
tissue pieces were fixed with 10% formalin, and the
tissue sections were sliced (5µm) with a cryostat. After
the blocking of endogenous peroxidase with 0.3% H2O2

in methanol, the tissue sections were incubated with
anti-proton pump antibody or anti-HSP72 antibody
(STRESSGEN, Victoria, BC, Canada), diluted 1 :1000
in 10% normal pig serum, overnight at 4°C. Then sec-
tions were incubated with biotinylated anti-rabbit IgG
(DakoCytomation, Kyoto, Japan), diluted 1 :500, for
30min at room temperature. The site of peroxidase ac-
tivity was visualized with 0.02% 3,3-diaminobenzidine
tetrahydrochloride, containing 0.0015% H2O2.

Parietal cell counts

The number of parietal cells was counted in a square-
millimeter area under a light microscope in 400 high-
power fields. Cells were counted in ten such random
fields.

Measurement of gastric acid secretion

Gastric juice was collected using a pylorus-ligation
method.41 Briefly, rats were fasted for 24h, placed
in restraint cages, and then pylorus ligation was per-
formed. Laparotomy and pylorus ligation was per-
formed with the animals under light anesthesia, with the
animals regaining the righting reflex 5–15min after
operation. The pylorus-ligated rats were reanesthetized
with ether 6h after pylorus ligation. The stomach was
then removed from each rat, and the gastric contents
were collected, and centrifuged; the supernatants were
used. The volume (ml) and pH of the gastric juice was
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measured, the acid output (mEq/6h) of gastric secretion
was determined by titration with 0.1mol/l NaOH to pH
7.0, using a pH meter (f50 pH Meter; Beckman, Tokyo,
Japan), and acidity (mEq/l) was calculated by dividing
the acid output by volume.

Western blot analysis

In each rat, part of the gastric mucosa in the pyloric and
the fundic mucosal area was removed before formalin
fixation, according to previously described methods.42

Briefly, gastric mucosa was scraped off, using two glass
slides, and frozen at �80°C until use for Western
blot analysis. Each gastric mucosa sample was homog-
enized with 5 volumes of ice-cold 25mM Tris-Cl buffer
(pH 7.5). The homogenates were centrifuged at 18000 g
for 20 min. The supernatants were collected, and
protein concentration, measured by the method of
Bradford,43 was adjusted to 20µg protein/lane. The
expression of HSP72 was evaluated by a method which
was previously reported.44 Briefly, samples were elec-
trophoresed on 9% sodium dodecyl sulfate (SDS)-
polyacrylamide gels, transferred electrophoretically to
a polyvinylidene difluoride (PVDF) membrane (Nihon
Millipore Kogyo, Tokyo, Japan), and processed as de-
scribed by Towbin et al.45 The membrane was incubated
with anti-HSP72 antibody and treated with horseradish
peroxidase-conjugated anti-rabbit IgG (1 :1000 dilution;
Bio-Rad, Richmond, CA, USA). The peroxidase sub-
strate was 3,3-diaminobenzidine tetrahydrochloride.
The density of immunologically stained bands was ana-
lyzed by a scanning densitometer. The relative density
of stained bands was calculated by the equation: relative
density (%) � density (BDL rats or CCl4-treated rats)/
density (sham rats) � 100.

Induction of HSP72 in portal hypertensive gastric
mucosa by water-immersion stress

Four weeks after the BDL or sham procedure, animals
were placed in a restraint cage and immersed vertically,
to the level of the xiphoid process, in a water bath

(23°C, 6 h).46 After 3-h recovery from the pretreatment
(anesthesia with or without water-immersion stress),
rats were killed to measure the expression of HSP72
in the gastric mucosa before HCl administration.
Gastric mucosa was isolated, scraped off using two glass
slides, and frozen at �80°C until use for Western blot
analysis.

Evaluation of gastric mucosal damage induced by
HCL administration

After 3-h recovery from the pretreatment (anesthesia
with or without water-immersion stress), rats were
administered hydrochloric acid (HCl, 0.6 N, 8ml/kg)
intragastrically. At 30min after HCl administration,
the stomach was excised and the extent of mucosal
damage was scored by two individuals who were blind
to the experiments. Total length of all mucosal lesions
was measured according to a method described
previously,42,47 and the severity of the damage was
assessed.

Statistical analysis

All the values for results are expressed as means �
SEM. Statistical analysis was performed using the
Mann-Whitney U-test. P Values less than 0.05 were
considered to be significant.

Results

General characteristics of rats in the study

As expected, rats with cirrhosis induced by BDL
(4 weeks after the BDL procedure) and those with cir-
rhosis induced by CCl4 treatment for 8 weeks had a
significant increase in spleen weight and portal venous
pressure (P � 0.05). All BDL rats had hepatomegaly
(P � 0.01; Table 1). Elevation of portal venous pressure
in BDL rats was dependent on the time course after the
BDL procedure (P � 0.05 compared with sham rats at

Table 1. General characteristics of cirrhotic rats in the study

Sham BDL CCl4

n 6 5 5
Body weight (g) 298.00 � 7.30 302.00 � 12.00 294.50 � 7.58
Liver weight (% body weight) 2.80 � 0.10 6.30 � 0.30* 3.20 � 0.20
Spleen weight (% body weight) 0.20 � 0.01 0.40 � 0.02** 0.40 � 0.01**
Portal pressure (cm H2O) 12.66 � 0.33 23.30 � 2.07*** 20.50 � 1.32***

* P � 0.05 vs sham rats or CCl4-treated rats; **P � 0.05 vs sham rats; *** P � 0.05 vs sham rats
Data were recorded 4 weeks after the sham or bile duct ligation (BDL) procedure and 1 week after the cessation of CCl4 injections, (which had
been given for 8 weeks). Data values are expressed as means � SEM
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the time points indicated in Fig. 1). In contrast, portal
venous pressure was stable in sham rats during the
experiment (11.6–12.6cmH2O; Fig. 1).

Immunohistochemical study of portal hypertensive
gastric mucosa

Four weeks after the BDL or sham procedure, an
immunohistochemical study showed that the expression
of HSP72 in gastric mucosa was reduced in BDL rats
compared with sham rats (Fig. 2A). The expression of
HSP72 was localized not only in parietal cells but also
all mucosal cells in BDL rats. Similarly, parietal cells
were apparently decreased in BDL rats compared with
sham rats (Fig. 2A). Quantitative evaluation of parietal
cells showed that the number of parietal cells in gastric
mucosa had decreased by 1.8-fold in BDL rats com-
pared with sham rats (P � 0.05; Fig. 2B).

Gastric acid secretion in portal hypertensive rats

To evaluate gastric acid secretion in portal hypertensive
rats, gastric juice was collected at 4 weeks after the BDL
or sham procedure. Gastric juice volume, acidity, and
acid output were significantly decreased in BDL rats
compared with sham rats (P � 0.05). However, there
was no difference in pH levels between BDL and sham
rats (Fig. 3).

Expression of HSP72 in portal hypertensive
gastric mucosa

Western blotting was used to determine the possibility
of altered expression of HSP72 in BDL rats 4 weeks
after the procedure and in CCl4-treated rats after 8
weeks of the treatment. Expression of HSP72 in gastric
mucosa in the cirrhotic rats was decreased to 15% in the
BDL rats and to 34% in the CCl4 model rats compared
with 100% in sham rats (P � 0.05; Fig. 4). As shown in
Fig. 1, portal venous pressure increased with time with
increasing severity of liver cirrhosis. To further assess
whether the variation of HSP72 expression in gastric
mucosa was associated with the severity of liver cirrho-
sis, we investigated the expression of HSP72 at 1, 2, 4,
and 7 weeks. As shown in Fig. 5, significant reduction of
HSP72 was found at 1 week in BDL rats as compared
with sham rats (P � 0.05). In addition, the expression of
HSP72 decreased with time in BDL rats, whereas no
significant difference was observed in sham rats during
the experiment, even at 7 weeks.

Induction of HSP72 in portal hypertensive gastric
mucosa and effect of HSP72 on gastric mucosal injury

To evaluate the induction of HSP72 in portal hyper-
tensive gastric mucosa, rats were exposed to water-
immersion stress at 4 weeks after the BDL or sham
procedure. Without the pretreatment of water-
immersion stress, the expression of HSP72 was
significantly lower in BDL rats compared with sham rats
(P � 0.05). However, 6-h exposure to water-immersion
stress induced a 2.5-fold increase in HSP72 in gastric
mucosa in both BDL and sham rats (Fig. 6A,B). In
addition, to investigate the cytoprotective effect of
HSP72 in portal hypertensive gastric mucosa, rats were
given HCl intragastrically with or without the pretreat-
ment of water-immersion stress. Although ulcers in-
duced by the water-immersion pretreatment were
significantly reduced relative to findings in animals
without water-immersion pretreatment, in both BDL
and sham rats, the ulcer index in animals without water-
immersion pretreatment was significantly higher in
BDL rats compared with sham rats (153.8 � 15.6 mm vs
95.5 � 13.7mm; P � 0.05). Similarly, the ulcer index in
animals with water-immersion pretreatment was also
significantly higher in BDL rats compared with sham rats
(101.0 � 10.4mm vs 48.5 � 10.6mm; P � 0.05; Fig. 7).

Discussion

Portal hypertensive gastropathy (PHG) is a frequent,
serious complication of liver cirrhosis.6,48 In PHG, the
gastric mucosa has increased susceptibility to mucosal

Fig. 1. Portal pressure in sham (open bars) and bile-duct liga-
tion (BDL) rats (closed bars). Portal pressure was measured
from the level of the vena cava to the tip of a column of saline
within the tubing. Portal pressures after the sham procedure
were 11.9 � 0.4, 11.7 � 0.5, 12.6 � 0.5, and 11.6 � 0.5 cmH2O
at 1, 2, 4, and 7 weeks, respectively. Portal pressures after the
BDL procedure were 16.1 � 0.2, 17.9 � 1.0, 23.3 � 2.1, and
26.0 � 0.4cmH2O at 1, 2, 4, and 7 weeks, respectively. Data
values are presented as the means � SEM of four to five rats
for each group. *P � 0.05 vs sham rat at the corresponding
time point
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injury.7,13,14 However, the pathogenesis of PHG is still
under investigation.49 Our results showed that the ex-
pression of HSP72 in the gastric mucosa was decreased
in portal hypertensive rats. Interestingly, in cirrhotic
rats, the expression of HSP72 in gastric mucosa was
inversely related to the elevation of portal venous pres-
sure with increasing severity of liver cirrhosis (Figs. 1
and 5). Moreover, the induction of HSP72 protected the
portal hypertensive gastric mucosa against HCl-induced
mucosal injury (Fig. 6). As far as we know, this is
the first report of HSP72 in portal hypertensive
gastropathy.

Many studies have shown that HSPs are essential for
cell survival under stress conditions.24–26 It has been

revealed that members of the HSP70 family, including
HSP72 (stress-inducible HSP70) and HSP73 (constitu-
tive HSP70, HSC70), protect cells from sublethal stress,
mediated by their function as a “molecular chaper-
one”.50,51 Furthermore, many studies have reported that
overexpression of HSP72 protects various cells
and organs from subsequent attacks by heat, hypoxia,
ischemia, reperfusion, infection, and toxic agents.52–54

Nakamura et al.35 have reported that, in the stomach,
HSP70 has important cytoprotective functions in cul-
tured gastric mucosal cells. In our series of studies,
we have reported that the preinduction of HSP72 in
gastric mucosa by water-immersion stress prevents
HCl-induced mucosal lesions.37 In this model, mucosal

Fig. 2A,B. Immunohistochemistry of
gastric mucosa in sham and BDL rats.
A Expression of heat shock protein
72 (HSP72) in sham and BDL rats at 4
weeks after the operative procedure.
Positive immunostaining was observed
predominantly within the cytoplasm of
the gastric mucosal cells, and the staining
was decreased in BDL rats (�200). Pari-
etal cells were examined by immuno-
staining for proton pump in sham and
BDL rats (�200). The expression of
HSP72 was localized not only in parietal
cells but also in all mucosal cells in BDL
rats. B The number of parietal cells was
counted in a square-millimeter area in ten
fields. Parietal cell counts were 660 � 69
cells/mm2 in sham rats (open bars) and
353 � 13 cells/mm2 in BDL rats (closed
bars). Parietal cell numbers were signifi-
cantly decreased in BDL rats compared
with sham rats. Data values are presented
as the means � SEM of five rats in each
group. *P � 0.05 vs sham rats
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Fig. 3A–D. Gastric secretion in sham
(open bars) and BDL rats (closed bars).
At 4 weeks after the sham or BDL proce-
dure, A gastric juice volume, B gastric pH,
C gastric acidity, and D gastric acid output
were examined by pylorus ligation in rats
(n � 6 for each group). Gastric acid was
obtained 6h after pylorus ligation. Gastric
juice volume, gastric acidity, and gastric
acid output were significantly decreased
in BDL rats compared with sham rats, but
gastric pH was not decreased. Data values
are presented as the means � SEM of five
rats in each group. *P � 0.05 vs sham rats

HSP72 may be induced by the decrease in gastric pH
and mucosal blood flow caused by the water-immersion
stress. Also, we have reported that gastric mucosal
adaptation was accompanied by an increase in HSP72
after long-term administration of a low dose of aspirin,
which decreases mucosal prostaglandins.55 These results
indicate that HSP72 may have an important cytopro-
tective function in gastric mucosal cells. On the other
hand, an impaired mucosal defense system plays an im-
portant role in the increased susceptibility of portal
hypertensive gastric mucosa to damage.11,12,15–17 The
thickness of the gastric mucosal gel layer and the con-
tent of mucosal hexosamine are decreased in portal
hypertensive gastric mucosa.56,57 It has been reported
that adaptive cytoprotection, with pretreatment of mild
irritants in normotensive gastric mucosa, provides toler-
ance against gastric mucosal damage.58,59 Similarly,
Ninomiya et al.60 reported that, in portal hypertensive
rats, the impaired gastric mucosal defense system

caused impairment of the adaptive cytoprotection
against damage. They examined the adaptive cyto-
protection to ethanol-induced damage in the gastric
mucosa of portal hypertensive rats, in which gastric
mucosal hexosamine was low compared with control
rats. It has been shown that HSP72 contributes to adap-
tive cytoprotection.35,37 We consider that a reduction of
HSP72 is associated with susceptibility to mucosal dam-
age in the portal hypertensive gastric mucosa.

Our previous study has shown that the inhibition of
gastric acid secretion with histamine H2-receptor
antagonists or proton pump inhibitors decreased the
expression of HSP72 in normotensive gastric mucosa.61

These results indicate that gastric acid may stimulate
the synthesis of HSP72 in the gastric mucosa. Although
gastric acid is one of the aggressive factors involved in
the development of gastric mucosal injury, there is a
good possibility that gastric acid continually modulates
the expression of HSP72 in gastric mucosa. In other
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words, mucosal injury is reduced because of the reduc-
tion of gastric acid, whereas the expression of HSP72
decreases with the ingestion of histamine H2-receptor
antagonists or proton pump inhibitors. However, it
takes a long time to restore the expression of HSP72
following discontinuation of the ingestion of these
agents. Until HSP72 is restored, severe gastric mucosal
injury may be induced by noxious agents. Generally, a
variety of environmental stresses induce HSP synthesis.
Therefore, we think that gastric acid induces HSP72 in
gastric mucosa, in view of the hypothesis that gastric
acid is considered to be a “stress substance” to the
gastric mucosa. It has also been reported that there is an
impairment in gastric acid secretion in patients with
liver disease.62 Agnihotri et al.63 reported that parietal
cell mass was decreased, and Agnihotri et al.64 and Kaur
et al.65 reported that signal transduction in parietal cells

Fig. 4A,B. Expression of HSP72 in the gastric mucosa in cir-
rhotic rats. A Expression of HSP72 in sham rats, BDL rats
(at 4 weeks after sham or BDL procedure), and CCl4-treated
rats (after 8 weeks’ CCl4 administration) was determined by
Western blot analysis. B Relative density, presented as a per-
centage of the measured level in sham rats (open bar). Expres-
sion of HSP72 was significantly decreased in BDL rats (closed
bar) and CCl4-treated rats (hatched bar) compared with sham
rats, but the expression was not different between BDL rats
and CCl4-treated rats. Data values are presented as the means
� SEM of five rats in each group. *P � 0.05 vs sham rats

Fig. 5A,B. Expression of HSP72 in the gastric mucosa in sham
and BDL rats. A Expression of HSP72 in sham (S) rats and
BDL (B) rats was determined by Western blot analysis at 1,
2, 4, and 7 weeks (W) after the sham or BDL procedure.
B Relative density, presented as a percentage of the measured
level in sham rats (open bars) at 1 week. Data values are
presented as the means � SEM of four rats for each group.
*P � 0.05 vs sham rat at the corresponding time point. Closed
bars, BDL rats

was impaired in portal hypertensive gastric mucosa.
They concluded that gastric mucosal hypoxia may have
contributed to parietal cell loss in portal hypertensive
rats. Furthermore, Pique et al.39 have reported that
there is an increased gastric mucosal blood flow and an
impaired acid output response to pentagastrin stimula-
tion in portal hypertensive rats, and these changes
appear to be mediated by an increase in endogenous
prostaglandin E2. It is, therefore, conceivable that
impairment in gastric acid secretion in portal hyperten-
sion, probably due to a decrease in parietal cells, is one
of the important factors involved in diminishing the
expression of HSP72 in gastric mucosa, as shown in the
present study. It has been reported that nonselective
�-blockers, such as propranolol and nadolol, reduce
bleeding related to PHG.66–68 Nonselective �-blockers
have been shown to reduce portal venous pressure and
gastric mucosal blood flow. However, other pharmaco-
logical treatments will be required for PHG in cirrhotic
patients when nonselective �-blockers are not effective.
Thus, from a clinical point of view, therapeutic agents,
such as “chaperone inducers” that induce HSP72 in the
portal hypertensive gastric mucosa without any toxic
effect, are hoped for.



D. Watanabe et al.: HSP72 in gastric mucosa in cirrhotic rats 731

Fig. 6A,B. Expression of HSP72 after water-immersion stress
in sham and BDL rats. A Expression of HSP72 was deter-
mined by Western blot analysis at 4 weeks after the sham or
BDL procedure with or without water-immersion (WI) stress.
B Relative density, presented as a percentage of the measured
level in sham rats without water-immersion stress (open bars).
The expression of HSP72 was increased in both the sham
group and the BDL group with water-immersion (closed
bars). Data values are presented as the means � SEM of four
rats for each group. *P � 0.05 vs sham rats without water-
immersion stress. #P � 0.05 vs corresponding rats without
water-immersion stress

Fig. 7. Ulcer index (measurement of mucosal lesions induced
by HCl administration) in sham and BDL rats. The ulcer
index is presented as the total length of all mucosal lesions
induced by HCl administration in rats with (closed bars) or
without water-immersion stress (open bars). The ulcer index
was decreased in the sham group and the BDL group with
water immersion stress. Data values are presented as the
means � SEM of four rats for each group. *P � 0.05 vs sham
rats without water-immersion stress. #P � 0.05 vs correspond-
ing rats without water-immersion stress

In conclusion, our results indicate that the expression
of HSP72 in portal hypertensive gastric mucosa was
decreased in cirrhotic rats with reduced gastric acid
secretion. Although the exact mechanisms remain to be
uncovered, the expression of HSP72 in gastric mucosa
is associated with portal hypertension in cirrhotic rats.
In addition, the preinduction of HSP72 prevented
HCl-induced mucosal injury in the portal hypertensive
gastric mucosa. One important result of our studies is
that the mucosal defense system may be a target to
modulate the severity of PHG. Although additional
studies will be necessary to confirm whether this finding
can be extrapolated to humans, the finding provides
a rationale to develop new pharmacologic strategies
for the clinical management of PHG in cirrhotic
patients.

Acknowledgments. We thank Yuki Watanabe and Takako
Sasaki for their excellent technical assistance.

References

1. Panes J, Bordas JM, Pique JM, Bosch J, Garcia-Pagan JC, Feu F,
et al. Increased gastric mucosal perfusion in cirrhotic patients
with portal hypertensive gastropathy. Gastroenterology 1992;103:
1875–82.

2. Quintero E, Pique JM, Bombi JA, Bordas JM, Sentis J, Elena M,
et al. Gastric mucosal vascular ectasias causing bleeding in cirrho-
sis. A distinct entity associated with hypergastrinemia and low
serum levels of pepsinogen I. Gastroenterology 1987;93:1054–61.

3. Albiollos A, Colombato LA, Enriquez R, Ng OC, Sikuler E,
Groszmann RJ. Sequence of morphological and hemodynamic
changes of gastric microvessels in portal hypertension. Gastroen-
terology 1992;102:2066–70.

4. Iwao T, Toyonaga A, Sumino M, Takagi K, Oho K, Nishizono M,
et al. Portal hypertensive gastropathy in patients with cirrhosis.
Gastroenterology 1992;102:2060–5.

5. Primignani M, Carpinelli L, Preatoni P, Battaglia G, Carta A,
Prada A, et al. Natural history of portal hypertensive gastropathy
in cirrhosis. Gastroenterology 2000;119:181–7.

6. McCormack TT, Sims J, Eyre-Brook I, Kennedy H, Goepel J,
Johnson AG, et al. Gastric lesion in portal hypertension:
inflammatory gastritis or congestive gastropathy? Gut 1985;26:
1226–32.

7. D’Amico G, Montalbano L, Traina M, Pisa R, Menozzi M, Spano
C, et al. The Liver Study Group of V. Cervello Hospital. Natural
history of congestive gastropathy in cirrhosis. Gastroenterology
1990;99:1558–64.

8. Papazian A, Braillon A, Dupas JL, Sevenet F, Carpon JP. Portal
hypertensive gastric mucosa: an endoscopic study. Gut 1986;27:
1199–203.

9. Cales P, Zabotto B, Meskens C, Caucanas JP, Vinel JP, Desmorat
H, et al. Gastroesophageal endoscopic features in cirrhosis: ob-
server variability, interassociations, and relationship to hepatic
dysfunction. Gastroenterology 1990;98:156–62.

10. Sacchetti C, Capello M, Rebecchi P, Roncucci L, Zanghieri G,
Tripodi A, et al. Frequency of upper gastrointestinal lesions in
patients with liver cirrhosis. Dig Dis Sci 1988;33:1218–22.

11. Sarfeh IJ, Soliman H, Waxman K, Coccia M, Rypinne EP, Bui
HX, et al. Impaired oxygenation of gastric mucosa in portal
hypertension. The basis for increased susceptibility to injury. Dig
Dis Sci 1989;34:225–8.



732 D. Watanabe et al.: HSP72 in gastric mucosa in cirrhotic rats

12. Kitano S, Inokuchi K, Sugimachi K, Koyanagi N. Hemodynamic
and morphological changes in the stomach of portal hypertensive
rats. Eur Surg Res 1981;13:227–35.

13. Sarfeh IJ, Juler GL, Stemmer EA, Mason GR. Results of surgical
management of hemorrhagic gastritis in patients with gastro-
esophageal varices. Surg Gynecol Obstet 1982;155:167–70.

14. Pique JM. Portal hypertensive gastropathy. Baillieres Clin
Gastroenterol 1997;11:257–70.

15. Sarfeh IJ, Tarnawski A, Malki A, Mason GR, Mach T, Ivey K.
Portal hypertension and gastric mucosal injury in rats. Effects of
alcohol. Gastroenterology 1983;84:987–93.

16. Angerson WJ, Geraghty JG, Carter DC. Taurocholate induced
gastric mucosal injuries in experimental portal hypertension. Gut
1992;33:170–4.

17. Sarfeh IJ, Tarnawski A, Hajduczek A, Stachure J, Bui HX,
Krause WJ. The portal hypertensive gastric mucosa: histologic,
ultrastructural, and functional analysis after aspirin induced dam-
age. Surgery 1988;104:79–85.

18. Tarnawski A, Safeh IJ, Stachura J, Hajduczek A, Bui HX, Dabros
W, et al. Microvascular abnormalities of the portal hypertensive
gastric mucosa. Hepatology 1988;8:1488–91.

19. Ichikawa Y, Tarnawski A, Sarfeh IJ, Ishikawa T, Shimada H.
Distorted microangioarchitecture and impaired angiogenesis in
gastric mucosa of portal hypertensive rats. Gastroenterology
1994;106:702–8.

20. Ohta M, Tanoue K, Tarnawski A, Pai R, Itani RM, Sander FC,
et al. Overexpressed nitric oxide synthase in portal hypertensive
stomach of rat: a key to increased susceptibility to damage? Gas-
troenterology 1997;112:1920–30.

21. Kaur S, Kaur U, Tandon C, Dhawan Y, Ganguly NK, Majumdar
S. Gastropathy and defense mechanisms in common bile duct
ligated portal hypertensive rats. Mol Cell Biochem 2000;203:79–
86.

22. Canturk NZ, Canturk Z, Ozbilim G, Yenisey C. Protective effect
of vitamin E on gastric mucosal injury in rats with biliary obstruc-
tion. Can J Gastroenterol 2000;14:499–503.

23. Kawanaka H, Tomikawa M, Jones MK, Szabo IL, Pai R, Baatar
D, et al. Defective mitogen-activated protein kinase (ERK2)
signaling in gastric mucosa of portal hypertensive rats: potential
therapeutic implications. Hepatology 2001;34:990–9.

24. Tissieres A, Mitchell HK, Tracy VM. Protein synthesis in salivary
glands of Drosophila melanogaster: relation to chromosome puffs.
J Mol Biol 1974;84:384–93.

25. Hightower LE. Cultured animal cells exposed to amino acid ana-
logues or puromycin rapidly synthesize several polypeptides.
J Cell Physiol 1980;102:407–27.

26. Itoh H, Tashima Y. The stress (heat shock) proteins. Int J
Biochem 1991;23:1185–91.

27. Kiang JG, Tsokos GC. Heat shock protein 70kDa: molecular
biology, biochemistry, and physiology. Pharmacol Ther 1998;80:
183–201.

28. Benjamin IJ, McMillan DR. Stress (heat shock) proteins: molecu-
lar chaperones in cardiovascular biology and disease. Circ Res
1998;83:117–32.

29. Mathew A, Morimoto RI. Role of the heat-shock response in the
life and death of proteins. Ann N Y Acad Sci 1998;851:99–111.

30. Rajdev S, Hara K, Kokubo Y, Mestril R, Dillmann W, Weinstein
RP, et al. Mice overexpressing rat heat shock protein 70 are
protected against cerebral infarction. Ann Neurol 2000;47:782–
91.

31. Lubbers NL, Polakowski JS, Wegner CD, Burke SE, Diaz GJ,
Daniell KM, et al. Oral bioclomol elevates heat shock protein 70
and reduces myocardial infarct size in rats. Eur J Pharmacol
2002;435:79–83.

32. Hotchkiss R, Nunnally I, Lindquist S, Taulien J, Perdrizet G, Karl
I. Hyperthermia protects mice against the lethal effects of endo-
toxin. Am J Physiol 1993;265:R1447–55.

33. Fujimori S, Otaka M, Itoh H, Otani S, Jin M, Okuyama A, et al.
Induction of a 72-kDa heat shock protein and cytoprotection

against thioacetamide-induced liver injury in rats. Dig Dis Sci
1997;42:1987–94.

34. Zeniya A, Otaka M, Itoh H, Kuwabara T, Fujimori S, Otani S,
et al. Induction and intracellular localization of 72-kDa heat
shock protein in rat gastric mucosa after water-immersion stress.
J Gastroenterol 1995;30:572–7.

35. Nakamura K, Rokutan K, Marui N, Aoike A, Kawai K. Induction
of heat shock proteins and their implication in protection against
ethanol-induced damage in cultured guinea pig gastric mucosal
cells. Gastroenterology 1991;101:161–6.

36. Guth PH. Gastric blood flow in restraint stress. Am J Dig Dis
1972;17:807–13.

37. Otaka M, Zeniya A, Fujimori S, Okuyama A, Jin M, Itoh S, et al.
Preinduction of a 72-kDa heat shock protein prevents HCl-
induced gastric mucosal lesion (abstract). Gastroenterology 1996;
110:A219.

38. Lebrec D. Animal models of portal hypertension. In: Okuda K,
Benhamou JP, editors. Portal hypertension: clinical and physi-
ological aspects. Berlin Heidelberg New York Tokyo: Springer;
1991. p. 101–13.

39. Pique JM, Leung FW, Kitahora T, Sarfeh IJ, Tarnawski A, Guth
PH. Gastric mucosal blood flow and acid secretion in portal
hypertensive rats. Gastroenterology 1988;95:727–33.

40. McLean IW, Nakane PK. Periodate-lysine-paraformaldehyde
fixative: a new fixative for immunoelectron microscopy. J
Histochem Cytochem 1974;22:1077–83.

41. Shay H, Komarov SA, Fels SS, Meranze D, Gruenstein M, Siplet
HA. Simple method for the uniform production of gastric ulcer-
ation in the rat. Gastroenterology 1945;5:43–6.

42. Ohno T, Ohtsuki H, Okabe S. Effect of 16, 16-dimethyl prostag-
landin E2 on ethanol-induced and aspirin-induced gastric damage
in the rat. Gastroenterology 1988;88:353–61.

43. Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 1976;72:248–54.

44. Otaka M, Itoh H, Kuwabara T, Zeniya A, Fujimori S, Otani S,
et al. Induction of a 60-kDa heat shock protein in rat pancreas by
water-immersion stress. Int J Biochem 1993;25:1769–73.

45. Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: proce-
dure and some applications. Proc Natl Acad Sci U S A 1979;76:
4350–3.

46. Takagi K, Okabe S. The effect of drugs on the production and
recovery processes of the stress ulcer. Jpn J Pharmacol 1986;18:8–
18.

47. Brodie DA, Hanson HW. A study of the factors involved in the
production of gastric ulcers by the restraint technique. Gastroen-
terology 1960;38:353–60.

48. Smart HL, Triger DR. Clinical features, pathophysiology and
relevance of portal hypertensive gastropathy. Endoscopy 1991;
23:224–8.

49. Ohta M, Yamaguchi S, Gotoh N, Tomikawa M. Pathogenesis of
portal hypertensive gastropathy: a clinical and experimental
review. Surgery 2002;131:S165–70.

50. Gething MJ, Sambrook J. Protein folding in the cell. Nature
1992;355:33–45.

51. Rothman JE. Polypeptide chain binding proteins: catalysts of pro-
tein folding and related processes in the cells. Cell 1989;59:591–
601.

52. Kiang JG, Wang XD, Ding XZ, Gist I, Smallridge RC. Heat shock
inhibits the hypoxia-induced effects in rat thyroid FRTL-5 cells.
Thyroid 1996;6:475–83.

53. Mestril R, Chi SH, Sayen MR, Dillmann WH. Isolation of a novel
inducible rat heat shock protein (HSP70) gene and its expression
during ischemia/hypoxia and heat shock. Biochem J 1994;298:
561–9.

54. Barbe MF, Tytell M, Gower DJ, Welch WJ. Hyperthermia
protects against light damage in rat retina. Science 1988;241:1817–
20.



D. Watanabe et al.: HSP72 in gastric mucosa in cirrhotic rats 733

55. Jin M, Otaka M, Okuyama A, Itoh S, Otani S, Odashima M, et al.
Association of 72-kDa heat shock protein expression with adapta-
tion to aspirin in rat gastric mucosa. Dig Dis Sci 1999;44:1401–7.

56. Tomikawa M, Akiba Y, Kaunitz JD, Kawanaka H, Sugimachi K,
Sarfeh IJ, et al. New insights into impairment of mucosal defense
in portal hypertensive gastric mucosa. J Gastrointest Surg 2000;
4:458–63.

57. Tanoue K, Tarnawski AS, Kishihara F, Ohta M, Hashizume M,
Sugimachi K, et al. Effect of teprenone on portal hypertensive
gastric mucosa. Digestion 1996;57:35–40.

58. Jacobson ED. Direct and adaptive cytoprotection. Dig Dis Sci
1986;31:28S–31S.

59. Hawkey CJ, Kemp RT, Walt RP, Bhaskar NK, Davies J,
Filipowicz B. Evidence that adaptive cytoprotection in rats is not
mediated by prostaglandins. Gastroenterology 1988;94:948–54.

60. Ninomiya K, Kitano S, Yoshida T, Bandoh T, Baatar D, Tsuboi S.
Impaired adaptive cytoprotection to ethanol-induced damage in
gastric mucosa of portal hypertensive rats. Dig Dis Sci 1999;44:
1254–60.

61. Wada I, Otaka M, Odashima M, Konishi N, Itoh H, Tashima Y,
et al. Effect of preinduction of a 72-kDa heat shock protein by
zinc and its derivative on water-immersion stress-induced gastric
lesions in rats (abstract). Gastroenterology 1999;116:A347.

62. Ostrow JD, Timmesman RJ, Gray SJ. Gastric secretion in human
hepatic cirrhosis. Gastroenterology 1960;38:303–13.

63. Agnihotri N, Kaur S, Dilawari JB, Bhusnurmath SR, Kaur U.
Diminution in parietal cell number in experimental portal hyper-
tensive gastropathy. Dig Dis Sci 1997;42:431–9.

64. Agnihotri N, Kaur U, Dhawan V, Dilawari JB. Extrahepatic
portal hypertensive gastropathy in Wistar rats. Modulation of
acid secretion in isolated parietal cells. Dig Dis Sci 1998;43:56–
66.

65. Kaur S, Kaur U, Agnihotri N, Tandon C, Majumdar S. Modula-
tion of acid secretion in common bile duct ligation-related
gastropathy in Wistar rats. J Gastroenterol Hepatol 2001;16:755–
62.

66. Lebrec D, Poynard T, Hillon P, Benhamou JP. Propranolol for
prevention of recurrent gastrointestinal bleeding in patients with
cirrhosis: a controlled study. N Engl J Med 1981;305:1371–4.

67. Hosking SW, Kennedy HJ, Seddon I, Trigger DR. The role of
propranolol in congestive gastropathy of portal hypertension.
Hepatology 1987;7:437–41.

68. Perez-Ayuso RM, Pique JM, Bosch J, Panes J, Gonzalez A,
Perez R, et al. Propranolol in prevention of recurrent bleeding
from severe portal hypertensive gastropathy in cirrhosis. Lancet
1991;337:1431–4.


