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Abstract The effect of irsogladine maleate, a widely used
antiulcer drug in Japan, on indomethacin-induced small
intestinal lesions was examined in rats. Animals without
fasting were given indomethacin (10 mg/kg, s.c.) and sac-
rificed 24 h later. Irsogladine (1-10 mg/kg) or 16,16-
dimethyl prostaglandin E, (dmPGE, 0.03 mg/kg) was given
p.o. twice, 0.5 before and 6 h after indomethacin, while
ampicillin (800 mg/kg) was given twice, 18 and 0.5 h
before. Indomethacin caused severe lesions in the small
intestine, mainly the jejunum and ileum, accompanied by
intestinal hypermotility, the up-regulation of inducible nitric
oxide synthase (iNOS) expression, and an increase of mye-
loperoxidase (MPO) activity as well as enterobacterial
invasion in the mucosa. These events were all prevented by
both dmPGE, and ampicillin, except the intestinal hy-
permotility which was only prevented by dmPGE,.
Likewise, irsogladine also significantly and dose-depen-
dently prevented these lesions at >1 mg/kg. This agent alone
increased mucus secretion and significantly suppressed the
decreased mucus response to indomethacin, resulting in a
suppression of the bacterial invasion as well as the increase in
MPO activity and iNOS expression. The protective effect of
irsogladine was mimicked by isobutylmethylxanthine, a
nonselective inhibitor of phosphodiesterase (PDE), as well
asrolipram, a selective PDE4 inhibitor. These results suggest
that irsogladine protects the small intestine against
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indomethacin-induced lesions, and this effect may be asso-
ciated with the increased mucus secretion, probably due to
the inhibitory actions of PDE, resulting in suppression of
enterobacterial invasion and iNOS expression.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) such as
indomethacin are known to cause damage in the small
intestine as well as the stomach, although the ulcerogenic
dose is much lower in the former [1-3]. A number of
factors such as intestinal hypermotility, bacterial flora,
neutrophils, nitric oxide (NO), and inducible nitric oxide
synthase (iNOS) are involved in the pathogenesis of these
intestinal lesions [3-7], yet a deficiency of endogenous
prostaglandins (PGs) due to cyclooxygenase (COX) inhi-
bition is a most important base for the ulcerogenic response
to NSAIDs. Recent studies including our own [8-10]
showed that gastrointestinal ulcerogenic properties of
NSAIDs are not solely explained by the inhibition of COX-
1 and require the inhibition of both COX-1 and COX-2.
Recent clinical studies, using capsule endoscopes or dou-
ble-balloon endoscopes, confirmed that NSAIDs damage
the small intestine in patients at a higher incidence than
previously thought. Unfortunately, antisecretory drugs such
as proton pump inhibitors and histamine H, receptor
antagonists are reported to be ineffective against NSAID-
induced small intestinal lesions [11, 12], though these
drugs are known to prevent gastric ulcerogenic responses to
NSAIDs [13].
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Irsogladine  (2,4-diamino-6-[2,5-dichlorophenyl]-s-tri-
azine maleate), a widely used anti-ulcer drug in Japan, is
known to protect the gastric mucosa by enhancing the
mucosal integrity of the stomach through facilitation of gap
junctional intracellular communication [14, 15]. It has
recently been shown that irsogladine increases the mucosal
defensive ability in the stomach by increasing the intra-
cellular levels of 3',5'-cyclic adenosine monophosphate
(cAMP) through inhibition of phosphodiesterase (PDE),
especially type 4 [16]. Yet, it remains unknown whether
irsogladine affords a prophylactic effect on indomethacin-
induced small intestinal lesions.

In this study, we examined the effect of irsogladine on
the ulcerogenic response induced by indomethacin in the
rat small intestine, in comparison with other mucosal
protective drugs such as rebamipide [17] and teprenone
[18] as well as PDE inhibitors such as isobutylmethyl-
xanthine (IBMX) and rolipram, and further investigated the
mechanisms involved in the protective action of this agent.

Materials and Methods
Animals

Male Sprague-Dawley rats (200-260 g; Nippon Charles
River, Shizuoka, Japan) were used. Studies were carried
out using four to nine animals without fasting in a con-
scious state, unless otherwise specified. All experimental
procedures described here were approved by the Experi-
mental Animal Research Committee of Kyoto
Pharmaceutical University.

Induction of Small Intestinal Lesions

Animals were administered indomethacin (10 mg/kg, s.c.)
and sacrificed 24 h later under deep ether anesthesia. Then,
the small intestine was excised, treated with 2% formalin
for fixation of tissue walls for 10 min, and opened along
the antimesenteric attachment. The area of macroscopically
visible damage (in units of mm?) was measured under a
dissecting microscope with square grids (10x), summed
per tissue, and used as a lesion score. Irsogladine (1-
10 mg/kg), rebamipide (100 and 300 mg/kg), teprenone
(100 and 300 mg/kg), or dmPGE, (0.03 mg/kg) was given
p-o. twice, 0.5 before and 6 h after the administration of
indomethacin. Ampicillin (800 mg/kg) was given s.c.
twice, 18 and 0.5 h before indomethacin. The nonselective
PDE inhibitor IBMX (3 mg/kg) or selective PDE4 inhibitor
rolipram (3 mg/kg) was given s.c. twice, 0.5 before and 6 h
after the administration of indomethacin. The individual
measuring the lesions was not aware of the treatments
given to the animals.
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Determination of Enterobacterial Counts

Enterobacteria were enumerated according to a method
described by Deitch et al. [19]. Twenty-four hours after
indomethacin treatment (10 mg/kg), the animals were
sacrificed under deep diethyl ether anesthesia, and the
small intestines were removed. After each intestine was
rinsed with sterile saline, the mucosa was scraped with
glass slides, weighed, and homogenized in 1 ml of sterile
phosphate-buffered saline (PBS) per 100 mg of wet tissue.
Aliquots of the homogenate were placed on blood agar and
Gifu anaerobic medium agar (Nissui, Tokyo, Japan). Blood
agar plates were incubated at 37°C for 24 h under aerobic
conditions, whereas Gifu anaerobic medium agar plates
were incubated for 24 h under standard anaerobic condi-
tions (BBL Gas Pack Pouch Anaerobic System; BD
Biosciences, San Jose, CA). Plates containing 10-300
colony-forming units (CFU) were examined for numbers of
enterobacteria, and the data were expressed as log CFU per
gram of tissue. Irsogladine (10 mg/kg), dmPGE, (0.03 mg/
kg), rebamipide (100 mg/kg), or teprenone (300 mg/kg)
was given p.o. twice, 30 min before and 6 h after the
administration of indomethacin. Ampicillin (800 mg/kg)
was given s.c. twice, 18 and 0.5 h before indomethacin.

Determination of MPO Activities

Myeloperoxidase (MPO) activity was measured according to
a modified version of the method of Castro et al. [20]. The
animals were sacrificed under deep ether anesthesia. All
blood was withdrawn from the heart by perfusing with saline,
and the large intestine was excised and opened along the
antimesenteric attachment. After the tissue was rinsed with
cold saline, the mucosa was scraped with glass slides,
weighed, and homogenized in a 50-mmol phosphate buffer
containing 0.5% hexadecyl-trimethyl-ammonium bromide
(pH 6.0; Sigma, St. Louis, MO). The homogenized samples
were subjected to freezing and thawing three times and
centrifuged at 2,000 rpm for 10 min at 4°C. MPO activity in
the supernatant was determined by adding 100 pl of the
supernatant to 1.9 ml of 10 mmol phosphate buffer (pH 6.0)
and 1 ml of 1.5 mol o-dianisidine hydrochloride (Sigma)
containing 0.0005% w/v hydrogen peroxide. The changes in
absorbance at 450 nm of each sample were recorded on a
Hitachi spectrophotometer (U-2000, Hitachi, Ibaraki,
Japan). Sample protein content was estimated by spectro-
photometric assay (Protein Assay Kit, Pierce, IL, USA). The
MPO activity was obtained from the slope of the reaction
curve based on the following equation: specific activity
(umol  H,Op/min/mg  protein) = ((OD/min)/OD/pumol
H,0, x mg protein). Irsogladine (10 mg/kg), dmPGE,
(0.03 mg/kg), rebamipide (100 mg/kg), or teprenone
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(300 mg/kg) was given p.o. twice, 30 min before and 6 h
after the administration of indomethacin. Ampicillin
(800 mg/kg) was given s.c. twice, 18 and 0.5 h before
indomethacin.

Determination of iNOS mRNA Expression by RT-PCR

Expression of iNOS mRNA in the small intestinal mucosa
was measured by RT-PCR. The animals were sacrificed
under deep ether anesthesia 6 h after the administration of
indomethacin (10 mg/kg), and the small intestines were
removed, frozen in acetone/dry ice, and stored at —80°C
prior to use. The tissue samples were pooled from two or
three rats for extraction of total RNA, which was achieved
by a single-step acid phenol-chloroform extraction proce-
dure using TRIZOLE (GIBCO BRL, Gaithersburg, MD).
Total RNA primed by random hexadeoxy ribonucleotide
was reverse-transcribed with the SUPERSCRIPT pream-
plification system (GIBCO BRL). The sequences of sense
and antisense primers for the rat iNOS were described in
Table 1. An aliquot of the RT reaction product served as a
template in 32 cycles with 0.5 min of denaturation at 95°C
and 1 min of extension at 68°C using the Advantage 2
polymerase mixture (CLONTECH) on a thermal cycler
(TAKARA TP-240). A portion of the PCR mixture was
electrophoresed in 1.8% agarose gel in TAE buffer
(40 mM Tris, 2 mM EDTA, and 20 mM acetic acid; pH:
8.1), and the gel was stained with ethidium bromide and
photographed. Irsogladine (10 mg/kg), dmPGE, (0.03 mg/
kg), rebamipide (100 mg/kg), or teprenone (300 mg/kg)
was given p.o. 30 min before indomethacin treatment,
while ampicillin (800 mg/kg) was given s.c. twice, 18 and
0.5 h before indomethacin. The effect of irsogladine
(10 mg/kg) alone on iNOS expression was also examined
in the small intestine of normal rats without indomethacin
treatment.

Measurement of Small Intestinal Motility
Intestinal motility was measured according to a modified
version of the method of Calignano et al. [21]. In brief, the

rat was anesthetized with urethane (1.25 g/kg, i.p.), and the

Table 1 PCR primer sequences and product size

GAPDH
Sense: 5'-GAACGGGAAGCTCACTGGCATGGC-3’ 310 bp
Antisense: 5'-TGAGGTCCACCACCCTGTTGCTG-3'

iNOS
Sense: 5'-CGGTTCACAGTCTTGGTGAAAG-3’ 651 bp

Antisense: 5'-CAGGTGTTCCCCAGGTAGGTAG-3'

trachea was cannulated to facilitate respiration. A midline
incision was made to expose the small intestine, and a
saline-filled balloon made from silicone rubber with a
polyethylene catheter was introduced into the jejunum via a
small incision and tied in place avoiding large blood ves-
sels. The volume in the balloon was adjusted to give an
initial resting pressure of 5-10 mm Hg. After the prepa-
ration was allowed to rest for 30 min, intestinal motility
was monitored on a recorder (U-228; Tokai-Irika, Tokyo,
Japan) as changes in intraluminal pressure through a
pressure transducer and polygraph recorder (Nihon Kodan,
Ibaragi, Japan). Indomethacin (10 mg/kg) was given s.c.
after basal intestinal motility had well stabilized, and the
motility was measured for 3 h thereafter. Irsogladine
(10 mg/kg), rebamipide (100 mg/kg), teprenone (300 mg/
kg), dmPGE, (0.03 mg/kg), or ampicillin (800 mg/kg) was
given intraduodenally (i.d.) 2 h after the administration of
indomethacin.

Determination of Mucus Secretion in Small Intestine

The amount of mucus secreted in the small intestine was
determined by periodic acid-Schiff (PAS) staining. Three
hours after the administration of indomethacin (10 mg/kg,
s.c.), the animals were sacrificed under deep diethyl ether
anesthesia and the small intestines were removed. The
removed tissues were fixed in Carnoy’s fluid (ethanol: acetic
acid: chloroform = 6:1:3) for 24 h, embedded in paraffin,
and sectioned at a thickness of 8 um. PAS staining was
subsequently performed according to the conventional
method. Irsogladine (10 mg/kg) was given p.o. with or
without co-administration of indomethacin. In the combined
administration experiment, this agent was given p.o. 30 min
before the administration of indomethacin.

Preparation of Drugs

The drugs used were irsogladine maleate (Nippon Shinyaku
Co., Ltd., Kyoto, Japan), indomethacin, ampicillin, 3-iso-
butyl-1-methylxanthine (IBMX), rolipram (Sigma), 16,16-
dimethyl PGE, (Funakoshi), teprenone (Eisai, Tokyo,
Japan; 6,10,14,18-tetramethyl-5,9,13,17-nonadectatetraen
2-one), and rebamipide (Ohtsuka, Tokushima, Japan; 2-(4-
chlorobenzoylamino)-3-[2(1H)—quinolinon-4-yl] propionic
acid). Indomethacin, IBMX, or rolipram was suspended in
saline with a drop of Tween 80 (Wako, Osaka, Japan).
Irsogladine was suspended in a 0.5% hydroxy propyl cellu-
lose solution (Wako). Ampicillin was dissolved in saline.
All drugs were prepared immediately before use and
administered p.o., s.c., or i.p. in a volume of 0.5 ml/100 g
body weight.
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Statistics

Data are presented as the mean + SE for four to nine rats
per group. Statistical analyses were performed using the
two-tailed Dunnett’s multiple comparison test, and values
of P < 0.05 were considered significant.

Results

Effect of Irsogladine on Indomethacin-Induced Small
Intestinal Lesions

Subcutaneously administered indomethacin (10 mg/kg) in
normally fed rats produced multiple hemorrhagic lesions in
the small intestine, mainly in the jejunum and ileum, with
an ulcer score of 223.3 + 35.3 mm?’. Irsogladine, given
orally at 1-10 mg/kg, dose-dependently prevented the
development of these lesions in response to indomethacin,
and the effect was significant at 1 mg/kg or greater; the
lesion score at 3 mg/kg was 38.9 + 17.4 mm?®, and the
degree of inhibition was 82.6% (Fig. 1). Likewise, both
dmPGE, (0.03 mg/kg) and ampicillin (800 mg/kg) signif-
icantly reduced the severity of small intestinal lesions, with
lesion scores of 52.0 4+ 17.0 and 23.7 £+ 7.8 mm?,
respectively. On the other hand, the development of indo-
methacin-induced intestinal lesions was also significantly
prevented by oral administration of rebamipide (100 mg/
kg) and teprenone (300 mg/kg), with degrees of inhibition
of 70.2% and 56.2%, respectively.
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Fig. 1 Effects of irsogladine, rebamipide, teprenone, dmPGE, and
ampicillin on indomethacin-induced small intestinal lesions in rats.
The animals were given indomethacin (10 mg/kg, s.c.) and sacrificed
24 h later. Irsogladine (1-10 mg/kg), rebamipide (100 mg/kg),
teprenone (300 mg/kg), or dmPGE, (0.03 mg/kg) was given p.o.
twice, 30 min before and 6 h after the administration of indometh-
acin, while ampicillin (800 mg/kg) was given s.c. twice, 18 and 0.5 h
before indomethacin. Data are presented as the mean £ SE for 5-8
rats. *Significant difference from control at P < 0.01
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Effect of Irsogladine on MPO Activity in Small
Intestinal Mucosa

The MPO activity in the normal intestinal mucosa was
0.009 % 0.006 pmol H,O,/mg protein and markedly ele-
vated in response to indomethacin (10 mg/kg), reaching
0.088 + 0.025 pmol H,0,/mg protein 24 h later (Fig. 2).
The elevated MPO activity was almost totally suppressed
by irsogladine at 10 mg/kg, and the value was
0.009 £ 0.005 pmol H,O,/mg protein, with an inhibition
of 89.8%. Likewise, both dmPGE, (0.03 mg/kg) and
ampicillin (800 mg/kg) also significantly prevented the
increase of MPO activity following indomethacin treat-
ment, with inhibitions of 84.4% and 97.4%, respectively.
Both rebamipide (100 mg/kg) and teprenone (300 mg/kg)
also significantly suppressed the rise in MPO activity
caused by indomethacin treatment, yet the effect was less
potent than that of irsogladine, with inhibitions of 65.0%
and 51.4%, respectively.

Effect of Irsogladine on Mucosal Invasion of
Enterobacteria Caused by Indomethacin

The aerobic and anaerobic bacterial counts in the normal
intestinal mucosa were 5.94 £ 0.16 log CFU/g tissue and
6.78 £ 0.22 log CFU/g tissue, respectively. Following
subcutaneous administration of indomethacin (10 mg/kg),
the bacterial counts in both aerobic and anaerobic
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Fig. 2 Effects of irsogladine and ampicillin on the MPO activity in
rat small intestine. The animals were given indomethacin (10 mg/kg,
s.c.) and sacrificed 24 h later. Irsogladine (10 mg/kg, p.o.) or
dmPGE, (0.03 mg/kg) was given twice, 30 min before and 6 h after
the administration of indomethacin, while ampicillin (800 mg/kg)
was given p.o. twice, 18 and 30 min before indomethacin. Data are
presented as the mean £ SE for 4-5 rats. Significant difference at
P < 0.05 (* from normal, # from vehicle)
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conditions were markedly increased and reached values of
8.74 £+ 0.18 log CFU/g tissue and 8.80 £ 0.23 log CFU/g
tissue, respectively, 24 h later (Table 2). Pretreatment of
the animals with irsogladine (10 mg/kg) significantly pre-
vented bacterial invasion in the mucosa following the
administration of indomethacin, although this agent alone
had no effect on bacterial counts in the normal intestinal
mucosa. As expected, both ampicillin (800 mg/kg) and
dmPGE, (0.03 mg/kg) significantly prevented the mucosal
invasion of enterobacteria in response to indomethacin,
especially in the animals treated with the former in which
the bacterial count decreased to even lower than that of
control rats without indomethacin treatment. Likewise, the
indomethacin-induced bacterial invasion was also signifi-
cantly prevented by rebamipide (100 mg/kg) or teprenone
(300 mg/kg), though the effect was much less potent than
that of irsogladine (not shown).

Effect of Irsogladine on Mucosal Expression of iNOS
mRNA

Expression of iNOS mRNA was barely detected in the nor-
mal intestinal mucosa, but markedly up-regulated after the
administration of indomethacin (10 mg/kg) when examined
6 h later (Fig. 3). The up-regulation of iNOS expression
caused by indomethacin was almost totally inhibited by
pretreatment of the animals with irsogladine (10 mg/kg),
though this agent had no effect in the normal rat intestine. As
expected, both dmPGE, (0.03 mg/kg) and ampicillin
(800 mg/kg) prevented the expression of iNOS mRNA in the
intestinal mucosa following indomethacin treatment
(Fig. 4a). Likewise, an apparent suppression of iNOS
expression was also observed on the prior administration of
rebamipide (100 mg/kg) or teprenone (300 mg/kg)
(Fig. 4b).

Effect of Irsogladine on Intestinal Hypermotility
Response to Indomethacin

Subcutaneous administration of indomethacin (10 mg/kg)
caused a marked increase in small intestinal motility from
about 30 min after the administration (Fig. 5). Irsogladine
(10 mg/kg) given i.d. did not affect the intestinal hy-
permotility induced by indomethacin. Consistent with our
previous findings [4], the intestinal hypermotility in
response to indomethacin was markedly inhibited by i.d.
administration of dmPGE, (0.03 mg/kg) but not ampicillin
(800 mg/kg). In addition, neither rebamipide (100 mg/kg)
nor teprenone (300 mg/kg) had any effect on indometha-
cin-induced intestinal hypermotility (not shown).

Effect of Irsogladine on PAS-Positive Substances in
Small Intestine

In the normal intestinal mucosa, PAS-positive substances
were clearly observed over the surface epithelial cells and
along the glands (Fig. 6a). Indomethacin (10 mg/kg)
apparently reduced the amount of PAS-positive substances
on the epithelial cells as well as in the glands (Fig. 6c¢).
However, the reduction in PAS staining was attenuated
when irsogladine (10 mg/kg) was administered with indo-
methacin (Fig. 6d). Administration of irsogladine alone
also increased the amount of PAS-positive substances in
the mucosa when compared to the control mucosa
(Fig. 6b).

Effects of PDE Inhibitors on Small Intestinal Lesions
Induced by Indomethacin

Multiple hemorrhagic lesions developed in the small intes-
tine within 24 h after the administration of indomethacin

Table 2 Effect of irsogladine on bacterial counts in rat small intestine with or without indomethacin treatment

Group Number of rats Number of bacteria (log CFU/g tissue)

Aerobic Anaerobic
Normal 6 5.94 £ 0.16 6.78 & 0.22
Irsogladine 6 6.10 £ 0.02 7.27 £ 0.17
Indomethacin
+Vehicle 7 8.74 £+ 0.18" 8.80 + 0.23"
+Irsogladine 6 6.88 + 0.43™ 7.30 + 0.14™
+Ampicillin 5 497 + 038" 4.82 + 032"
+16,16-dmPGE, 5 6.36 £+ 0.38™" 7.06 £ 0.32°

The animals were given indomethacin (10 mg/kg, s.c.) and sacrificed 24 h later. Irsogladine (10 mg/kg, p.o.) was given twice, 30 min before and
6 h after the administration of indomethacin, while ampicillin (800 mg/kg) was given p.o. twice, 24 h and 30 min before indomethacin. Data are
presented as the mean + SE for 6-7 rats. Significant difference at P < 0.01 (* from normal, ** from indomethacin +vehicle)
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Fig. 3 Effect of irsogladine on the expression of iNOS mRNA in rat
small intestine following indomethacin treatment. The animals were
given indomethacin (10 mg/kg, s.c.) and sacrificed 6 h later, and the
expression of iNOS was examined by RT-PCR. Irsogladine (10 mg/
kg) was given orally 30 min before the administration of indometh-
acin. The effect of irsogladine on iNOS expression in the normal rat
intestine without indomethacin treatment was also examined

A
iNOS

GAPDH
Saline dmPGE2 Amp
Indomethacm
B
iNOS
Saline Rebamipide
Teprenone
Indomethacin

Fig. 4 Effects of ampicillin (A), dmPGE, (A), rebamipide (B), and
teprenone (B) on the expression of iNOS mRNA in rat small intestine
following indomethacin treatment. The animals were given indo-
methacin (10 mg/kg, s.c.) and sacrificed 6 h later, and the expression
of iNOS was examined by RT-PCR. DMPGE, (0.03 mg/kg),
rebamipide (10 mg/kg), or teprenone (300 mg/kg) was given orally
30 min before the administration of indomethacin, while ampicillin
(800 mg/kg) was given p.o. twice, 18 and 30 min before indometh-
acin. V vehicle

(10 mg/kg). Pretreatment of the animals with IBMX (3 mg/
kg), a nonselective PDE inhibitor, almost totally prevented
the development of these lesions in response to indometha-
cin, with a lesion score of 15.8 + 6.8 mm? (Fig. 7).
Likewise, the PDE4 selective inhibitor rolipram (3 mg/kg)
also potently inhibited these lesions, similar to IBMX, with a
lesion score of 22.5 + 5.6 mm>.
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Discussion

Irsogladine, a widely used anti-ulcer drug in Japan, is
known to increase the resistance of the gastric mucosa to
noxious stimuli. This study showed that irsogladine pro-
tected the small intestinal mucosa against indomethacin-
induced lesions, together with the suppression of inflam-
matory responses. Furthermore, this agent prevented
enterobacterial invasion as well as the expression of iNOS
mRNA in the mucosa following indomethacin treatment,
the major pathogenic events in the ulcerogenic response.

NSAIDs such as indomethacin cause damage in the
small intestine as well as the stomach [1-3]. Recent studies
showed an up-regulation of COX-2 expression in these
tissues after the administration of NSAIDs and demon-
strated that these ulcerogenic properties of NSAIDs require
the inhibition of both COX-1 and COX-2 [8-10]. It is also
known that NSAIDs cannot induce damage in the small
intestine of germ-free animals or even fasting rats [22, 23],
suggesting that the presence of enterobacteria is essential
for the development of intestinal lesions. Because entero-
bacteria release endotoxin (lipopolysaccharide [LPS]),
which causes the up-regulation of iNOS expression and
overproduction of NO in the gut mucosa [23, 24], it is
believed that NO plays a pathogenic role in the intestinal
ulcerogenic response induced by NSAIDs. Indeed, indo-
methacin-induced intestinal lesions were prevented by
aminoguanidine, a selective iNOS inhibitor, as well as
dexamethasone, an inhibitor of iNOS induction [23].
Considering all these, it is assumed that the up-regulation
of iNOS expression is causally related to COX inhibition
and plays a pathogenic role in NSAID-induced intestinal
lesions.

First, this study clearly showed that irsogladine pre-
vented the development of intestinal lesions in response to
indomethacin. The effect was dependent on the dose and
was significant even at 1 mg/kg. We confirmed that both
rebamipide and teprenone at much higher doses afforded
protection against these lesions, yet were much less
effective than irsogladine. Certainly, indomethacin-
induced intestinal damage was significantly prevented by
pretreatment of the animals with dmPGE, as a supplement
for PG deficiency or ampicillin as an antibiotic.

NSAID-induced intestinal lesions do not occur in germ-
free animals or fasting animals [22], suggesting a major
pathogenic role for enterobacteria in this model. This idea
was supported by the finding that indomethacin-induced
intestinal lesions were prevented by prior administration of
ampicillin. As shown in our previous and present studies,
indomethacin caused bacterial invasion in the mucosa,
followed by iNOS expression and NO production as well as
neutrophil recruitment, and these processes were all ham-
pered by this antibiotic [23]. Because irsogladine
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Irsogladine (10 mg/kg) was
given orally with or without the
co-administration of
indomethacin. In the combined
administration, irsogladine was
given 30 min before the
administration of indomethacin.
Figure shows normal (A),
irsogladine alone (B),
indomethacin alone (C),
irsogladine plus indomethacin
(D) (PAS; 200x)
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Fig. 7 Effects of IBMX and rolipram on indomethacin-induced small
intestinal lesions in rats. The animals were given indomethacin
(10 mg/kg, s.c.) and sacrificed 24 h later. IBMX (3 mg/kg) or
rolipram (3 mg/kg) was given i.p. twice, 30 min before and 6 h after
the administration of indomethacin. Data are presented as the
mean + SE for 4-7 rats. * Significant difference from control at
P <0.01

significantly mitigated the bacterial invasion in the mucosa
following indomethacin treatment, this effect may account,
at least partly, for the prophylactic effect of this agent
against indomethacin-induced intestinal lesions. As
expected, enterobacterial invasion under indomethacin
treatment was also significantly prevented by both reb-
amipide and teprenone, consistent with our previous
observations [25, 26].

This study confirmed that indomethacin markedly
enhanced intestinal motility and this functional response
occurred much earlier than the development of intestinal
damage [4]. Abnormal hypermotility caused by indo-
methacin results in a disruption of the unstirred mucus
layer, through vigorous mixing with food residue in the
lumen, leading to facilitation of bacterial invasion in the
mucosa [24]. As shown in this study, the intestinal hy-
permotility was inhibited by dmPGE, but not ampicillin.
This prostanoid, through inhibition of intestinal hyper-
moitlity via the activation of EP4 receptors [27], may
strengthen the mucus barrier against luminal pathogens,
resulting in suppression of bacterial invasion following
indomethacin treatment. Certainly, ampicillin also
decreased the bacterial count in the mucosa because of its
sterilizing action and prevented the intestinal ulcerogenic
response, despite having no effect on the hypermotility in
response to indomethacin. Irsogladine did not affect the
intestinal hypermotility caused by indomethacin, yet it
significantly prevented bacterial invasion and intestinal
ulceration following indomethacin treatment.

@ Springer

The mechanism by which irsoglandine prevented bac-
terial invasion following indomethacin treatment remains
unknown. As mentioned, mucus plays an important role in
the innate host defence against intestinal pathogens and
irritants. We showed in the present study that irsogladine
by itself markedly increased levels of PAS-positive mate-
rials in the intestinal mucosa and hampered the reduced
response to indomethacin. It is known that PGE, also
promotes the secretion of mucus through the activation of
EP4 receptors in the gastrointestinal tract including the
small intestine [28]. EP4 receptors, coupled with Gs pro-
teins, cause an increase in the intracellular level of cAMP
through stimulation of adenylate cyclase [29]. A recent
study showed that irsogladine protected the gastric mucosa
by increasing intracellular levels of cAMP through inhi-
bition of PDE activity, especially PDE4 activity [16]. We
found that the intestinal ulcerogenic response to indo-
methacin was markedly prevented by the nonselective PDE
inhibitor IBMX as well as the selective PDE4 inhibitor
rolipram. Irsogladine also reportedly suppressed neutrophil
activation through an increase of intracellular cAMP due to
inhibition of PDE4 [16]. It is possible that irsogladine
promotes the secretion of mucus mediated intracellularly
by cAMP through the inhibition of PDE4 activity. Like-
wise, both rebamipide and teprenone are also known to
stimulate the secretion of mucus in the gastrointestinal tract
[30, 31]. Thus, the inhibitory effects of these agents on
bacterial invasion following indomethacin treatment may
somehow be attributable to an increase in the production/
secretion of mucus in the small intestine.

It should be noted in this study that irsogladine pre-
vented the up-regulation of iNOS expression in the small
intestine, an important event in the occurrence of intestinal
lesions caused by NSAIDs [23]. We previously showed
that iNOS expression in the small intestine results from
COX-1 inhibition and is functionally related to intestinal
hypermotility and bacterial invasion [23, 32]. This idea was
supported by the findings that this event was similarly
induced by SC-560, the selective COX-1 inhibitor, and
inhibited by pretreatment with dmPGE, and ampicillin as
well as atropine [32]. Since irsogladine was found to pre-
vent bacterial invasion, probably by stimulating the
secretion of mucus, it would be understandable that this
agent suppressed the expression of iNOS in the small
intestine following indomethacin treatment. As expected,
both rebamipide and teprenone also prevented the up-reg-
ulation of iNOS expression after the administration of
indomethacin. These results taken together support a
cause—effect relationship between stimulation of mucus
secretion, prevention of bacterial invasion, and suppression
of iNOS expression. Certainly, there are other mechanisms
involved in the inhibitory effect of irsogladine on iNOS
expression after indomethacin treatment. Bertrard et al.
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[33] reported that indomethacin increased the release of
tumor necrosis factor-o (TNF-«) in the small intestinal
mucosa, especially in the area where bacterial invasion was
encountered. Since TNF-o mediates the up-regulation of
iNOS expression caused by endotoxin and since the release
of TNF-« is suppressed by cAMP [34, 35], it is possible
that the inhibitory effect of irsogladine on iNOS expression
is brought about, at least partly, by an increase of cAMP
due to inhibition of PDE4.

Irsogladine did not have any effect on the intestinal
hypermotility in response to indomethacin. Since cAMP is
known to relax smooth muscle in the gastrointestinal tract,
it is expected that irsogladine also prevents intestinal hy-
permotility by increasing the intracellular cAMP level
through inhibition of PDE4. At present, the reason why
irsogladine did not affect intestinal hypermotility remains
unknown. Mere speculation indicates that different sub-
types of PDE may be associated with intestinal functions of
different cells, such as the secretion of mucus by the sur-
face cells and motility of smooth muscle. If PDE4 is
mainly expressed in mucus cells and not smooth muscle
cells, then it is possible that irsogladine affects only the
production of mucus, not smooth muscle contraction. This
point should certainly be verified in a future study.

Taking all the present and previous findings together, it is
concluded that irsogladine protects the small intestine against
indomethacin-induced lesions, and this prophylactic effect
may be associated with the increased secretion of mucus,
probably due to its inhibitory action of PDE4, resulting in
suppression of enterobacterial invasion and iNOS expression.

References

1. Whittle BJR (1981) Temporal relationship between cyclooxy-
genase inhibition, as measured by prostacyclin biosynthesis, and
the gastrointestinal damage induced by indomethacin in the rat.
Gastroenterology 80:94-98

2. Takeuchi K, Ueki S, Okabe S (1986) Importance of gastric
motility in the pathogenesis of indomethacin-induced gastric
lesions in rats. Dig Dis Sci 31:1114-1122

3. Konaka A, Nishijima M, Tanaka A, Kato S, Takeuchi K (1999)
Nitric oxide, superoxide radicals and mast cells in pathogenesis
of indomethacin-induced small intestinal lesions in rats. J Physiol
Pharmacol 50:25-38

4. Takeuchi K, Miyazawa T, Tanaka A, Kato S, Kunikata T (2002)
Pathogenic importance of intestinal hypermotility in NSAID-
induced small intestinal damage in rats. Digestion 66:30—41

5. Takeuchi K, Yokota A, Tanaka A, Takahira Y (2006) Factors
involved in upregulation of inducible nitric oxide synthase in rat
small intestine following administration of nonsteroidal anti-
inflammatory drugs. Dig Dis Sci 51:1250-1259

6. Yamada T, Deitch E, Specian RD, Perry MA, Sartor RB, Grisham
MB (1993) Mechanism of acute and chronic intestinal inflamma-
tion induced by indomethacin. Inflammation 17:641-662

7. Whittle BJR, Laszlo F, Evans SM, Moncada S (1995) Induction of
nitric oxide synthase and microvascular injury in the rat jejunum
provoked by indomethacin. Br J Pharmacol 116:2286-2290

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

. Wallace JL, McKnight W, Reuter BK, Vergnolle N (2000)

NSAID-induced gastric damage in rats: requirement for inhibi-
tion of both cyclooxygenase 1 and 2. Gastroenterology 119:
706-714

. Tanaka A, Araki H, Hase S, Takeuchi K (2001) Inhibition of both

COX-1 and COX-2 is required for development of gastric dam-
age in response to nonsteroidal anti-inflammatory drugs. J Physiol
Pari 95:21-27

Tanaka A, Hase S, Miyazawa T, Takeuchi K (2002) Up-regula-
tion of COX-2 by inhibition of COX-1: a key to NSAID-induced
intestinal damage. J Pharmacol Exp Ther 300:754-761

Kato S, Tanaka A, Kunikata T, Umeda M, Takeuchi K (2000)
Protective effect of lafutidine against indomethacin-induced
intestinal ulceration in rats: relation to capsaicin-sensitive sensory
neurons. Digestion 61:39-46

Goldstein JL, Eisen GM, Lewis B, Gralnek IM, Zlotnick S, Fort
JG (2005) Investigators. Video capsule endoscopy to prospec-
tively assess small bowel injury with celecoxib, naproxen plus
omeprazole, and placebo. Clin Gastroenterol Hepatol 3:133-141
Mashita Y, Taniguchi M, Yokota A, Tanaka A, Takeuchi K
(2006) Oral but not parenteral aspirin upregulates COX-2
expression in rat stomachs: a relationship between COX-2
expression and PG deficiency. Digestion 73:124—132

Ueda F, Aratani S, Mimura K, Kimura K, Nomura A, Enomoto H
(1984) Effect of 2,4-diamino-6-(2,5-dichlorophenyl)-s-triazine
maleate (MN-1695) on gastric mucosal damage induced by var-
ious necrotizing agents in rats. Arzneim Forsch 34:478-484
Ueda F, Ban K, Ishima T (1995) Irsogladine activates gap-junc-
tional intercellular communication through M; muscarinic
acetylcholine receptor. J Pharmacol Exp Ther 274:815-819
Kyoi T, Noda K, Oka M, Ukai Y (2004) Irsogladine, an anti-ulcer
drug, suppresses superoxide production by inhibiting phospho-
diesterase type 4 in human neutrophils. Life Sci 76:71-83
Yamasaki K, Kanbe T, Chijiwa T, Ishiyama H, Morita S (1987)
Gastric mucosl protection by OPC-12759, a novel antiulcer
compound in the rat. Eur J Pharmacol 142:23-29

. Murakami M, Oketani K, Fujisaki H, Wakabayashi T, Ohgo T

(1981) Antiulcer effect of geranylgeranylacetone, a new acyclic
polyisoprenoid on experimentally induced gastric and duodenal
ulcers in rats. Arzneimittelforschung 31:799-804

Deitch EA, Ma L, Ma WJ, Grisham MB, Granger DN, Specian
RD, Berg RD (1989) Inhibition of endotoxin-induced bacterial
translocation in mice. J Clin Invest 84:36-42

Castro GA, Roy SA, Srockstill RD (1974) Trichinella spioralis:
peroxydase activity in isolated cells from the rat intestine. Exp
Parasitol 36:307-315

Calignano A, Whittle BJR, Di Rosa M, Moncada S (1992)
Involvement of endogenous nitric oxide in the regulation of rat
intestinal motility in vivo. Eur J Pharmacol 229:273-276
Robert A, Asano T (1987) Resistance of germ-free rats to indo-
methacin-induced intestinal inflammation.  Prostaglandins
14:333-341

Takeuchi K, Yokota A, Tanaka A (2006) Factors involved in
upregulation of inducible nitric oxide synthase in rat small
intestine following administration of nonsteroidal anti-inflam-
matory drugs. Dig Dis Sci 51:1250-1259

Boughton-Smith N, Evans SM, Laszlo F, Whittle BJR, Moncada
S (1993) The induction of nitric oxide synthase and intestinal
vascular permeability by endotoxin in the rat. Br J Pharmacol
110:1189-1195

Mizoguchi H, Miyazawa T, Ogawa Y, Tanaka A, Takeuchi K
(2001) Protective effect of rebamipide on indomethacin-induced
intestinal damage in rats. J Gastroenterol Hepatol 16:1112-1119
Yokota A, Ohno R, Takahira Y, Tanaka A, Takeuchi K (2005)
Protective effect of teprenone against indomethacin-induced
small intestinal lesions in rats. Jpn Pharmacol Ther 33:51-61

@ Springer



2666

Dig Dis Sci (2008) 53:2657-2666

217.

28.

29.

30.

31.

Kunikata T, Tanaka A, Miyazawa T, Kato S, Takeuchi K (2002)
16,16-Dimetyl prostaglandin E, inhibits indomethacin-induced
small intestinal lesions through EP3 and EP4 receptors. Dig Dis
Sci 47:894-904

Takahashi S, Takeuchi K, Okabe S (1999) EP4 receptor media-
tion of prostaglandin E,-stimulated mucus secretion by rabbit
gastric epithelial cells. Biochem Pharmacol 58:1997-2002
Coleman RA, Smith WL, Narumiya S (1994) Classification of
prostanoid receptors: properties, distribution, and structure of the
receptors and their subtypes. Pharmacol Rev 46:205-229
Terano A, Hiraishi H, Ota S, Sugimoto T (1986) Geranylger-
anylacetone, a novel anti-ulcer drug, stimulates mucus synthesis
and secretion in rat gastric cultured cells. Digestion 33:206-210
Ishihara K, Komuro Y, Nishiyama N, Yamasaki K, Hotta K
(1992) Effect of rebamipide on mucus secretion by endogenous
prostaglandin-independent mechanism in rat gastric mucosa.
Arzneimittelforschung 42:1462-1466

@ Springer

32.

33.

34.

35.

Tanaka A, Hase S, Ohno R, Takeuchi K (2002) Roles of COX-1
and COX-2 inhibition in NSAID-induced intestinal damage in
rats. J Pharmacol Exp Ther 303:1248-1254

Bertrand V, Guimbaud R, Tulliez M, Mauprivez C, Sogni P,
Couturier D, Giroud JP, Chaussade S, Chauvelot-Moachon L
(1998) Increase in tumor necrosis factor-a production linked to
the toxicity of indomethacin for the rat small intestine. Br J
Pharmacol 124:1385-1394

Griswoold DE, Webb EF, Badger AM, Gorycki PD, Levandoski
PA, Bannette MA, Grous M, Christensen S, Torphy TJ (1998) SB
207499 (Ariflo), a second generation phsphodiestrase 4 inhibitor,
reduces tumor necrosis factor a and interleukin-4 production in
vivo. J Pharmacol Exp Ther 287:705-711

Atkins CM, Oliva AA, Alonso OF, Pearse DD, Bramlett HM,
Dietrich WD (2007) Modulation of the cAMP signaling pathway
after traumatic brain injury. Exp Neurol 208:145-158



	Prophylactic Effect of Irsogladine Maleate Against �Indomethacin-Induced Small Intestinal Lesions in Rats
	Abstract
	Introduction
	Materials and Methods
	Animals
	Induction of Small Intestinal Lesions
	Determination of Enterobacterial Counts
	Determination of MPO Activities
	Determination of iNOS mRNA Expression by RT-PCR
	Measurement of Small Intestinal Motility
	Determination of Mucus Secretion in Small Intestine
	Preparation of Drugs
	Statistics

	Results
	Effect of Irsogladine on Indomethacin-Induced Small Intestinal Lesions
	Effect of Irsogladine on MPO Activity in Small Intestinal Mucosa
	Effect of Irsogladine on Mucosal Invasion of Enterobacteria Caused by Indomethacin
	Effect of Irsogladine on Mucosal Expression of iNOS mRNA
	Effect of Irsogladine on Intestinal Hypermotility Response to Indomethacin
	Effect of Irsogladine on PAS-Positive Substances in Small Intestine
	Effects of PDE Inhibitors on Small Intestinal Lesions Induced by Indomethacin

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


