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Abstract

Purpose Bile and acid exposures are thought to be major
risk factors for Barrett’s esophagus in Western countries.
The association of gallstones with Barrett’s esophagus has
not been fully evaluated. The present study was designed as
a case-control study for determining the possible factors
associated with endoscopically suspected esophageal
metaplasia (ESEM), defined as an endoscopic finding
suggestive of Barrett’s esophagus, in Japanese patients.
Methods A total of 528 patients with ESEM were allo-
cated to the case group, while 528 age- and gender-mat-
ched patients without ESEM were allocated to the control
group. Findings on esophagogastroduodenoscopy and
clinical background factors were compared using a multi-
variate logistic regression model.

Results  The presence of gallstones and hiatus hernia and
the severity of gastric mucosal atrophy were independently
associated with the presence of ESEM [odds ratio (OR)
1.67, 95% confidence interval (CI) 1.03-2.69; OR 2.75,
95% CI 1.75-4.33; OR 1.25, 95% CI 1.01-5.6, respec-
tively]. Compared with subjects with neither gastric corpus
atrophy nor gallstones, although subjects with gallstones
alone were not associated with the presence of ESEM (OR
1.59, 95% CI 0.87-2.92), having both gastric corpus
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atrophy and gallstones was strongly associated with the
presence of ESEM (OR 2.94, 95% CI 1.40-6.17).

Conclusions The presence of gallstones was indepen-
dently associated with the presence of ESEM in the Japa-
nese outpatient population, suggesting a causal association
of distal esophageal bile exposure with the development of
ESEM. Further studies are needed to confirm our findings
in cases with histologically confirmed Barrett’s esophagus.

Keywords Barrett’s esophagus - ESEM - Gallstone -
Gastric mucosal atrophy

Introduction

The incidence of esophageal adenocarcinoma is rising
more rapidly than that of any other malignancy in Western
countries [1-3]. Esophageal adenocarcinoma remains
highly lethal, with a 5-year survival rate of less than 15%
[4, 5]. In most patients, esophageal adenocarcinoma arises
from its premalignant precursor lesion, Barrett’s esophagus
(BE) [6]. BE is a transformation of the esophageal squa-
mous epithelium into gastric metaplasia or specialized
intestinal metaplasia [7]. Investigating the risk factors of
BE was important to clarify the cause of BE and esopha-
geal adenocarcinoma.

BEs are classically attributed to reflux of the acid
component of gastric content into the esophagus. Mean-
while, a number of observation support the concept that
bile reflux, as occurs in duodeno-gastro-esophageal reflux
(DGER), also contributes to the development of BE [8-11].
Izbeki et al. [12] reported that prevalence of gallstone
disease was increased and gallbladder motility was
impaired in patients with BE. Since microscopic choles-
terol crystals are regularly washed out of the gallbladder if
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its contractions are effective enough, impaired motility of
the gallbladder is one of the factors contributing to the
development of gallstones [13]. Gallbladder dysfunction or
nonfunction is closely associated with the efficiency of
continuous bile flow into the duodenum and the occurrence
of duodeno-gastric reflux [14, 15]. Therefore, the formation
of gallstones has been considered to be associated with
duodeno-gastric reflux [16].

According to the Montreal definitions, the term endo-
scopically suspected esophageal metaplasia (ESEM) is
used for an endoscopic finding consistent with BE that
awaits histological evaluation [7]. The prevalence of long-
segment ESEM, where the length of the circumferential
ESEM is more than 3 cm, has been estimated to be 0.2—
0.4%, while that of short segment ESEM, where the length
of the circumferential ESEM is less than 3 cm, has been
estimated to be 6.0-20.6% in Japan [17, 18]. To diagnose
for BE, an intensive biopsy protocol of four quadrant
biopsies, taken at 1-2 cm intervals, for all patients with
ESEM has been recommended [19, 20]. Although histo-
logical confirmations are needed to clarify the risk factors
for BE, lower esophageal adenocarcinoma is still a rare
disease in Japan, and biopsies from sites of ESEM are not
routinely obtained at the screening EGD due to cost, risk
and complexity. Since the presence of ESEM is a pre-
requisite condition for the development of BE [21], risk
factors for ESEM also extend to BE and esophageal
adenocarcinoma.

Several risk factors for BE are reported, such as gastro-
esophageal reflux symptoms, hiatus hernia, aging, male
gender, obesity, alcohol and tobacco use [22-27]. How-
ever, it is unknown whether the presence of gallstones is an
independent risk factor for BE. Therefore, the authors
performed a multivariate analysis on the relationship
between ESEM and gallstones.

Methods

Study population

The authors conducted a hospital-based age- and gender-
matched case control study on 4945 patients (2854 male,
2091 female; mean age, 62.6 years; range 13-94 years)
who underwent esophagogastroduodenoscopy (EGD) at
Keio University Hospital between November 2007 and
April 2008. A total of 538 patients were diagnosed as
having ESEM (10.8%). We reviewed the medical records
and the digital photo image files of the EGD patients.
Patients in whom the esophagogastric junction (EGJ) had
been resected in a previous operation, such as total gas-
trectomy, proximal gastrectomy or esophagectomy, and
those who had undergone endoscopic mucosal resection

a) Springer
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(EMR) or endoscopic variceal ligation (EVL) in the
esophagus were excluded. Patients who had undergone
distal gastrectomy were not excluded. In addition, patients
for whom the EGJ was not recorded in the photo image
files of EGD were also excluded. Then patients were
excluded among 538 patients with ESEM; 528 patients
(356 men and 172 women; mean age, 65.3 years; range
20-87 years) with ESEM were allocated to the case group,
while 528 age- and gender-matched (frequency matching)
patients without ESEM were allocated to the control group.
When the control patients were selected, the medical
records and EGD photo images of those patients were also
reviewed, and patients who met the exclusion criteria were
excluded (Fig. 1). Characteristics of the subjects are shown
in Table 1. The study was performed in accordance with
the Declaration of Helsinki.

Assessment by endoscopy

The presence/absence of ESEM and hiatus hernia was
determined, and gastric mucosal atrophy and reflux
esophagitis were graded retrospectively by three gastroin-
testinal endoscopists according to the criteria listed below.

ESEM

The presence/absence of ESEM was examined in the lower
portion of the esophagus, including the EGJ, during infla-
tion of the esophagus. The EGJ was defined as the oral side
end of the fold continuous with the gastric lumen [28], as
well as the anal side end of the palisade vessel, because the
veins in the lower part of the esophagus were distributed
uniformly, running parallel and longitudinally in the lam-
ina propria [21, 29]. The squamo-columnar junction (SCJ)
was defined by a clear change in the color of the mucosa.
ESEM was defined as the area between the SCJ and the
EGJ [21]. Most patients were evaluated for the presence/
absence of ESEM using the anal side end of the lower
esophageal palisade vessel, since such a definition of the
EGJ was more suitable for the retrospective evaluation.

Gastric mucosal atrophy

The severity of gastric mucosal atrophy was assessed
endoscopically by the Kimura-Takemoto classification of
the atrophic pattern [21, 30, 31]. This classification divides
the severity of gastric mucosal atrophy into seven types
(C-0, C-1, C-2, C-3, O-1, O-2 and O-3) according to the
location of the atrophic border as detected by endoscopy as
follows: C-0, absence of atrophy; C-1, pyloric mucosal
atrophy; C-2, atrophy extending over the lesser curvature
of the lower third of the stomach: C-3, the atrophy
extending over the lesser curvature of the middle third of
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Fig. 1 Diagram of the case
control study. Among 4945

Patients who underwent EGD at Keio University Hospital (n=4945) |

patients who underwent

esophagogastroduodenoscopy

v

v

(EGD) at Keio University
Hospital between November

Patients with ESEM (n=538)

Patients without ESEM (n=4407) \

2007 and April 2008, there were
538 patients with

endoscopically suspected
esophageal metaplasia (ESEM),
defined as an endoscopic finding
suggestive of BE, and 4407
patients without ESEM. Among

Patients who met the following exclusion criteria (n=10)

- Patients who resected the esophagogastric junctions (EG])
by previous i

P

such as total g

proximal

538 subjects with ESEM, 10

P> and esop 2
- Patients who underwent endoscopic mucosal resection (EMR),

(ESD) and

subjects were excluded by the
exclusion criteria, and 528
subjects were allocated to the

variceal ligation (EVL) on esophagus or stomach previously
- Patients whose EGJ did not be recorded in EGD films.

case groups. Then among 4407
subjects without ESEM, 528

Select age-, and gender-matched patients without ESEM

<

subjects were allocated to the
control groups. These 1056
cases and controls were
reviewed according to the
medical records and EGD films,
and it was confirmed that these
did not meet the exclusion

criteria v

Patients who did not
eet exclusion critetia,

“ESEM(+)” cases (n=528)

]

| “ESEM(-)” controls (n=528)

the stomach; O-1, border of the atrophy between the lesser
curvature and anterior wall of the stomach; O-2, atrophy
within the limits of the anterior wall of the stomach; O-3,
atrophic area extending from the anterior wall to the major
curvature of the stomach. Using this classification, the
severity of the gastric mucosal atrophy was divided into
four grades: none (C-0), mild (C-1 and C-2), moderate (C-3
and O-1) and severe (O-2 and O-3).

Hiatus hernia

The presence/absence of hiatus hernia was examined by the
valvular appearance of the cardia visualized from below
using the retroflexed endoscope during gastric inflation [32].

Reflux esophagitis

Reflux esophagitis was defined as the presence of gross
mucosal injury, ranging from red longitudinal streaks with
associated friability to erosion or ulceration in the distal
esophagus or breakage in the lower portion of the esoph-
agus. The severity of reflux esophagitis was graded
according to the Los Angeles classification [33].

Clinical background factors

The alcohol consumption status, smoking status and
the presence/absence of H. pylori infection, obesity,

81

hypertension, diabetes mellitus, dyslipidemia and gall-
stones were determined from the medical records. The
alcohol consumption status was defined as a positive/
negative history of daily alcohol consumption. The
smoking status was defined as a positive/negative history
of smoking cigarettes. The presence of H. pylori infec-
tion was defined as a history of H. pylori infection,
including both pre- and post-eradication. The presence
of H. pylori infection was detected by serological test,
"3C-urea breath test, culture or histology of the gastric
mucosal biopsy specimen. Obesity was defined as a body
mass index of more than 25 kg/m®. Hypertension was
defined as systolic blood pressure of over 140 mmHg
and/or diastolic blood pressure of over 90 mmHg, or a
history of use of antihypertensive drugs for the treatment
of hypertension. Diabetes mellitus was defined as a
serum hemoglobin A c (HbA,c) value of over 6.5% or a
history of use of antidiabetic agents. Dyslipidemia was
defined as a serum level of low-density lipoprotein
cholesterol (LDL-C) of over 140 mg/dl, high-density
lipoprotein cholesterol (HDL-C) of under 40 mg/dl, a
fasting triglyceride level of over 150 mg/dl or a history
of use of lipid-lowering agents. The presence/absence of
gallstones was determined by abdominal CT or ultraso-
nography. The presence/absence of gallstones of patients
who had received cholecystectomy was determined by
the previous record of abdominal CT or ultrasonography
before cholecystectomy.
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Table 1 Characteristics of subjects with or without ESEM

ESEM (+) ESEM (-)
cases (n = 528) controls (n = 528)
Age
Mean =+ SD (years) 653 £ 123 65.3 £ 12.3
20-29 6 (1.1%) 6 (1.1%)
30-39 16 (3.0%) 16 (3.0%)
40-49 34 (6.4%) 34 (6.4%)
50-59 91 (17.2%) 91 (17.2%)
60-69 148 (28.0%) 148 (28.0%)
70-79 189 (35.8%) 189 (35.8%)
80-89 44 (8.3%) 44 (8.3%)
Gender
Male 356 (67.4%) 356 (67.4%)
Female 172 (32.6%) 172 (32.6%)
Hiatus hernia
Presence 444 (84.1%) 327 (61.9%)
Absence 84 (15.9%) 201 (38.1%)
Reflux esophagitis
None 492 (93.2%) 508 (96.2%)
Grade A 16 (3.0%) 11 (2.1%)
Grade B 18 (3.4%) 6 (1.1%)
Grade C 1(0.2%) 3 (0.6%)
Grade D 1 (0.2%) 0 (0%)
Gastric mucosal atrophy
None 104 (19.7%) 104 (19.7%)
Mild 228 (43.2%) 268 (50.8%)
Moderate 154 (29.2%) 129 (24.4%)
Severe 42 (8.0%) 27 (5.1%)

Clinical background factors® [no./total no. (%)]

Alcohol 139/371 (37.5%) 129361 (35.7%)
Smoking 171/374 (45.7%) 158/367 (43.1%)
H. pylori 105/149 (70.5%)  83/112 (74.1%)
Obesity 78/295 (26.4%) 64/315 (20.3%)
BMI = SD (kg/m?) 226 4.0 224 +35
Hypertension 176/343 (51.3%) 149/307 (48.5%)
Diabetes 73/386 (18.9%) 64/367 (17.4%)
Dyslipidemia 1201210 (57.1%) 120/201 (59.7%)
Gallstones 85/371 (22.9%) 64/392 (16.3%)

ESEM endoscopically suspected esophageal
mass index

plasia; BMI body

@ Part of the information about the clinical background could not be
collected from the subjects” medical records; therefore, total numbers
of collected data for each factor were indicated in the clinical back-
ground section

Statistical analyses
The associations of endoscopic findings or clinical back-
ground factors with the presence of ESEM were evaluated

by a logistic regression model with adjustment for age and
gender. Trends of association of the severity of reflux
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esophagitis and gastric mucosal atrophy with the presence
of ESEM were evaluated by a logistic regression model
that assigned scores to the level of the independent vari-
able. The multivariate logistic regression model was con-
ducted with adjustment for age, gender, hiatus hernia,
reflux esophagitis, gastric mucosal atrophy, obesity and
gallstones. All of the statistical analysis was performed
using STATA 9.1 (Stata Corporation, College Station, TX).
A two-sided p value of <0.05 was considered statistically
significant.

Results
Association between endoscopic findings and ESEM

Among 528 subjects with ESEM, 64 subjects (12.1%) were
diagnosed to have long segment ESEM, and 464 subjects
(87.9%) were diagnosed to have short segment ESEM.
According to the age- and gender-adjusted analysis, a
strong association was detected between the presence of
hiatus hernia and that of ESEM [odds ratio (OR) 3.40, 95%
confidence interval (CI) 2.52-4.58]. The presence of grade
B-D reflux esophagitis was significantly associated with the
presence of ESEM (OR 2.31, 95% CI 1.04-5.14). Reflux
esophagitis of greater severity grades was also significantly
associated with the presence of ESEM (p = 0.02). In
addition, gastric mucosal atrophy of greater severity grades
was also significantly associated with the presence of
ESEM (p = 0.04) (Table 2).

Association between clinical background
factors and ESEM

All of the clinical background factors of the subjects could
not be determined from the medical records. Therefore, the
associations between the clinical background factors and
the presence of ESEM were analyzed using partial subjects
whose background could be determined. All of the deter-
mined rates of the background factors were not different
between cases and controls. Among these background
factors, only the presence of gallstones was significantly
associated with that of ESEM (OR 1.56, 95% CI 1.09—
2.25). The presence of obesity was possibly associated with
that of ESEM (OR 1.43, 95% CI 0.98-2.10, p = 0.06)
(Table 2).

Multivariate analysis for endoscopic findings,
obesity, gallstones and ESEM

The age- and gender-adjusted analysis showed that the
presence of hiatus hernia, gallstones and obesity, and the
severity of reflux esophagitis and gastric mucosal atrophy
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Table 2 Results for logistic regression analysis

ESEM (+) case

no./total no. (%)

ESEM (—) control
no./total no. (%)

Age- and gender-adjusted analysis

Multivariate analysis®

Odds ratio (95% CI)

p value

Odds ratio (95% CI)

p value

Hiatus hernia

444/528 (84.1%)

Reflux esophagitis

327/528 (61.9%)

3.40 (2.52-4.58)***

<0.001

2.75 (1.75-4.33)%**

<0.001

Grade A 16/528 (3.0%) 11/528 (2.1%) 1.51 (0.69-3.29) 0.94 (0.27-3.22)

Grade B-D  20/528 (3.8%) 91528 (1.7%) 231 (1.04-5.14)* 0.02 (trend)*  1.83 (0.51-6.61) 0.43 (trend)
Gastric mucosal atrophy

Mild 228/528 (43.2%)  268/528 (50.8%) 0.86 (0.62-1.19) 0.92 (0.56-1.51)

Moderate 154/528 (29.1%) 129/528 (24.4%) 1.22 (0.85-1.77) 1.56 (0.90-2.71)

Severe 42/528 (8.0%) 27/528 (5.1%) 1.60 (0.91-2.81) 0.04 (trend)* 1.67 (0.78-3.61) 0.04 (trend)*
Alcohol 139/371 (37.5%) 129/361 (35.7%) 1.04 (0.74-1.46) 0.82
Smoking 171/374 (45.7%)  158/367 (43.1%) 1.09 (0.79-1.51) 0.59
H. pylori 105/149 (70.5%)  83/112 (74.1%) 0.83 (0.48-1.45) 0.52
Obesity 78/295 (26.4%) 64/315 (20.3%) 1.43 (0.98-2.10)* 0.06 1.20 (0.77-1.89) 0.42
Hypertension 176/343 (51.3%) 149/307 (48.5%) 1.19 (0.86-1.64) 0.30
Diabetes 73/386 (18.9%) 64/367 (17.4%) 1.11 (0.76-1.62) 0.58
Dyslipidemia ~ 120/210 (57.1%) ~ 120/201 (59.7%) 0.97 (0.65-1.44) 0.86
Gallstones 85/371 (22.9%) 64/392 (16.3%) 1.56 (1.09-2.25)* 0.02 1.67 (1.03-2.69)* 0.04
ESEM end pically d 1 plasia; CI confid interval
A p<o1
* p <0.05
*E p < 0.001

* Adjustment for age, gender, hiatus hernia, reflux esophagitis, gastric mucosal atrophy, obesity and gallstones

were associated with ESEM. Therefore, the authors ana-
lyzed the association of these factors with the presence of
ESEM by a multivariate logistic regression model
(Table 2). The presence of hiatus hernia, gallstones and the
severity of gastric mucosal atrophy were independently
associated with the presence of ESEM.

Association of gastric mucosal atrophy
and gallstones and ESEM

According to the Kimura-Takemoto classification, the
presence of gastric corpus atrophy means moderate/severe
gastric mucosal atrophy. The absence of gastric corpus
atrophy means no/mild gastric mucosal atrophy. To assess
the relationship among the presence of gastric corpus
atrophy, gallstones and ESEM, the present subjects were
re-allocated into four groups: subjects with neither gastric
corpus atrophy nor gallstones, subjects with gastric corpus
atrophy alone, subjects with gallstones alone, and subjects
with both gastric corpus atrophy and gallstones. The
associations of these four groups with the presence of
ESEM were analyzed using a multivariate logistic regres-
sion model with adjustment for age, gender, hiatus hernia,
reflux esophagitis, obesity and the three factors gastric
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corpus atrophy alone, gallstones alone, and both gastric
corpus atrophy and gallstones (Table 3).

Although the group with gallstones alone was not
associated with the presence of ESEM (OR 1.59, 95% CI
0.87-2.92), the group with both gastric corpus atrophy and
gallstones was strongly associated with the presence of
ESEM (OR 2.94, 95% CI 1.40-6.17). The group with
gastric corpus atrophy alone was also associated with the
presence of ESEM (OR 1.63, 95% CI 1.03-2.57).

Discussion

The result of the present case control study showed that the
presence of gallstones, hiatus hernia and the severity of
gastric mucosal atrophy were independently associated
with the presence of ESEM. It has been suggested that both
gallstones and previous cholecystectomy contribute to the
occurrence of duodeno-gastric reflux [16, 34-39]. The
underlying mechanism is thought to be a dysfunction of the
antroduodenal motor unit that favors the reflux of duodenal
contents into the stomach [37]. According to the large
population-based study, a moderately increased risk for
esophageal adenocarcinoma following cholecystectomy
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Table 3 Association of gastric mucosal atrophy and gallstones with ESEM

ESEM (+) cases ESEM (—) controls Odds ratio (95% CI)* p value
No./total no. (%) No./total no. (%)
Factor 1: gastric corpus atrophy +)" gallstone (—) 104/371 (28.0%) 96/392 (24.5%) 1.63 (1.03-2.57)* 0.04
Factor 2: gastric corpus atrophy (—)°, gallstone (+) 45/371 (12.1%) 44/392 (11.2%) 1.59 (0.87-2.92) 0.13
Factor 3: gastric corpus atrophy (+)°, gallstone (+) 40/371 (10.8%) 20/392 (5.1%) 2.94 (1.40-6.17)** 0.004

ESEM endoscopically susp 1 esophageal aplasia: CI confid

*p <005
#* p < 0,01

interval

# Result of a multivariate logistic regression model with adjustment for age, gender, hiatus hernia, reflux esophagitis, obesity, factor 1, factor 2

and factor 3
" The grade of gastric mucosal atrophy was moderate or severe

¢ The grade of gastric mucosal atrophy was none or mild

was observed (OR 1.3, p < 0.05) [40]. In the present study,
independent association of the presence of gallstones
with that of ESEM was shown, suggesting that the
duodeno-gastric bile reflux plays an important role in the
development of ESEM, although the association of pre-
vious cholecystectomy with the presence of ESEM was not
directly examined.

The present study also showed that the presence of
hiatus hernia was associated with that of ESEM. Previous
studies have shown a strong association of hiatus hernia
with BE [41-43], suggesting the occurrence of gastro-
esophageal reflux in hiatus hernia. On the other hand, the
multivariate analysis revealed the severity of reflux
esophagitis was not independently associated with the
presence of ESEM. This result was consistent with that of
the recent Korean study [24], which showed that 77.7% of
BE patients did not have reflux esophagitis.

The association of the presence of H. pylori infection or
the severity of gastric mucosal atrophy with the presence of
ESEM was still controversial [41, 44, 45]. In general, many
studies have shown that H. pylori infection and gastric
mucosal atrophy are inversely associated with BE [25, 46].
However, the result of the present study suggested a
positive association of the severity of gastric mucosal
atrophy with the presence of ESEM, and the presence of
H. pylori infection was not associated with the presence of
ESEM. H. pylori-induced corpus atrophy reduces gastric
acid secretion and the distal esophageal acid exposure [47],
whereas gastric pH leads to bile precipitation in the
stomach [48, 49]. Gastric acid would prevent gastro-
esophageal bile reflux by precipitating bile, while gastric
mucosal atrophy with low acid would accelerate the
esophageal exposure of bile. In addition, duodeno-gastric
bile reflux has been demonstrated to be associated with the
development of intestinal metaplasia in the stomach as well
as in the lower esophagus [S0-52] (Fig. 2). Patients with
BE have been shown to have bile-related gastritis [53, 54].
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Fig. 2 The role of bile and gastric mucosal atrophy in the develop-
ment of Barrett’s esophagus. Bile might play a main role in the
d of Barrett’s esoph . Lower esoph 1 bile exposure
was caused by duodeno-gastro-esophageal reflux (DGER). Gallblad-
der dysfunction, which leads to the development of gallstones, is
closely associated with the efficiency of continuous bile flow into the
duodenum and the occurrence of DGER. This could be the reason
why the presence of gallstones was associated with the presence of
ESEM. On the other hand, DGER also caused gastric intestinal
metaplasia and mucosal atrophy. In addition, gastric mucosal atrophy
with low acid could enhance esophageal exposure to bile, which
precipitates in the stomach with normal acidity

Table 3 shows that the presence of both gastric corpus
atrophy and gallstones was associated with that of ESEM
more strongly than the presence of gallstones alone, sug-
gesting the acceleration of DGER by the combination with
gastric corpus atrophy. In line with this, in a population of
patients with a high prevalence of H. pylori infection like
the Japanese population, gastric corpus atrophy may reflect
an abnormal gastric exposure to bile and lead to an
abnormal esophageal exposure to bile. Since most of the
cases with ESEM in the present study had short segment
ESEM, the disease of the present patients might be milder
than that of the enrolled patients in the previous Western
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studies. The positive association of gastric mucosal atrophy
with ESEM suggests that the esophageal bile reflux is more
important than acid reflux in the early stage of BE.

Although obesity is known to be associated with BE [55,
56], the multivariate analysis to investigate the association
of gallstones and obesity with BE has not yet been repor-
ted. The result of the present study revealed that the
presence of obesity was not an independent risk factor for
ESEM, which means that the presence of obesity was
confounding variable. Recent studies suggested that low
plasma adiponectin is associated with the development of
BE [26, 57]. On the other hand, low plasma adiponectin is
thought to be also associated with the development of
gallstones [58, 59]. In addition, obesity is known to
increase the prevalence of hiatus hernia [60, 61]. Therefore,
obesity may confound hiatus hernia or gallstones.

In conclusion, not only the presence of hiatus hernia, but
also the presence of gallstones and the severity of gastric
mucosal atrophy appear to be risk factors in the presence of
ESEM in the Japanese outpatient population. The injurious
potential of gallstones complications might be exacerbated
by the presence of gastric corpus atrophy with low acid.
These results suggest a causal association of distal esoph-
ageal bile exposure with the development of ESEM, which
could be enhanced by severe gastric atrophy.
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Abstract

Background Gastrointestinal tract is one of the most
susceptible organ systems to ischaemia. Not only
mucosal injury but also alterations of the intestinal
motility and loss of interstitial cells of Cajal (ICC)
have been reported in response to ischaemia and rep-
erfusion (I/R). However, there are few reports on the
changes in the gastric motility after gastric I/R. The
present study was designed to investigate the altera-
tions in gastric emptying, the ICC and enteric nerves
that regulate smooth muscle function in response to
gastric I/R. Methods Seven-week-old male Wistar rats
were exposed to gastric I/R, and the gastric emptying
rates at 12 and 48 h after I/R were evaluated by the
phenol red method. Expressions of gene product of
c-kit receptor tyrosine kinase (c-Kit), a marker of ICC,
and of neuronal proteins were also examined. Key
Results Gastric emptying was transiently delayed at
12 h after I/R, but returned to normal by 48 h.
Expression of c-Kit protein as assessed by Western
blotting and immunofluorescent staining of the
smooth muscle layer, as well as expression of the
mRNA of stem cell factor, the ligand for c-Kit, were
reduced at both 12 and 48 h after 1/R. The expression
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of neuronal nitric oxide synthase (nNOS) protein as
assessed by Western blotting and immunofluorescent
staining was also decreased at 12 h after I/R, but was
restored to normal by 48 h. Conclusions e Infer-
ences Gastric I/R evokes transient gastroparesis with
delayed gastric emptying, associated with disruption
of the ICC network and nNOS-positive neurons.

Keywords gastric emptying, gastric ischaemia and
reperfusion, gastroparesis, interstitial cells of Cajal,
neuronal nitric oxide synthase.

Abbreviations: ChAT, choline acetyltransferase; c-Kit,
gene product of c-kit receptor tyrosine kinase; GAPDH,
glyceraldehyde-3-phosphate; ICC, the interstitial cells of
Cajal; ICC-IM, intramuscular interstitial cells of Cajal;
ICC-MY, myenteric interstitial cells of Cajal; I/R, ischae-
mia and reperfusion; nNOS, neuronal nitric oxide synthase;
NOD, non-obese diabetic; SCF, stem cell factor; TUNEL,
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labelling.

INTRODUCTION

Gastrointestinal tract is one of the most susceptible
organ systems to ischaemia. Previous investigations
have demonstrated that ischaemia and reperfusion (I/R)
is a major contributor to gastric mucosal injury caused
by stress, such as burn stress! or heamorrhagic shock,?
non-steroidal anti-inflammatory drugs® and Helicob-
acter pylori infection.*® In an intestinal I/R model, not
only post-ischaemic mucosal injury but also the alter-
ations of the intestinal motility have been reported.>®
However, there are few reports on the alterations of
gastric motility after gastric I/R.
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Disruption of the network of interstitial cells of Cajal
(ICC) has been reported along with intestinal dysmotil-
ity after intestinal I/R.®* However, the precise effect of
gastric I/R on the gastric ICC network is not yet clear.
The interstitial cells of Cajal, which express the proto-
oncogene c-kit receptor tyrosine kinase (gene product, c-
Kit), play critical roles in gastrointestinal motility.”'° c-
Kit is essential for the development of the ICC and
maintenance of their phenotype, '"'? and the natural
ligand for c-Kit is stem cell factor (SCF). Two classes of
ICC have been identified in the mammalian stomach:
myenteric ICC (ICC-MY), which lie in the space
between the circular and longitudinal muscles in the
region around the myenteric plexus and have been
identified as the source of the electrical slow waves
underlying the phasic contractions of the gastric mus-
culature,'® and intramuscular ICC (ICC-IM), which are
found in the circular and longitudinal muscle layers and
mediate excitatory and inhibitory inputs to the muscu-
lature from the enteric motor neurons.'“!5

The interstitial cells of Cajal and enteric nerves are
often found in proximity and their interactions seem to
be required for normal functioning of the gastrointes-
tinal tract. In nearly all human motility disorders
associated with the loss of the ICC, there is also a
concomitant loss of enteric neurons. When the sub-
types of enteric neurons that are lost in association
with ICC loss were examined, a decrease in the
neuronal nitric oxide synthase (nNOS) expression was
also revealed.'®2° nNOS is expressed in the neurons of
the myenteric plexus in the gastrointestinal tract.
Nitric oxide released by the activation of nNOS
functions as a major inhibitory non-adrenagic, non-
cholinergic neurotransmitter that is involved in reflex
relaxation of the gastric fundus to accommodate food
or fluid, and mediates pyloric relaxation and intestinal
feedback regulation, thereby facilitating gastric emp-
tying. 2! As delayed gastric emptying has been noted
following treatment with 7-nitroindazole, an nNOS-
selective inhibitor?? and in nNOS-knockout mice,®
nNOS is considered to play an important role in gastric
emptying.

The present study was designed to investigate the
alterations in gastric motility, the ICC and the enteric
nerves that regulate smooth muscle function in a rat
model of gastric I/R injury.

MATERIALS AND METHODS

Ischaemia and reperfusion

Six-week-old male Wistar rats were purchased from Japan SLC
Inc. (Shizuoka, Japan). All rats were handled according to the
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guidelines of the Keio University Animal Research Commit-
tee. All rats were used after acclimatization for 1 week and
denied access to food for 22-24 h (free access to water)
before the operation and kept starved until sacrifice. When
reperfusion was established for 48 h, the rats were fed after the
operation, but denied access to food for 24 h before the sacrifice.
The rats were anaesthetized with sodium pentobarbital (50 mg
kg™, i.p.) during the experiments. The abdomen was opened by
a midline incision and the celiac artery was occluded with a
small clamp for 80 min. Reperfusion was established for 12 or
48 h by removal of the clamp. Gastric mucosal injury was
confirmed by haematoxylin—eosin staining in all the rats
exposed to gastric I/R. For comparison, some rats were
subjected to sham operation (surgery, but no clamping).

Evaluation of gastric emptying

The experiment was conducted according to the method reported
by Kido et al.** One millilitre of phenol red (100 ug mL™'| was
administered orally to the rats, which were then sacrificed 15 min
after the administration, except for those animals that were
sacrificed immediately after the injection to recover the entire
dose of phenol red. The stomach was removed immediately and
washed in 10 mL of Na,HPO, solution (0.1 mol L") to collect the
gastric contents and phenol red, and then 1 mL of rinse solution
was added to 0.5 mL of Na,HPOj solution (0.1 mol L'} (S1). The
residual rinse solution was added to 1 mL of phenol red (100 ug
mL~!) solution and diluted fivefold with Na,HPO, solution
(0.1 mol L™!) (S2). The absorbances of the S1 and S2 solutions
were measured at a wavelength of 570 nm with a microplate
reader (BIO-RAD, Hercules, CA, USA). Gastric emptying was
calculated as follows:

Gastric emptying(%) = 100 — (A/B) x 100

A: Residual amount of phenol red in the stomach (ug)
= (100 - (1.5 x <81>))/(5 x<82>/(1.5 x<S1>) - 1)

Note: <S1> and <S2> denote the phenol red concentrations in
the S1 and S2 solutions.

B: Amount of phenol red recovered from the stomach imme-
diately after the phenol red administration (ug).

Preparation of total RNA and quantitative
RT-PCR analysis

Total RNA was extracted from the total stomach tissue using
RNeasy Mini kit (Qiagen, Valencia, CA, USA), and DNase
treatment was performed with an RNase-free DNase set
(Qiagen). RNA was converted into cDNA using the PrimeScript
RT reagent kit (Takara, Ohtsu, Japan). Quantitative RT-PCR
analysis was performed using Dice (Takara) with SYBR Premix
Ex Taqll (Takara). The primer sequences used were as follows -
c-kit mRNA: 5-ATC CAG CCC CAC ACC CTG TT-3’ and
5-TGT AGG CAA GAA CCA TCA CAA TGA-3’, SCF (mem-
brane-bound isoform) mRNA: 5-TGA GAA AGG GAA AGC
CGC-3’ and 5-TAA GGC TCC AAA AGC AAA GC-3, choline
acetyltransferase (ChAT) mRNA: 5-CAA CCA TCT TCT GGC
ACT GA-3" and 5-TAG CAG GCT CCA TAG CCA TT-3,
nNOS mRNA: 5- TCA AAG CCA TCC AGC GCA TA-3, 5
GCG GTT GGT CAC TTC ATA CGT TC-3’, glyceraldehyde-3-
phosphate (GAPDH) mRNA: 5-GGC ACA GTC AAG GCT
GAG AAT G-3, 5-ATG GTG GTG AAG ACG CCA GTA-3".
The mRNA expression levels were normalized using the GAP-
DH mRNA expression levels.
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Western blot analysis

Liquid nitrogen-frozen specimens of the total stomach were
homogenized in ice-cold RIPA Buffer (Upstate, Temecula, CA,
USA) containing protease inhibitor cocktail (Sigma Chemical Co.,
St Louis, MO, USA), incubated on ice for 30 min, centrifuged at
10 000 g for 15 min, and the supernatants were used as the total
proteins. The total protein concentration was measured with the
BCA™ Protein Assay kit (PIERCE, Rockford, IL, USA). Total
proteins were separated by 12% NuPAGE Bis-Tris gel (Invitrogen,
Carlsbad, CA, USA) electrophoresis and transferred to polyviny-
lidene difluoride membranes (Invitrogen). The blots were blocked
with Block Ace (Dainippon Sumitomo Pharma Co., Osaka, Japan)
and probed with anti-nNOS antibody (1 : 5000; ZYMED, San
Francisco, CA, USA), anti-c-Kit antibody (1 : 5000, sc-1494; Santa
Cruz Biotechnologies, Heidelberg, Germany) or anti-ChAT anti-
body (1 :1000; Abcam, Cambridge, UK), followed by reprobing
with anti--actin antibody (1 : 20 000, clone: AC-74, SIGMA) as
the loading control. Signal detection of the immunoreactive bands
was facilitated by enhanced chemiluminescence using ECL plus
(GE Healthcare, Uppsala, Sweden). Band quantification was
performed using the iMAGE program (National Institutes of Health,
Bethesda, MD, USA).

Immunofluorescent staining

For immunofluorescent staining of c-Kit, stomach tissue speci-
mens were fixed with 2% periodate-lysine paraformaldehyde for
6 h and embedded in Tissue-Tek OCT compound 4583 (Sakura
Finetechnical Co. Ltd. Tokyo, Japan), frozen in liquid isopentane
cooled with liquid nitrogen and cut into 5-um sections with a
cryostat (CM1850, Leica, Nussloch, Germany). The sections were
placed on a micro slide glass (Matsunami, Osaka, Japan) and
incubated with Protein Block (DAKO Japan, Tokyo, Japan|
containing 0.5% Triton X-100 for 1 h at room temperature and
incubated with goat anti-cKit polyclonal antibody (sc-1494;
1:200, Santa Cruz Biotechnology) overnight at 4 °C. Immunore-
activity was detected using Alexa Fluor 488 donkey anti-goat IgG
(1 : 1000; Molecular Probes, Eugene, OR, USA). Coverslips were
mounted with Permafluor (Beckman Coulter, Fullerton, CA,
USA) and i fl was ined using a Nikon
Eclipse E600 microscope (Nikon Corporation, Tokyo, Japan).

For immunofluorescent staining of nNOS, stomach tissue
specimens were fixed in 10% neutralized formalin and embedded
in paraffin. After deparaffinization and hydration, the antigens
were retrieved by heating for 20 min at 97 °C in citrate buffer
(10 mmol L™', pH 6.0). Nonspecific binding was blocked by
Protein Block (DAKO Japan). Sections were incubated overnight
at 4 °C with anti-nNOS antibody (1 : 100, ZYMED). Immunore-
activity was detected using Alexa Fluor 568 goat anti-rabbit IgG
(Molecular Probes). The areas of the c-Kit- and nNOS-positive
cells were quantified using the maGE program (National Institutes
of Health) and normalized by the areas of the smooth muscle
layers.

For whole-mount i staining, the
was opened along the greater curvature, pinned to a dish filled
with Sylgard elastomer (Dow Corning Corp., Midland, MI, USA)
and stretched to 150% of the resting length before being fixed with
ice-cold acetone for 30 min. The mucosa was removed by sharp
dissection. After being washed with PBS containing 0.3% Triton
X-100 for 10 min at 4 °C, the musculature was incubated in
normal donkey serum (5% in PBS containing 2% bovine serum
albumin and 0.2% sodium azide) for 20 min at 4 °C. Tissues were
incubated with goat anti-c-Kit polyclonal antibody (sc-1494;
1:200; Santa Cruz Biotechnology, Inc.) and rabbit anti-PGP9.5

a h
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antibody (1 : 5000; Ultraclone, Cambridge, UK) or anti-nNOS
antibody (1 : 100; ZYMED) and mouse monoclonal PGP9.5 anti-
body (1 : 30; Abcam) diluted in PBS containing 2% bovine serum
albumin and 0.2% sodium azide overnight at 4 °C. Immunoreac-
tivity was detected using Alexa Fluor 488 anti-goat IgG, Alexa
Fluor 568 anti-rabbit IgG and Alexa Fluor 488 anti-mouse IgG
(Molecular Probes) and visualized using a Leica TCS SP5 system
(Leica) with adequate filter cubes. For the nerve counts, a total of
10 myenteric ganglia was analysed in each preparation (n = 3).
PGP9.5 was used as a general neuronal marker to ascertain the
total number of cell bodies, and the nNOS neuron population was
expressed relative to the number of PGP9.5-positive neurons.
PGP9.5 i ivity was d by the number of
PGP9.5-positive neurons normalized by the area of each ganglion.

Electron microscopy

Whole stomach specimens of I/R or sham-operated rats were
opened and pinned as mentioned above. The tissue specimens
were then placed in a fixative containing 3% glutaraldehyde and
4% paraformaldehyde in 0.1 mol L™ phosphate buffer, pH 7.4,
overnight at room temperature. Following fixation, the tissue
specimens were cut into small pieces and placed in the same
buffer. Then, the tissues were post-fixed in 1% osmium tetroxide
for 2 h at 4 °C. After being rinsed in distilled water, the tissues
were stained en bloc with 3% aqueous uranyl acetate overnight,
dehydrated in a graded series of ethyl alcohol and embedded in
Epon epoxy resin. Ultrathin sections were cut using a Reichert
microtome and double-stained with uranyl acetate and lead
citrate before viewing under a Hitachi H7000 electron microscope
(Hitachi, Ltd., Tokyo, Japan).

Statistical analysis

All values were expressed as mean + SD. The statistical signifi-
cance of any differences between two groups was evaluated using
unpaired Student’s t-test. Statistical significance was accepted at
P < 0.05, unless otherwise indicated.

RESULTS

Liquid gastric emptying

Liquid gastric emptying rates in the sham-operated rats
and I/R rats were evaluated using the phenol red
method. Although, the gastric emptying rates were
significantly delayed at 12 h after I/R as compared with
those in the sham-operated rats (sham: 55.5 + 11.9%; 1/
R: 43.0 + 11.8%; P < 0.01), the rates were normalized
by 48 h after the I/R (Fig. 1).

c-Kit and membrane-bound SCF expression

The expression of c-kit and membrane-bound SCF
mRNA was assessed by quantitative RT-PCR analysis.
In Fig. 2A,B, significant decrease of the expression of c-
kit mRNA (29.1 + 5.44% at 12 h and 56.4 + 35.0% at
48 h after I/R as compared with sham) and SCF mRNA
(49.9 + 16.3% at 12 h and 69.1 = 16.7% at 48 h after I/
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Figure 1 Liquid gastric emptying rates of sham-operated rats (open bar|
and I/R rats (filled bar) at 12 h (Sham; n = 18, I/R; n = 17) and 48 h
(Sham; n = 12, I/R; n = 13) after I/R. Data are means = SD. **P < 0.01
as compared with sham-operated rats.

R as compared with sham) was observed at 12 and 48 h
after I/R as compared with that in the stomach of the
sham-operated rats. Western blot analysis also revealed
significantly reduced expression of the c-Kit protein
(approximately 145 kDa) at 12 and 48 h after I/R
(Fig. 2C,D: 40.2 + 12.5% at 12 h and 40.3 + 12.5% at
48 h after I/R as compared with the observation in the
sham group).

Immunofluorescent staining for c-Kit after I/R

Cross-sectional analysis along the long axis of the
stomach was performed using anti-c-Kit antibody
(Fig. 3A). Fluorescent immunostaining showed punc-
tate staining in the circular muscle (ICC-IM) and a
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layered signal in the myenteric plexus (ICC-MY). At
12 h after I/R, significant decrease of both ICC-IM and
ICC-MY was observed in the corpus (59.4 + 14.3% and
66.0 + 24.6% relative to the value in the sham group),
while significant decrease of only ICC-IM was noted in
the antrum (50.1 + 20.7% relative to the value in the
sham group) in Fig. 3B. At 48 h after I/R, the areas of
the c-Kit-positive cells were restored in the corpus, but
remained reduced in the antrum. At 48 h after I/R,
significant reduction not only of ICC-IM but also of
ICC-MY was observed in the antrum as compared with
the observation in the sham group, as shown in Fig. 3B
(71.5 + 21.7% and 52.5 =+ 27.5% relative to the value in
the sham group).

Whole-mount staining was also performed using
anti-c-Kit antibody and anti-PGP9.5 antibody. Fig. 3C
shows overlays of optical sections representing the
myenteric region. In the specimens from the sham-
operated rats, dense networks of c-Kit-positive cells
were observed. However, such networks were scarcely
seen in the corpus of the I/R rats at 12 h. In the antrum,
slight decrease of the ICC density was observed in the
I/R rat, although the difference was not prominent as
compared with that in the corpus.

nNOS and ChAT expression

In Fig. 4A, significant decrease of the nNOS mRNA at
12 h after I/R was observed (29.4 + 497%) as com-
pared with that in the stomach of the sham-operated
rats, but the levels were restored at 48 h after I/R. The
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*P <0.05 and **P < 0.01 as compared with
sham-operated rats.
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Figure 3 (A) Representative immuno-
fluorescent staining for c-Kit in the corpus
and antrum of a sham-operated rat and an 1/
R rat at 12 and 48 h after I/R. Bar, 100 um.
(B) Areas of ICC-IM and ICC-MY were
quantified using the image analysis software
and are shown below the fluorescent images
[Sham (open bar); n = 6, I/R (filled bar);

n = 7]. Data are means = SD. *P < 0.05 as
compared with sham-operated rats.

(C) Representative images of whole-mount
immunofluorescent staining for c-Kit (green)
and PGP9.5 (red) in the corpus and antrum
in a sham-operated rat and an I/R ratat 12 h
after I/R. Bar, 150 um.

Sham

/R

expression level of ChAT mRNA was not signifi-
cantly different as compared with that in the sham-
operated rats at both 12h and at 48 h after I/R
(Fig. 4B).

Western blot analysis showed reduced expression of
the gastric nNOS proteins (upper band, approximately
155 kDa) at 12 h after I/R (67.8 + 11.2% relative to the
value of sham-operated rats), but the expression levels
at 48 h were the same as those in the specimens from
the sham-operated rats (Fig. 4C). However, no changes
in expression of the ChAT proteins (approximately
70 kDa) were observed throughout the experimental
period (Fig. 4D).

Immunofluorescent staining for nNOS after I/R

Cross-sectional analysis along the long axis of the
stomach was performed using anti-nNOS antibody
(Fig. 5A). Fluorescent immunostaining of the corpus,
antrum and pyloric sphincter muscle sections showed
significantly decreased nNOS-positive areas in the
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specimens at 12 h after I/R as compared with the value
in the sham-operated rats, as shown in Fig. 5B
(63.0 + 30.0%, 56.8 + 13.7% and 62.4 + 19.2%, respec-
tively, as compared with the values in the sham group).
However, the nNOS-immunoreactivities at 48 h after
I/R were the same as those in the specimens from the
sham-operated rats (data not shown).

Representative pictures of whole-mount staining of
nNOS and PGP9.5 are shown in Fig. 5C. Slight but
significant decrease in the count of PGP9.5-immuno-
reactive cells was observed in the corpus of the I/R rats
81.4 + 2.15% of the value in the sham-operated rats) as
compared with that in the sham-operated rats, while
no significant difference was noted in the antrum
(Fig. 5D). The population of nNOS-positive neurons
was 25.6 = 1.14% in the corpus and 28.7 + 1.95% in
the antrum of the sham-operated rats. However,
significant decrease in the population of nNOS-posi-
tive neurons at 12 h was observed in both the corpus
(12.4 + 4.42%) and antrum (15.6 = 0.65%) in the I/R
rats (Fig. 5E).
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Electron microscopy at 12 h after I/R

In the sham-operated rats, cells possessing the typical
ultrastructural features of ICC were found in the
myenteric plexus region (Fig. 6A) and within the
muscle layer. These cells were characterized by an
electron-dense cytoplasm, numerous mitochondria and
conspicuous caveolae along the cell membrane. They
extended long processes containing many mitochon-
dria, rough and smooth endoplasmic reticulum and
rich intermediate filaments. The ICC formed gap
junctions with each other (Fig. 6B and inset). They
were distinguished from fibroblasts by the less elec-
tron-dense cytoplasm and well-developed rough endo-
plasmic reticulum in the latter. In the I/R rats, a
decrease in the number of cells that possessed the
ultrastructural features of ICC was observed by elec-
tron microscopy (Fig. 6C). In such areas, only fibro-
blasts were observed in the same locations normally
occupied by ICC-MY in the regions of the myenteric
plexus. Also, no evidence of cell death was observed in
these areas. The remaining ICC showed the same
ultrastructural features as those in the sham-operated
rat, and shared gap junctions with adjacent ICC-IM
(Fig. 6D).
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Figure 4 Expression levels of nNOS and

ChAT in the stomach of sham-operated rats

(open bar) and I/R rats (filled bar) at 12 h

(Sham; n = 6, I/R; n = 7) and 48 h (Sham;

n =6, I/R; n = 7) after I/R. (A,B) Expression

of mRNA as assessed by quantitative RT-
48 PCR. (C,D) Western blot analysis. Data are
means + SD. **P < 0.01 as compared with
sham-operated rats.

DISCUSSION

Thermal injury®® and aspirin ingestion®® have been
reported to induce delayed gastric emptying. However,
in Helicobacter pylori infection, gastric emptying is
reportedly accelerated”” or remains unchanged.?
Although these events are reported to be induced by
gastric I/R, their influences on the gastric emptying
rates varied. Thus, whether acceleration/delay of gas-
tric emptying can be induced by gastric I/R alone
remained unclear. The present study is the first report
documenting delayed gastric emptying and disruption
of neuromuscular components after gastric I/R. In one
previous report on the effect of gastric I/R on the
gastric motility, increase in the force of contractions
after ischaemia was reported, but only for the initial
10 min of reperfusion.?’ This was only a short-term
evaluation, whereas we performed a longer-term eval-
uation to investigate the different phases of the
motility profile after I/R.

Although dysmotility after intestinal I/R as well as
the loss of the ICC network have been reported
previously,® no data have been reported on the effect
of the gastric I/R on the ICC network in the stomach.
This is the first report of disruption of the ICC network
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