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Abstract
Background/Aims We examined the contributions of gastric emptying and duodenogastric bile reflux in the formation of 
gastric antral ulcers induced by NSAIDs in mice.
Methods We used the murine re-fed indomethacin (IND) experimental ulcer model. Outcome measures included the appear-
ance of gastric lesions 24 h after IND treatment and the assessment of gastric contents and the concentration of bile acids 
1.5 h after re-feeding. The effects of atropine, dopamine, SR57227 (5-HT3 receptor agonist), apomorphine, ondansetron, 
haloperidol, and dietary taurocholate and cholestyramine were also examined.
Results IND (10 mg/kg, s.c.) induced severe lesions only in the gastric antrum in the re-fed model. The antral lesion index 
and the amount of food intake during the 2-h refeeding period were positively correlated. Atropine and dopamine delayed 
gastric emptying, increased bile reflux, and worsened IND-induced antral lesions. SR57227 and apomorphine worsened 
antral lesions with increased bile reflux. These effects were prevented by the anti-emetic drugs ondansetron and haloperidol, 
respectively. The anti-emetic drugs markedly decreased the severity of antral lesions and the increase of bile reflux induced 
by atropine or dopamine without affecting delayed gastric emptying. Antral lesions induced by IND were increased by dietary 
taurocholate but decreased by the addition of the bile acid sequestrant cholestyramine.
Conclusions These results suggest that gastroparesis induced by atropine or dopamine worsens NSAID-induced gastric antral 
ulcers by increasing duodenogastric bile reflux via activation of 5-HT3 and dopamine  D2 receptors.
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Introduction

Although the importance of peptic ulcer disease has dimin-
ished since the 1990s due to the advent of potent antise-
cretory medications and the ability to eradicate H. pylori, 
peptic ulcer disease remains a major health problem and 
cause of morbidities such as hemorrhage and perforation, 
in particular in populations with a high prevalence of H. 
pylori and frequent use of nonsteroidal anti-inflamma-
tory drugs (NSAIDs), which often cause gastric ulcers in 
the pre-pyloric (antral) area in humans [1–4] for reasons 
incompletely understood. In experimental models, NSAIDs 
induce gastric ulcers selectively in the antral mucosa when 
administered after 2 h of re-feeding following a 22-h fast, 
but induce lesions in the corpus under continuously fasted 
conditions [5], suggesting that the location of gastric ulcers 
is closely related to the timing of taking NSAIDs relative to 
meals, similar to the situation in humans, where NSAIDs 
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are frequently taken after a meal. Furthermore, clinical 
studies show that the healing of NSAIDs-induced gastric 
antral ulcers is resistant to histamine  H2-receptor antagonists 
 (H2-RAs; famotidine or ranitidine), whereas proton pump 
inhibitors (PPIs) such as lansoprazole or omeprazole are 
effective [6–8]. In the gastric antral ulcer model in re-fed 
mice, the formation of antral ulcers induced by indomethacin 
(IND) is also resistant to  H2-RAs, but responsive to PPIs 
[9]. In contrast, PPIs prevent the formation of antral ulcers 
via activation of capsaicin-sensitive afferent nerves [9] that 
explains, at least in part, the differential effects of  H2-RAs 
and PPIs on NSAID-induced antral ulcers in humans.

Since the antimotility cholinergic antagonist atropine 
inhibits the formation of gastric corpus lesions induced by 
NSAIDs under fasted conditions in rats, gastric motility is 
likely to contribute to the formation of gastric lesions by 
NSAIDs [10, 11]. Interestingly, in our preliminary studies, 
atropine did not inhibit the formation of antral lesions, but 
markedly worsened antral lesions induced by IND under re-
fed conditions, suggesting that gastroparesis due to atropine 
exacerbates the severity of antral lesions induced by IND in 
the re-fed model.

Bile reflux from the duodenum to the stomach is another 
important factor in the genesis of gastric antral ulcers 
induced by atropine. Atropine increases reflux of duodenal 
contents including bile to the stomach in humans [12] and 
dogs [13]. Bile acids disrupt the gastric mucosal barrier due 
to their detergent properties [14–16]. Thus, we also hypoth-
esize that atropine may affect the formation of NSAID-
induced antral ulcers by increasing bile reflux.

In the present study, we examined the effects of several 
pharmacologic agents that affect gastric motility or bile 
reflux [17–25], on IND-induced antral lesions in order to 
test the hypothesis that luminal bile acids worsen NSAID-
induced antral ulcers in the re-fed mouse model.

Materials and Methods

Animals

Seven-week-old male ddy mice (Shimizu Laboratory Sup-
plies, Shizuoka, Japan) weighing 35–40 g were used. Ani-
mals were housed in our animal facility and fed a standard 
pellet diet and water ad libitum until performance of the 
experiments as described below.

We performed two series of the experiments, gastric 
injury and gastric content studies since the time courses of 
injury development (at 24 h) and gastric content accumula-
tion (at 1.5 h) are different. The animals were fed a regular 
pellet diet for  the injury study, while a powder diet was 
given for the gastric content study since exact amounts of 

food intake should be measured to calculate gastric empty-
ing. The details were described below.

Drugs and Diets

The following drugs and chemicals were used: cholesty-
ramine (COL) (Questran®, 44.4% powder, Sanofi, Tokyo), 
mosapride citrate (MOS) (Nipro, Osaka, Japan), ondansetron 
hydrochloride (OND) (TCI, Tokyo, Japan), apomorphine 
hydrochloride (APO), atropine sulfate monohydrate (ATR), 
carboxymethylcellulose, dopamine hydrochloride (DOP), 
sodium diclofenac (DIC), haloperidol hydrochloride (HAL), 
indomethacin (IND), neostigmine bromide (NEO), SR 
57227 hydrochloride (SR), and sodium taurocholate (TCA) 
(Fuji-Wako, Osaka, Japan). Drugs for subcutaneous (s.c.) 
administration were suspended in saline (SAL) containing 
1% carboxymethylcellulose, and drugs for intraperitoneal 
(i.p.) administration were dissolved in SAL. The drugs were 
prepared immediately before the experiments and adminis-
tered in a volume of 0.05 ml/10 g body weight.

Regular chow pellets (CE-2 pellets; Clea Japan, Osaka, 
Japan) or regular powder diet (PD) (CE-2 powder; Clea 
Japan) were used. In some experiments, PD with taurocho-
late (TCA) or cholestyramine (COL) was given to mice dur-
ing the 2-h re-feeding period. To block the binding capability 
of COL for bile acids, 1 g of COL was suspended in 50 ml 
of 0.1 M TCA solution and stirred for 2 h at 150 rpm at 
37 °C, after which the suspension was centrifuged (800×g, 
10 min). The precipitate was then washed several times with 
de-ionized water. The precipitate was then dried at 37 °C 
for 24 h, and subsequently used as COL − TCA, which was 
added to PD (PD + COL − TCA).

Induction and Measurement of Gastric Lesions

NSAIDs (IND 10 mg/kg or DIC 30 mg/kg) were adminis-
tered s.c. after a 24-h fast or after 2 h of re-feeding of diet 
following a 21–22-h fast (Fig. 1A–C). A submaximal dose 
of IND at 10 mg/kg [5] was used, since enhancement or inhi-
bition of gastric lesions was assessed in the present study.

Animals were sacrificed by cervical dislocation under iso-
flurane (Escain®, Pfizer, Tokyo, Japan) anesthesia at 24 h after 
NSAID treatment. The abdominal wall was incised through 
a midline incision, and changes in the abdominal organs 
and presence of ascites were observed macroscopically. The 
stomach was removed and filled with 1.5 ml of 0.4% formalin 
solution and then immersed in the same formalin solution for 
15 min. The stomach was opened along the greater curvature; 
the length (in mm, of the corpus) or area  (mm2, of the antrum) 
of individual lesions was measured using a dissecting micro-
scope with a 1 mm square grid eyepiece (× 10). The sum of 
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the lengths or areas of all the lesions separately in the corpus, 
or antrum was expressed as the lesion index.

In the food intake study, restricted amounts of the chow 
pellet diet (0, 0.2, 0.4, 0.6, 0.8, or 1 g) or free-access amounts 
(2 g) were given during 2-h re-feeding period, followed by 
IND (30 mg/kg) treatment in order to induce the maximal inju-
ries [5]. The correlation between the measured food consump-
tion as food intake (g/2 h) and lesion index (mm for corpus 
lesions and  mm2 for antral lesions) was analyzed.

Measurements of Amounts of Gastric Contents 
and Concentration of Bile Acids in the Gastric Juice

Measurement of Gastric Contents

Animals were sacrificed by cervical dislocation under iso-
flurane anesthesia at 1.5 h after 2 h of re-feeding of diet 
(PD) following a 22-h fast (Fig. 1D, E). After an abdominal 
midline incision, the pyloric ring was immediately closed 

Fig. 1  Experimental schedule. 
Experiment 1. Effects of drugs 
on gastric antral ulcers induced 
by indomethacin (IND) or 
diclofenac (DIC): A IND or 
DIC was administered subcuta-
neously (s.c.) after 2-h re-feed-
ing of diet (chow pellets) after 
a 22-h fast. B Atropine (ATR), 
dopamine (DOP), neostigmine 
(NEO), mosapride (MOS), SR 
57227 (SR) or apomorphine 
(APO) was administered just 
after 2-h re-feeding, and 0.5 h 
later IND or DIC was adminis-
tered. C Ondansetron (OND) or 
haloperidol (HAL) was admin-
istered just after re-feeding, and 
0.5 h later ATR, DOP, SR, or 
APO was administered. IND 
or DIC was administered 0.5 h 
later, and gastric lesions were 
examined 24 h after IND or DIC 
treatment. Experiment 2. Effects 
of drugs on gastric contents and 
concentration of bile acids: D 
ATR, DOP, NEO, MOS, SR, 
or APO was administered just 
after 2-h re-feeding of powder 
diet, and 1.5 h later gastric 
contents were collected. E OND 
or HAL was administered just 
after the re-feeding of diet, and 
0.5 h later ATR, DOP, SR, or 
APO was administered. Gastric 
contents were collected 1.5 h 
after pretreatment with OND 
or HAL
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using mosquito forceps, and the stomach was removed with 
the lower esophagus, after which the gastric contents were 
collected carefully in a 5 ml plastic tube after cutting the 
greater curvature of the stomach. The wet weight of the con-
tents was measured, after which 500 μl of de-ionized water 

was added to the contents. The contents were suspended 
and centrifuged for 10 min at 20,000×g, and 400 μl of the 
supernatant was collected and frozen at − 30 °C until the 
bile acids were assayed. The pellet from the gastric contents 
was dried for 24 h at 70 °C, after which the dry weight of the 
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pellet was measured. The volume of gastric juice was cal-
culated from the difference between the wet weight and dry 
weight. Gastric contents (%) were calculated as follows; (dry 
weight of gastric contents)/(amount of food intake during 
the 2 h re-feeding period) × 100. Increased gastric contents 
represent the delayed gastric emptying.

Measurement of Gastric Bile Acid Concentrations

After the pH of a 400 μl aliquot of the supernatant solution 
was adjusted to 6.5–7.5 by addition of 0.1 N NaOH, the con-
centration of bile acids was measured using a kit for total bile 
acids (Fuji-Wako) with a method using 3α-hydroxysteroid 
dehydrogenase [26]. The color of the resulting generated 
diformazan was measured at 490 nm to evaluate the con-
centration of bile acids using a microplate reader (iMark®, 
Bio-Rad, Tokyo). The concentration of total bile acids was 
obtained by correction of the dilution effect of the samples, 
i.e., the addition of 500 μl of de-ionized water to each sam-
ple of gastric contents. Increased bile acid concentrations in 
the gastric juice reflect duodenogastric bile reflux.

Statistics

All data are expressed as mean ± SEM. Differences between 
groups were analyzed using Student’s t-test for two group 
comparisons, one way analysis of variance (Dunnett’s mul-
tiple range test or Tukey’s multiple comparison test) if more 
than two variables were considered, or χ2 test (Fisher’s exact 
probability test), using GraphPad™ Prism 10 (San Diego, 

CA, USA) with the significance level set at P < 0.05. Cor-
relations were assessed by the Pearson correlation method 
using GraphPad.

Results

Effect of Food Intake on the Formation of Gastric 
Lesions Induced by IND in Fasted or in Re‑fed Mice

IND (10 mg/kg) was administered subcutaneously (s.c.) after 
a 24-h fast, or just after 2-h re-feeding of diet (chow pel-
lets) following a 22-h fast (Fig. 1A). Gastric lesions were 
examined 24 h after IND treatment. IND treatment after a 
24-h fast induced many linear lesions in the gastric corpus, 
but no lesions in the antrum (Fig. 2A, Fasted). In contrast, 
IND treatment after 2-h refeeding induced large ulcers only 
in the antrum (Fig. 2B, Re-fed). The lesions in the antrum 
were often observed in the anterior and posterior walls, and 
occasionally accompanied by perforations (Fig. 2B).

To further study the mechanism of antral ulcer forma-
tion, we examined the effects of the amounts of remaining 
chow in the re-fed mice that calculated food intake on IND-
induced gastric lesions at maximal dose (30 mg/kg). Mice 
were fed chow pellets (0 – 1 g or ad libitum) during the 2-h 
re-feeding period in order to generate a range of food intake. 
The lesion index in the corpus under fasted conditions was 
decreased with increasing food intake (Fig. 2C). In contrast, 
the lesion index in the antrum was increased with increasing 
food intake, with some perforations evident (shown as closed 
circles) (Fig. 2D). The antral lesion index was near maximal 
at 1–1.5 g of food intake. The lesion index in the corpus 
inversely correlated with the amounts of food intake  (R2 
0.5696, p = 0.0001), whereas the antral lesions were posi-
tively correlated with food intake  (R2 0.7486, p < 0.0001). 
These results implicate the amount of food consumption and 
presumably the rate of gastric emptying in the formation of 
IND-induced antral lesions.

Effect of Atropine on the Formation of Gastric 
Lesions Induced by IND in Fasted or in Re‑fed Mice

To test the hypothesis that gastroparesis and excess luminal 
bile acids exacerbate NSAID-induced antral ulcers in the 
re-fed model, we first examined the effects of the anticho-
linergic drug atropine (ATR) that inhibits gastric motility. 
ATR was administered according to the protocol in Fig. 1B. 
Gastric lesions were examined 24 h after IND treatment at 
submaximal dose (10 mg/kg).

In fasted mice, IND (10 mg/kg, s.c.) induced many linear 
lesions only in the corpus (Fig. 2A), with the lesion index 
in the vehicle control group was 23.3 ± 2.9 mm (n = 8) 
(Fig. 2E). ATR (3–30 mg/kg, s.c.) dose-dependently and 

Fig. 2  Effects of food intake and atropine on indomethacin-induced 
gastric lesions. The images depict gastric lesions 24 h after IND treat-
ment (10  mg/kg, s.c.) administered after a 24  h fasted (A, Fasted) 
or just after 2-h re-feeding with chow pellets (B, Re-fed) following 
a 22-h fast. Under fasted conditions (A) many linear lesions were 
observed in the corpus, but no lesions in the antrum. Under re-fed 
conditions (B) many large ulcers were observed in the antral mucosa 
accompanied by perforations, but no lesions in the corpus. Yellow 
arrows in A and B show the lesions, and a blue grid on each photo 
shows a 1-cm scale. Effect of food intake on IND-induced gastric 
lesions: The mice were given restricted amounts (0, 0.2, 0.4, 0.6, 
0.8, or 1 g) or 2 g of chow pellets for 2 h after a 22-h fast, and the 
amount of food intake (g) was measured for each individual mouse. 
IND (30 mg/kg, s.c.) was administered just after the refeeding of diet. 
Gastric lesions were examined 24 h after IND treatment. Each point 
shows the lesion index in the corpus (C) and antrum (D) against the 
amounts of food intake in each animal (n = 40). Closed circles in the 
antrum (D) show cases of perforation. Statistical correlations were 
assessed using the Pearson correlation method. Effect of atropine on 
IND-induced gastric lesions: Atropine (3–30 mg/kg, s.c.) was admin-
istered after a 24-h fast (E) or after 2 h of re-feeding (F), and 0.5 h 
later IND (10  mg/kg, s.c.) was administered. Gastric lesions were 
examined 24 h after IND treatment. Each point represents data from 
an individual animal. Data are expressed as mean ± SEM (n = 8). b 
and c: P < 0.01, and 0.001 vs. vehicle (VEH) (Dunnett’s test). Ratio in 
parentheses indicates the number of mice with antral perforation vs. 
the total number of mice. ##P < 0.01 vs. VEH (χ2 test)

◂
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significantly inhibited the formation of corpus lesions 
(Fig. 2E), suggesting that enhanced gastric motility by IND 
is involved in the formation of corpus lesions under fasted 
conditions, as previously reported in rats [10].

In re-fed mice, IND (10 mg/kg, s.c.) induced lesions only 
in the antrum (Fig. 2B); the vehicle group lesion index was 
4.5 ± 1.3  mm2 (n = 8) (Fig. 2F). In contrast to the effects on 
corpus lesions, ATR (3–30 mg/kg, s.c.) dose-dependently 
and significantly worsened the antral lesions (Fig. 2F). ATR 
also significantly increased the perforation rate from 3/8 
mice in the vehicle group to 8/8 mice in the ATR groups 
(Fig. 2F). On the other hand, ATR (30 mg/kg, s.c.) alone 
without IND treatment, given just after 2 h of re-feeding 
did not cause any visible lesions in the antrum at 24 h later 
(lesion index was 0.0 ± 0.0  mm2; n = 6).

Effect of ATR on Gastric Emptying and Bile Reflux

We hypothesized that the worsening effects of ATR on 
IND-induced antral lesions were implicated in the changes 
in gastric emptying and bile reflux. First, we confirmed that 
IND treatment alone had no effect on the amounts of gas-
tric contents or concentration of bile acids in the stomach, 
compared with vehicle treatment. Gastric contents were 
21.3 ± 1.1% (n = 12) in vehicle group, and 22.6 ± 1.3% 
(n = 12) in IND group (p = 0.455). The concentration of 
bile acid was 4.7 ± 1.8 μM (n = 12) in the vehicle group and 
3.9 ± 2.1 μM (n = 12) in the IND group (p = 0.607). This 
result suggests that IND treatment has no effect on the rate 
of gastric emptying or on duodenogastric reflux. Therefore, 
we examined the effects of drugs on the gastric contents 
and the concentration of bile acids without IND treatment 
as outlined in Fig. 1D, E.

ATR was administered after 2 h of re-feeding of pow-
der diet (PD) as in Fig. 1D. We measured the amounts of 
gastric contents (shown as % of the amounts of food intake 
during the 2 h of re-feeding) and the concentration of bile 
acids in the stomach. The amounts of gastric contents in 
the group given vehicle was 21.1 ± 2.0% (n = 10) at 1.5 h 
after re-feeding. The content was dose-dependently and sig-
nificantly increased by ATR (3–30 mg/kg, s.c.) (Fig. 3A), 
confirming that ATR slows the rate of gastric emptying. The 
concentration of bile acids in the group given vehicle at 1.5 h 
after refeeding was 4.1 ± 0.7 μM (n = 10). ATR (3–30 mg/
kg, s.c.) dose-dependently and significantly increased the 
concentration of bile acids (Fig. 3B), suggesting that ATR 
increases duodenogastric bile reflux. These results support 
that the worsening effects of ATR on IND-induced antral 
lesions are associated with delayed gastric emptying, accom-
panied by increased bile reflux, suggesting that increased 
luminal bile acids increase the severity of NSAID-induced 
antral ulcers.

Effects of Dopamine, Neostigmine and Mosapride 
on Antral Lesions, Gastric Emptying, and Bile Reflux

To further test our hypothesis, we studied the effect of a 
variety of pharmacologic agents with known effects on 
gastric emptying, dopamine (DOP), another inhibitor of 
gastric emptying [17, 18], the prokinetic acetylcholine 
esterase inhibitor neostigmine (NEO) [23], and the selec-
tive 5-HT4 receptor agonist mosapride (MOS) [24, 25] 
on antral lesions, gastric emptying, and bile reflux. DOP, 
NEO, or MOS was administered according to the protocol 
shown in Fig. 1B. The results were shown in comparison 
with that of ATR in Fig. 4A. DOP (1–30 mg/kg, i.p.) 
dose-dependently and significantly worsened the antral 

Fig. 3  Effects of atropine on the amounts of gastric contents and 
the concentration of bile acids in the stomach. The mice were given 
powder diet (PD) for 2 h after a 22-h fast. Atropine (ATR, 3–30 mg/
kg) was administered s.c. just after the re-feeding period, and 1.5 h 
later the gastric contents were collected. The amounts of gastric con-

tents (A) and the concentration of bile acids (BA, B) were measured 
as described in the Materials and Methods. Each point represents 
data from an individual animal. Data are expressed as mean ± SEM 
(n = 10). b and c: P < 0.01, and 0.001 vs. vehicle (VEH) (Dunnett’s 
test)
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lesions at 10 and 30 mg/kg (Fig. 4A). On the other hand, 
NEO (0.003–0.03 mg/kg, s.c.) and MOS (0.3–3 mg/kg, 
s.c.) dose-dependently and significantly decreased antral 
lesions at 0.03 mg/kg of NEO and at 1 and 3 mg/kg of 
MOS (Fig. 4A).

DOP, NEO, or MOS was administered according to 
the protocol in Fig. 1D. The results were shown in com-
parison with those of ATR in Fig. 4B, C. DOP (1–30 mg/
kg, i.p.) dose-dependently and significantly increased the 
amounts of gastric contents at 30 mg/kg (Fig. 4B). On 
the other hand, NEO (0.003–0.03 mg/kg, s.c.) and MOS 
(0.3–3 mg/kg, s.c.) dose-dependently and significantly 
decreased the amounts of gastric contents at 0.03 mg/
kg of NEO, and at 1 and 3 mg/kg of MOS (Fig. 4B). 
These results indicate that gastric emptying was inhib-
ited by DOP, but accelerated by NEO and MOS. DOP 
(1–30 mg/kg, i.p.) increased the concentration of bile 
acids dose-dependently and significantly at 10 and 30 mg/
kg (Fig. 4C). On the other hand, NEO (0.003–0.03 mg/
kg, s.c.) and MOS (0.3–3 mg/kg, s.c.) dose-dependently 
and significantly reduced the bile acid concentrations at 
0.03 mg/kg of NEO and 3 mg/kg of MOS (Fig. 4C). These 
results indicated that bile reflux was increased by DOP, 
but reduced by NEO and MOS.

These results suggest that delayed gastric empty-
ing with increased bile reflux by ATR or DOP worsens 
IND-induced antral lesions, whereas the gastroprokinetic 
drugs NEO and MOS reduce antral lesions accompanied 
by accelerated gastric emptying with reduced bile reflux.

Effects of Atropine and Mosapride on the Formation 
of Gastric Antral Lesions Induced by Diclofenac

To confirm whether the induction of antral lesions was spe-
cific for IND, we also examined the effects of the NSAID 
diclofenac (DIC) on the formation of antral lesions. Using 
the protocol depicted in Fig. 1B, ATR (30 mg/kg) or MOS 
(3 mg/kg) and DIC (100 mg/kg) was administered s.c. DIC 
induced lesions only in the antrum. The lesion index in the 
group given vehicle was 9.3 ± 1.7  mm2 (n = 8). As shown 
in Table 1, the lesion index was significantly increased by 
ATR and decreased by MOS, similar to the results of IND-
induced antral lesions.

Fig. 4  Effects of prokinetic and antimotility drugs on indomethacin-
induced antral lesions, gastric emptying, and bile reflux. Effects on 
antral lesions: A Atropine (ATR), dopamine (DOP), neostigmine 
(NEO), mosapride (MOS), SR 57227 (SR) or apomorphine (APO) 
was administered subcutaneously (s.c.) or intraperitoneally (i.p. for 
DOP) just after 2-h re-feeding with chow pellets after a 22-h fast. 
IND (10 mg/kg, s.c.) was administered 0.5 h later, and 24 h later the 
antral lesions were examined. Data are expressed as mean % changes 
of lesion index (n = 8) at doses of each drug compared with that given 
vehicle. a, b and c: P < 0.05, 0.01, and 0.001 vs. vehicle (VEH) (Dun-

nett’s test). NEO was administered s.c. at doses of 0.003–0.03 mg/kg. 
Effects on gastric emptying B and bile reflux C: The mice were given 
powder diet (PD) for 2 h after a 22-h fast. Gastrokinetic drugs were 
administered s.c. or i.p. just after the re-feeding period, and 1.5 h later 
the gastric contents were collected. The amounts of gastric contents 
and the concentration of bile acids (BA)  were measured. Data are 
expressed as mean % changes (n = 8–12) of the amounts of gastric 
contents (B) and the concentration of bile acids (C) at doses of each 
drug compared with those given vehicle (VEH). a, b, and c: P < 0.05, 
0.01, and 0.001 vs. VEH (Dunnett’s test)

Table 1  Effects of atropine and mosapride on the formation of gastric 
antral lesions induced by diclofenac in re-fed mice

Atropine or mosapride was administered just after 2 h of re-feeding, 
and 0.5 h later diclofenac (100 mg/kg, s.c.) was administered. Gastric 
antral lesions were examined 24 h after diclofenac treatment. Data are 
expressed as mean ± SEM
a P < 0.05 vs. vehicle (Dunnett’s test). (P/T): Number of mice with 
antral perforations (P) vs. total number of mice (T)

Drug Dose 
(mg/kg, 
s.c.)

No. of mice Antral lesion 
index  (mm2)

Perforation (P/T)

Vehicle 8 9.3 ± 1.7 (7/8)
Atropine 30 8 15.2 ± 1.5a (8/8)
Mosapride 3 8 4.5 ± 0.4a (6/8)
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Effects of SR 57227 and Apomorphine on Antral 
Lesions, Gastric Emptying, and Bile Reflux

To further test our hypothesis, we examined the effects 
of emetogenic drugs on antral lesions, gastric emptying, 
and bile reflux using the protocol depicted in Fig. 1B, D: 
the selective 5-HT3 receptor agonist SR 57227 [27] (SR, 
0.03–1 mg/kg, s.c.), and the central dopamine  D2 receptor 
agonist apomorphine [28] (APO, 0.1–3 mg/kg, s.c.). SR and 
APO dose-dependently and significantly worsened the antral 
lesions at 0.3 and 1 mg/kg SR, and at 1 and 3 mg/kg APO 
(Fig. 4A). SR dose-dependently and significantly decreased 
the amounts of gastric contents at 0.3 and 1 mg/kg, whereas 
APO did not affect the gastric contents (Fig. 4B). SR and 
APO dose-dependently and significantly increased the 
concentration of bile acids at 1 mg/kg of SR and at 0.3 
and 1 mg/kg of APO (Fig. 4C). These results suggest that 
emetogenic drugs worsen IND-induced antral lesions by 

increasing the amount of bile reflux, although SR acceler-
ated gastric emptying.

Effects of Ondansetron and Haloperidol 
on Aggravation of Antral Lesions and Increase 
of Bile Reflux Caused by SR or APO

Since emetogenic drugs worsened antral lesions with 
increased bile reflux, we next examined the effects of the 
selective 5-HT3 receptor antagonist ondansetron [29], (OND, 
0.3–3 mg/kg, s.c.) and the selective dopamine  D2 receptor 
antagonist haloperidol [30] (HAL, 0.3–3 mg/kg, s.c.) on 
these parameters. OND or HAL was administered accord-
ing to the protocol depicted in Fig. 1C. The lesion index 
in the group given vehicle was 3.0 ± 0.4  mm2 (n = 10), and 
perforations were observed in 2/10 mice in the group given 
vehicle (Fig. 5A). SR (1 mg/kg, s.c.) significantly increased 
the lesion index and the number of mice with perforations 

Fig. 5  Effects of ondansetron and haloperidol both on aggravation 
of antral lesions and increase of bile reflux induced by SR 57227 
and apomorphine. Effects on antral lesions: Ondansetron (OND, 
0.3–3 mg/kg) (A) or haloperidol (HAL, 0.3–3 mg/kg) (B) was admin-
istered s.c. just after 2 h of re-feeding of chow pellets, and 0.5 h later 
SR 57227 (SR, 1 mg/kg, s.c.) or apomorphine (APO, 1 mg/kg, s.c.) 
was administered. IND (10 mg/kg, s.c.) was administered 0.5 h after 
pretreatment with SR or APO, and 24 h later the antral lesions were 
examined. Effects on bile reflux: OND (3 mg/kg) (C) or HAL (3 mg/
kg) (D) was administered s.c. just after 2  h of re-feeding of pow-

der diet, and 0.5  h later SR (1  mg/kg, s.c.) or APO (1  mg/kg, s.c.) 
was administered. Gastric contents were collected 1.5 h after dosing 
with OND or HAL, and concentration of bile acids (BA) was meas-
ured. Each point represents data from an individual animal. Data are 
expressed as mean ± SEM (n = 8–10). b and c: P < 0.01 and 0.001 vs. 
vehicle (VEH) + VEH, (b) and (c): P < 0.01 and 0.001 vs. VEH + SR 
or APO (Tukey’s test). Ratio in parenthesis indicates the number 
of mice with antral perforation vs. the total number of mice. # and 
##P < 0.05 and 0.01 vs. VEH + VEH, †, and ††P < 0.05 and 0.01 vs. 
VEH + SR or APO (χ2 test)
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(Fig. 5A). OND dose-dependently and significantly pre-
vented the increases of lesion index and the perforation ratio 
induced by SR (Fig. 5A). OND (3 mg/kg, s.c.) itself did 
not affect the formation of antral lesions induced by IND 
(10 mg/kg, s.c.) in the group given vehicle (data not shown). 
APO (1 mg/kg, s.c.) significantly increased the lesion index 
and the number of mice with perforations, compared with 
the group given vehicle (Fig. 5B). HAL dose-dependently 
and significantly prevented the increases of lesion index and 
the perforation ratio induced by APO (Fig. 5B). HAL (3 mg/
kg, s.c.) itself did not affect the formation of antral lesions 
induced by IND (10 mg/kg, s.c.) in the group given vehicle 
(data not shown). For bile acid concentration measurements, 
OND or HAL was administered according to the protocol 
depicted in Fig. 1E. As shown in Fig. 5C and D, SR (1 mg/
kg, s.c.) and APO (1 mg/kg, s.c.) significantly increased the 
concentration of bile acids in the stomach. This increase was 
significantly prevented by pretreatment with OND (3 mg/kg, 
s.c.) or HAL (3 mg/kg, s.c.), respectively (Fig. 5C, D). These 
results support the hypothesis that the selective activation 

of 5-HT3 or of dopamine  D2 receptor worsens IND-induced 
antral lesions by increasing bile reflux.

Effects of Ondansetron and Haloperidol 
on Aggravation of Antral Lesions by Atropine 
and Dopamine

Next, we examined the contribution of 5-HT3 and dopamine 
 D2 receptors towards the worsening effects of ATR and DOP 
on IND-induced antral lesions, according to the protocol 
depicted in Fig. 1C. ATR and DOP markedly increased the 
formation of antral lesions and the number of mice with per-
foration, compared with the corresponding vehicle groups 
(Fig. 6A, B). These effects of ATR and DOP were dose-
dependently and significantly prevented by OND (0.3–3 mg/
kg, s.c.) (Fig. 6A, B). HAL (1 and 3 mg/kg, s.c.) also dose-
dependently and significantly prevented the worsening 
effects of ATR and DOP on the formation of antral lesions 
and number of mice with perforation (Fig. 6C, D).

Fig. 6  Effects of ondansetron and haloperidol on the aggravation of 
antral lesions induced by atropine or dopamine. OND (0.3–3  mg/
kg) (A, B) or HAL (1 and 3 mg/kg) (C, D) was administered s.c. just 
after 2 h of re-feeding, and 0.5 h later ATR (30 mg/kg, s.c.) or DOP 
(10 mg/kg, i.p.) was administered. IND (10 mg/kg, s.c.) was admin-
istered 0.5 h after ATR or DOP treatment, and 24 h later the antral 
lesions were examined. Each point represents data from an individual 

animal. Data are expressed as mean ± SEM (n = 8). a and c: P < 0.05 
and 0.001 vs. vehicle (VEH) + VEH or SAL, (a), (b) and (c): P < 0.05, 
0.01 and 0.001 vs. VEH + ATR or DOP (Tukey’s test). Ratio in 
parenthesis indicates the number of mice with antral perforation vs. 
the total number of mice. #P < 0.05 vs. VEH + VEH or SAL, †, and 
††P < 0.05 and 0.01 vs. VEH + ATR or DOP (χ2 test)
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Effect of Ondansetron on Aggravation 
of DIC‑Induced Antral Lesions by Atropine

We also confirmed the protective effects of OND on DIC-
induced antral lesions. DIC induced lesions only in the 
antrum (lesion index in the group given vehicle was 8.4 ± 1.4 
 mm2; n = 8). ATR markedly worsened lesion formation, with 
a lesion index of 15.5 ± 2.0  mm2 (n = 8, P < 0.05 vs. vehi-
cle) (Table 2). The increase in lesion index induced by ATR 
was significantly prevented by pretreatment with OND with 
observed change in perforation rate (Table 2).

Effects of Ondansetron and Haloperidol 
on Inhibition of Gastric Emptying and Increase 
of Bile Reflux Induced by Atropine or Dopamine

OND (3 mg/kg, s.c.) or HAL (3 mg/kg, s.c.) was admin-
istered according to the protocol depicted in Fig. 1E. The 
gastric contents in the group given vehicle (control of 
those given ATR or DOP) were 19.3 ± 1.2% (n = 12) and 
21.9 ± 1.1% (n = 10). ATR and DOP significantly increased 
the amounts of gastric contents, unaffected by OND 
(Fig. 7A, B). The concentrations of bile acids in the group 
given vehicle (control of those given ATR or DOP) were 
3.4 ± 0.5 μM (n = 12) and 4.1 ± 1.2 μM (n = 10). ATR and 
DOP significantly increased the concentration of bile acids 
(Fig. 7C, D). OND (3 mg/kg, s.c.) significantly inhibited the 
increase in bile reflux by ATR or DOP (Fig. 7C, D).

The gastric contents in the group given vehicle (control 
of those given ATR or DOP) were 17.3 ± 1.2% (n = 10) and 
17.5 ± 0.9% (n = 10). ATR and DOP markedly increased the 
amounts of gastric contents, though HAL (3 mg/kg, s.c.) had 
no effect on the increase in gastric contents by ATR or DOP 
(Fig. 8A, B). The concentrations of bile acids in the group 
given vehicle (control of those given ATR or DOP) were 
7.3 ± 1.9 μM (n = 10) and 6.1 ± 1.4 μM (n = 10). ATR and 
DOP significantly increased the concentration of bile acids 
(Fig. 8C, D). HAL (3 mg/kg, s.c.) significantly inhibited the 
increase of bile reflux by ATR or DOP (Fig. 8C, D).

These results suggest that anti-emetic drugs OND and 
HAL prevent the aggravation of IND-induced antral lesions 
induced by ATR or DOP through the inhibition of bile reflux 
increased by ATR or DOP with no effect on delayed gastric 
emptying.

Effects of Sodium Taurocholate and Cholestyramine 
on Gastric Antral Lesions Induced by IND

Since our data suggest that bile reflux is likely an impor-
tant contributor to increasing the severity of antral lesions 
induced by ATR and DOP, we further examined the effects 
of exogenous bile acids or bile acid sequestrants in the stom-
ach on IND-induced antral lesions.

The antral lesion index induced by IND in control mice 
given powder diet (PD) for 2 h was 3.4 ± 0.6  mm2 (n = 8); 
antral perforation was observed in 2/8 mice. Sodium tauro-
cholate (TCA, 0.01–0.3%) added to the PD increased the 
lesions in a concentration-dependent manner. The effects at 
0.1 and 0.3% TCA were significant (P < 0.05 and 0.01 vs. 
PD alone), and the number of mice with perforation at 0.3% 
TCA was also significantly increased to 7/8 mice (P < 0.05 
vs. PD alone) (Fig. 9A). TCA (0.3%) alone added to the PD 
without IND did not cause any visible lesions in the antral 
mucosa at 24 h in re-fed mice (lesion index: 0.0 ± 0.0  mm2, 
n = 6).

The lesion index of antral lesions induced by IND (10 mg/
kg, s.c.) in control mice given PD for 2 h was 5.4 ± 0.6 
 mm2 (n = 8) with antral perforation observed in 5/8 mice. 
Cholestyramine (COL; a bile acid sequestrant, 0.3–10.0%) 
added to PD decreased the severity of antral lesions in a 
concentration-dependent manner; the maximal effect was 
observed at 3% COL (Fig. 9B). The effects at doses of 1% 
and more were significant (P < 0.05–0.001 vs. PD alone). 
The number of mice with perforation also decreased to 1/8 
or 3/8 mice (Fig. 9B).

To elucidate whether the effect of COL is dependent 
on the binding activity of COL to bile acids, we exam-
ined the effect of pretreatment of COL with TCA on 
the formation of IND-induced antral lesions. As shown 

Table 2  Effects of ondansetron 
on the increase in diclofenac-
induced antral lesions by 
atropine in re-fed mice

Ondansetron (3 mg/kg, s.c.) was administered just after 2 h of re-feeding, and 0.5 h later atropine (30 mg/
kg, s.c.) was administered. Diclofenac (100 mg/kg, s.c.) was administered 0.5 h after atropine dosing. Gas-
tric antral lesions were examined 24 h after diclofenac treatment. Data are expressed as mean ± SEM
VEH Vehicle, OND Ondansetron, ATR  Atropine
a P < 0.05 vs. VEH, bP < 0.05 vs. VEH + ATR (Tukey’s test). (P/T): Number of mice with antral perforations 
(P) vs. total number of mice (T)

Drug Dose (mg/kg, s.c.) No. of mice Antral lesion index 
 (mm2)

Perforation (P/T)

VEH + VEH 10 8.4 ± 1.4 (8/10)
VEH + ATR 30 10 15.5 ± 2.0a (9/10)
OND + ATR 3 + 30 10 10.0 ± 1.4b (9/10)
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in Fig. 9C, the inhibitory effect of COL (1%) on antral 
lesions was significantly eliminated by pretreatment of 
COL with 0.1 M TCA (COL-TCA), suggesting that the 
binding of bile acids by COL prevents the formation of 
antral lesions.

Effect of Cholestyramine on Gastric Antral Lesions 
Induced by Diclofenac

DIC (100 mg/kg, s.c.) was administered just after 2 h of 
re-feeding with PD alone or PD supplemented with COL 
(0.3 and 1%), and the lesions in the antrum were exam-
ined 24 h thereafter. The lesion index of antral lesions in 
the control mice given PD alone for 2 h was 10.9 ± 1.7 
 mm2 (n = 8); antral perforation was observed in 8/8 mice 
(Table 3). The lesion index and the number of mice with 
perforation were decreased by the addition of COL to PD 
in concentration-dependent manner. The effect of COL 
at 1% were significant (P < 0.05 vs. PD alone) (Table 3).

Correlations Between Lesion Index and Gastric 
Contents or Bile Acid Concentrations

To elucidate the contributions of gastric contents and bile 
reflux to IND-induced antral ulceration, we analyzed the 
correlation between lesion index and gastric contents or 
bile acid concentrations. Since the lesion index and meas-
urements of gastric contents and bile acid concentra-
tions were analyzed in the different animals, we plotted 
the mean ± SEM of the corresponding treatment groups 
as depicted in Figs. 2, 3, 4, 5, 6, 7. Note the significant 
correlation between the gastric contents and the lesion 
index (Fig. 10A), and bile acid concentrations and the 
lesion index (Fig. 10B). These results strongly support 
our hypothesis that delayed gastric emptying and increased 
bile reflux worsen IND-induced antral ulcers.

Fig. 7  Effects of ondansetron on inhibition of gastric emptying and 
increase of bile reflux induced by atropine or dopamine. OND (3 mg/
kg) was administered s.c. just after 2 h of re-feeding, and 0.5 h later 
ATR (30  mg/kg, s.c.) or DOP (10  mg/kg, i.p.) was administered. 
Gastric contents were collected 1.5  h after pretreatment with OND. 

The amounts of gastric contents (A, B) and concentration of bile 
acids  (BA) (C, D) were measured. Each point represents data from 
an individual animal. Data are expressed as mean ± SEM (n = 10–12). 
a, and b: P < 0.05, and 0.01 vs. vehicle (VEH) + VEH or SAL, ns: not 
significant, (b): P < 0.01 vs. VEH + ATR or DOP (Tukey’s test)
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Fig. 8  Effects of haloperidol on inhibition of gastric emptying and 
increase of bile reflux induced by atropine or dopamine. HAL (3 mg/
kg) was administered s.c. just after 2 h of re-feeding, and 0.5 h later 
ATR (30  mg/kg, s.c.), or DOP (10  mg/kg, i.p.) was administered. 
Gastric contents were collected 1.5  h after dosing with HAL. Both 
the amounts of gastric contents (A, B) and concentration of bile 

acids (BA) (C, D) were examined. Each point represents data from an 
individual animal. Data are expressed as mean ± SEM (n = 9 or 10). 
a, and b: P < 0.05, and 0.01 vs. vehicle (VEH) + VEH or SAL, ns: not 
significant, (a), and (c): P < 0.05 and 0.001 vs. VEH + ATR or DOP 
(Tukey’s test)

Fig. 9  Effects of sodium taurocholate and cholestyramine on gastric 
antral lesions induced by indomethacin. Powder diets (PD) alone, PD 
with taurocholate (TCA, A), cholestyramine (COL, B), or COL pre-
treated with TCA (COL-TCA, C) were given to mice during a 2-h re-
feeding period. IND (10 mg/kg, s.c.) was administered just after the 
re-feeding period (A–C). Gastric lesions were examined 24  h after 

IND treatment. Each point represents data from an individual animal. 
Data are expressed as mean ± SEM (n = 8). A, B: a, b, and c: P < 0.05, 
0.01, and 0.001 vs. PD (Dunnett’s test). C: c: P < 0.001 vs. PD, (b): 
P < 0.01 vs. PD + COL (Tukey’s test). Ratio in parenthesis indicates 
the number of mice with antral perforation vs. the total number of 
mice. #P < 0.05 vs. PD (χ2 test)
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Discussion

The results of the present study strongly suggest that ATR 
and DOP increase the severity of NSAID-induced gastric 
antral ulcers in re-fed mice by increasing duodenogas-
tric bile reflux via activation of 5-HT3 and dopamine  D2 
receptors.

NSAIDs often cause gastric ulcers in the pre-pyloric 
antral area in humans [1–4]. In the present mouse study, 
NSAIDs induced lesions only in the antral mucosa in the 
re-fed model. The formation of antral lesions correlated 
with the amount of food intake during the 2-h re-feeding 
period, suggesting that the amount of residual gastric 
content contributes to the formation of NSAIDs-induced 
gastric antral ulcers. We first examined the effects of 
ATR on the formation of gastric corpus and antral lesions 
induced by IND, finding that the formation of gastric cor-
pus lesions in fasted mice was markedly inhibited by ATR 
pretreatment. In re-fed mice, ATR unexpectedly increased 
the severity of antral lesions in a dose-dependent manner. 

Furthermore, DOP, another antimotility drug [17, 18], 
also dose-dependently worsened the antral lesions. On the 
other hand, the gastroprokinetic drugs NEO (acetylcholine 
esterase inhibitor) [23] and MOS (5-HT4 receptor agonist) 
[24, 25] dose-dependently decreased the severity of antral 
lesions. These effects of ATR and MOS on the formation 
of antral lesions were also observed when DIC, another 
NSAID, was used.

Then, we examined the effects of the motility-altering 
drugs on the amounts of gastric contents. The gastric con-
tents were increased by ATR and DOP, but decreased by 
NEO and MOS, suggesting that the alteration of the rate of 
gastric emptying affects the formation of antral lesions, since 
the amounts of food intake (i.e., gastric contents) are closely 
related to the lesion index. This result is also implicated in 
the utility of gastroprokinetic drugs in the treatment of func-
tional dyspepsia (FD) associated with gastroparesis [31]. 
These results suggest that gastroparesis worsens NSAID-
induced antral lesions in the re-fed model, supported by the 
correlation analysis (Fig. 10A).

Duodenogastric bile reflux is another factor affecting the 
formation of gastric antral ulcers, supported by the finding 
that the concentration of bile acids in the stomach is higher 
in patients with gastric antral ulcers than in healthy volun-
teers [32, 33], and that excessive bile reflux is often observed 
in patients with active antral ulcers [34, 35]. Furthermore, 
bile acids disrupt the gastric mucosal barrier due to their 
detergent properties [14–16]. Moreover, gastric antral ulcers 
occur spontaneously in W/Wv mutant mice that have delayed 
gastric emptying and increased bile reflux [36, 37]. Like-
wise, ATR increased the amount of duodenogastric reflux 
and delayed gastric emptying in humans [12] and in dogs 
[13]. These findings suggest that ATR may alter the forma-
tion of gastric antral ulcers by increasing the amount of bile 
reflux. In the present study in re-fed mice, ATR and DOP 
increased bile reflux associated with delayed gastric emp-
tying, whereas NEO and MOS reduced bile reflux while 

Table 3  Effect of cholestyramine on gastric antral lesions induced by 
diclofenac in re-fed mice

Powder diet (PD) containing 0%, 0.3%, or 1.0% cholestyramine 
(COL) was given to mice for 2  h after a 22-h fast. Diclofenac 
(100  mg/kg, s.c.) was administered just after the re-feeding period, 
and gastric lesions were examined 24  h after diclofenac treatment. 
Data show the mean values and the standard errors
a P < 0.05 vs. PD alone (Dunnett’s test), #P < 0.05 vs. PD alone (χ2 
test). (P/T): Number of mice with antral perforations (P) vs. total 
number of mice (T)

Diet COL (%) No. of mice Antral lesion 
index  (mm2)

Perforation (P/T)

PD alone 0 8 10.9 ± 1.7 (8/8)
PD + COL 0.3 8 6.8 ± 1.4 (7/8)
PD + COL 1.0 8 4.8 ± 1.5a (4/8)#

Fig. 10  Correlation between 
lesion index, and gastric 
contents or bile acid concentra-
tions. Gastric contents (%) (A) 
or bile acid concentration [Bile 
acid] (µM) (B) expressed as 
mean ± SEM was plotted against 
the lesion index  (mm2). Correla-
tions were assessed using the 
Pearson correlation method
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accelerating gastric emptying. Furthermore, direct exposure 
of bile acids to the antral mucosa may facilitate NSAIDs 
induced antral mucosal injury in humans. These results sug-
gest that duodenogastric bile reflux worsens NSAID-induced 
antral lesions in re-fed model, also supported by the correla-
tion analysis (Fig. 10B).

To further elucidate the contribution of bile reflux in the 
formation of gastric antral ulcers, we further examined the 
effects of TCA and COL on the formation of antral lesions 
induced by IND or DIC in re-fed mice. The addition of TCA 
to diet worsened IND-induced antral lesions whereas the 
sequestration of bile acids with COL reduced antral lesions. 
These results support our hypothesis that bile reflux is an 
important cause of the antral lesions.

The next question is whether bile acid composition con-
tributes to the pathogenesis of the antral lesions. In mice, 
the primary bile acids include cholic acid (CA), chenode-
oxycholic acid (CDCA) and muricholic acids (α, β, ω), and 
their conjugated forms, such as taurocholic acid (TCA) and 
glycocholic acid (GCA), TCDCA and GCDCA. Deoxy-
cholic acid (DCA) and lithocholic acid (LCA), and their 
conjugated forms TDCA and TLCA comprise the major sec-
ondary bile acids. Although previous studies showed that 
mucosal application of bile acids injure the bullfrog gastric 
mucosa at ~ mM concentrations with DCA > CA > TCA [38], 
in humans, gastric bile acid concentrations were higher in 
the gastric juice of gastric ulcer patients than in controls, 
while gastric bile acid compositions (including conjugated 
CA, CDCA, and DCA) had no difference between controls 
and gastric ulcer patients [39]. In contrast, bile acid reflux 
and secondary bile acids such as DCA increase gastric 
inflammation and carcinogenesis in humans [40, 41] and 
in mice under certain conditions [42]. These data suggest 
that though gastric bile acid compositions are implicated in 
carcinogenesis, bile acid concentration, without reference 
to specific bile acids, is related to gastric ulcer pathogenesis 
in certain instances.

In the present study, limited amounts of bile acids were 
often observed in the gastric contents even in the mice given 
vehicle, supported by clinical [12] and canine data [13] that 
duodenogastric reflux is a common post-prandial phenom-
enon of uncertain significance. Interestingly, IND treatment 
itself had no effect on the amounts of gastric contents and 
the concentration of bile acids, whereas IND induced antral 
lesions after re-feeding, suggesting that pre-existing bile 
acids in the stomach during re-feeding are implicated in the 
induction of antral lesions after IND treatment. This hypoth-
esis is supported by the results of COL feeding, which pre-
vented IND-induced antral lesions further implicating bile 
acids in the pathogenesis of antral ulcers.

Another question is the mechanism by which ATR and 
DOP accelerate bile reflux with delayed gastric emptying. 
Possibilities include bile reflux due to decreased gastric 

motility associated with reduced gastric tone or intra-gastric 
pressure, an increase in duodenal motility with opening of 
the pyloric ring, or by both. Since APO stimulates retro-
grade motility of upper small intestine with resultant nausea 
and vomiting in dogs [43], it is possible that gastroparesis 
caused by ATR and DOP may accelerate bile reflux through 
the stimulation of duodenal motility. Increased bile reflux 
with delayed gastric emptying or reduced bile reflux with 
accelerated gastric emptying were observed in the ATR and 
DOP, or NEO and MOS groups, respectively. In contrast, the 
anti-emetic drugs OND and HAL reduced bile reflux without 
affecting delayed gastric emptying by ATR or DOP. These 
discrepancies may be explained by the balance between bile 
reflux due to retrograde duodenal peristalsis and gastric 
emptying, since bile reflux may be enhanced by gastropa-
resis due to reduced clearance and/or enhanced retrograde 
duodenal motility. Although no data are available regard-
ing the balance between gastric emptying and retrograde 
propulsion of the duodenal content in terms of gastric bile 
acid concentrations, we speculate that OND and HAL may 
predominantly inhibit duodenal motility with consequent 
reduced bile reflux into the relaxed stomach by ATR or DOP.

Distension of the gastric antrum (e.g., by over-eating) 
stimulates 5-HT3 receptor localized in vagal afferent nerves 
in the stomach, then induces nausea and vomiting [3, 19, 
20]. In the present study, gastric contents were significantly 
increased by ATR and DOP, suggesting that these drugs may 
stimulate vagal afferent nerves by distension of the antrum. 
It is possible that stimulation of vagal afferent nerves may 
stimulate dopamine D2 receptors localized in the chemo-
receptor trigger zone (CTZ) and/or central vomiting center 
[44, 45], then stimulate duodenal motility through vago-
vagal or vago-sympathetic nerve reflexes. This reflex may 
include “adaptive relaxation” of the stomach [46], and nau-
sea and vomiting induced by anesthetics [47] and by cyto-
toxic drugs for chemotherapy [48]. Therefore, we speculate 
that ATR and DOP may accelerate bile reflux by increasing 
duodenal motility induced by vagal reflex via an activation 
of 5-HT3 receptors on the vagal afferent nerves and dopa-
mine  D2 receptors localized in the CTZ and/or vomiting 
center.

NSAID-induced corpus gastric injury in fasted rats and 
small intestinal injury in fed rats are caused by gastric or 
small intestinal hypermotility, respectively, since ATR 
abolishes these lesions by inhibiting hypermotility [10, 49]. 
In contrast, the duodenal mucosal injury caused by 5-HT 
release with IND treatment in fed rats is inhibited by OND, 
while ATR has no effect, although ATR reduces jejunal and 
ileal injury [50]. These results suggest that duodenal motil-
ity is regulated, at least in part, by ATR-resistant, 5-HT3 
receptor-mediated mechanisms. The precise mechanisms of 
accelerated bile reflux induced by ATR and DOP under re-
fed conditions remain to be elucidated.
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In conclusion, the results of the present study suggest that 
gastric emptying and bile reflux are important factors in the 
formation of gastric antral ulcers induced by NSAIDs. We 
speculate that gastroparesis may worsen gastric antral ulcers 
by increasing the volume of gastric contents and bile reflux 
by a mechanism in which 5-HT3 and dopamine  D2 receptors 
localized in vagal afferent nerves, the chemoreceptor trigger 
zone (CTZ) and/or central vomiting center, are involved. 
The results further suggest that cholestyramine and gastro-
prokinetic agents such as mosapride are predicted to reduce 
the formation of gastric antral ulcers induced by NSAIDs in 
patients with FD or gastroparesis.
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