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Time-dependent changes in inhibitory action of lipopolysaccharide on intestinal
motility in rat
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aBsTRACT. Endotoxin causes gastrointestinal motility disorder. Aim of this study is to clarify inhibitory mechanisms of lipopolysaccharide
(LPS) on smooth muscle contraction in rat ileum. Ileal tissues were isolated from control rat or from LPS-induced peritonitis model rat.
Treatment with LPS inhibited carbachol (CCh)-mediated contraction in a time-dependent manner. Cyclooxygenase-2 (COX-2) and induc-
ible nitric oxide synthase (iNOS) genes were also upregulated, but iNOS expression was preceded by a rising of COX-2. All subtypes of
prostaglandin E, (PGE,) receptors (EP1-EP4) were expressed in ileum, and PGE, and selective EP2 or EP4 agonist inhibited CCh-mediated
contraction. Selective iNOS inhibitor did not reverse LPS-induced inhibition of contraction by CCh at 1 and 2 hr, but reduced the inhibitory
action at 4 hr after the LPS treatment. COX-2 inhibitor reversed the inhibitory action by LPS in all exposure time. Finally, in ileal tissues
isolated from peritonitis model rat, iNOS expression was upregulated only at 4 hr after LPS administration, resulting in enhanced inhibitory
action of LPS against CCh-induced contraction. In conclusion, LPS induces COX-2 to produce PGE,, which initially activates EP2 and/
or EP4 on smooth muscle cells to inhibit the contractility in early phase of LPS exposure. Moreover, in late phase of LPS treatment, iNOS
is expressed to produce NO, which in turn inhibited the contraction by CCh. The inhibitory cascade is similar in the ileum isolated from

peritonitis model rat, indicating time-dependent changes of inhibitory action by LPS on intestinal motility in peritonitis.
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Intestinal motility is physiologically regulated by cell-to-
cell communication between smooth muscle cells, myenteric
plexus neuron and interstitial cells of Cajal (ICC) [21]. In
addition to this network, muscularis resident macrophages
are normally present in the same layer [9, 14]. Recent works
accumulated evidence that the muscularis resident macro-
phages affect the gastrointestinal (GI) network to modulate
GI motility in pathophysiological situation. For example,
colonic obstruction activates the muscularis resident mac-
rophages to impair ICC functions, resulting in induced ab-
normal pacemaking ability [25, 32]. Resident macrophages
and infiltrated monocytes-derived macrophages induce nitric
oxide (NO) synthase (NOS) to produce NO, which in turn
inhibits GI motility in postoperative ileus [1, 10, 28]. It has
been also reported that intestinal muscularis resident mac-
rophages play an important role to induce motility disorder
in peritonitis induced by lipopolysaccharide (LPS) [7, 30].

We previously focused on the inhibitory mechanism of
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LPS on GI motility in the ileum and found that LPS selec-
tively activated muscularis resident macrophages to induce
cyclooxygenase-2 (COX-2) and inducible NOS (iNOS)
genes, resulting in motility disorder via NO production
[9, 27]. In the myenteric plexus region, interestingly, LPS
initially induces COX-2 to produce PGE,, which in turn in-
duces iNOS via activation of prostaglandin (PG) E, receptors
on intestinal macrophages in an autocrine and/or a paracrine
manner [26]. However, it is still unclear whether released
PGE, may directly modulate smooth muscle contractility in
small intestine when LPS is exposed to the ileum.

PGE, receptors (EPs) have characteristic seven-hydro-
phobic transmembrane segment structure of G-protein
coupled receptors, which are classified into 4 subtypes
(EP1-EP4). It has been reported that small intestine mainly
expresses EP2 and EP4 whereas expressions of EP1 and
EP3 are minor [24]. However, each EP exhibits differences
in signal transduction, tissue localization and animal species.
PGE, contracts longitudinal smooth muscles in mice ileum
possibly via EP1 and EP3 [19, 20]. On the other hand, PGE,
inhibits ileal contractility in rat [22]. Thus, it is necessary to
examine the effects of PGE, on smooth muscle contractility
in each tissue of each animal species.

Objective of this study is to clarify detailed inhibitory
mechanisms of LPS on contractility of ileal smooth muscle
in rat, which will lead to a better understanding of mecha-
nism of intestinal motility disorder in peritonitis.
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MATERIALS AND METHODS

Animal: Male Sprague-Dawley rats (250-300 g; Charles
River Japan, Yokohama, Japan) were cared for in strict com-
pliance with the Guide to Animal Use and Care published
by the University of Tokyo. The Institutional Review Board
of the Graduate School of Agricultural and Life Sciences of
the University of Tokyo approved this study. The rats were
maintained under a constant 12 hr light-dark cycle at envi-
ronmental temperature of 20-25°C.

Measurement of muscle contractile ability: The smooth
muscle layer was isolated from the terminal ileum of rat and
set in organ bath filled with modified physiological salt solu-
tion (PSS; containing NaCl 136.9 mM, KC1 5.4 mM, MgCl,
1.0 mM, CaCl, 1.5 mM, NaHCO; 23.8 mM and glucose
5.5 mM) which was aerated with 95% 0,—5% CO, to adjust
pH to 7.4 at 37°C. Muscle contraction of longitudinal ileal
tissue was isometrically measured under a resting tension
of 10 mN. Isometric force in the presence of papaverine
(100 uM) and maintained level of carbachol (CCh)-induced
contraction at 10 min was taken as 0% or 100%, respectively.
In some experiments, absolute force was calculated by mN/
mg wet weight of each tissue. In all control experiments, we
added the same amount of dimethyl sulfoxide (DMSO) as
vehicle.

RT-PCR analysis: Total RNA was extracted from the
muscle layer of the terminal ileum using Trizol (Molecular
Research Center, Inc., Cincinnati, OH, U.S.A.) and analyzed
by semi-quantitative RT-PCR as described previously [9].
Briefly, the purified total RNA was reverse transcribed us-
ing ReverTra Ace in random 9-mer oligonucleotide primers
(TaKaRa Bio, Otsu, Japan) at 30°C for 10 min, 42°C for
1 hr and 99°C for 5 min. Amplification was performed by a
PCR Thermal Cycler MP (TaKaRa Bio) using 30-35 cycles,
each consisting of 98°C for 10 sec, 52-58°C for 30 sec
and 72°C for 1 min. The sequences of the primer were as
follows: AAG RGA GTG YTG TTC CAG GT (rat iNOS
forward), CCA CCA GCT TCT TCA AMG TG (rat iNOS
reverse), CTG TAT CCC GCC CTG CTG GTG (rat COX-2
forward), ACT TGC GTT GAT GGT GGC TGT CTT (rat
COX-2 reverse), ATG GTC TTC TTT GGC CTG TG (rat
EP1 forward), GTT CTC TCG GAA ACG TCG AG (rat
EP1 reverse), GAA CGC TAC CTC GCC ATC GG (rat
EP2 forward), CGA AGG TGA TGG TCA TAA ATG GC
(rat EP2 reverse), CTT TGC CTC CGC CTT CGC C (rat
EP3 forward), CTT AGC AGC AGA TAA ACC CAG G
(rat EP3 reverse), CAT CTT ACT CAT CGC CAC CTC TC
(rat EP4 forward), GTT AGG TCT GGC AGG TAT AGG
AGG (rat EP4 reverse), TAC CAG CCG GGG GAC CAC
(rat GAPDH forward) and CGA GCT GAC AGA GTA GTA
(rat GAPDH reverse). The expected product sizes were 184,
282, 387, 421, 363, 393 and 308 base pairs, respectively.
The PCR products were electrophoresed on 2% agarose gels
containing 0.01% ethidium bromide. Separated bands were
detected using an ultraviolet -transilluminator equipped with
FAS 1II gel scanner (FAS III, Toyobo, Tokyo, Japan). The
bands were measured using NIH Image software (Image J,
Ver. 1.38x), and the levels of PCR products were normalized
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to those of GAPDH for quantification.

Animal model of peritonitis: Peritonitis model was made
by intraperitoneal administration of LPS as previously re-
ported [6, 17]. Briefly, animals were injected intraperitone-
ally with LPS (15 mg/kg body weight) or vehicle (phosphate
buffered saline). The dose of LPS was conformed to LDs,
in strict compliance with the Guide to Animal Use and Care
published by The University of Tokyo.

Statistical analyses: Results are expressed as means =+
SEM. The data were statistically analyzed using the unpaired
Student’s ¢ test for comparisons between 2 groups and by
one-way analysis of variance (ANOVA) followed by Dun-
nett’s test for comparisons among 3 or more groups. A value
of P<0.05 was taken as significant.

RESULTS

Effects of LPS on muscle contraction and expression of
COX-2 and iNOS genes in isolated rat ileum: CCh (1 uM) in-
duced phasic contraction followed by sustained contraction.
Pre-treatment with LPS (100 xg/m/) inhibited CCh-induced
contraction in both phases, and we quantified the inhibitory
action at sustained contraction 10 min after application of
CCh (Fig. 1A). Results indicated that LPS time-dependently
inhibited the CCh-induced contraction (control 1 hr; 77.0 +
8.4%, control 2 hr; 73.1 + 5.7%, control 4 hr; 61.5 + 24.4%,
LPS 1hr; 54.8 + 12.2%, LPS 2 hr; 34.8 + 9.8% and LPS
4 hr; 18.0 + 4.6%, n=5-9). It has been reported that LPS
induces the expression of COX-2 and iNOS genes in rat
ileum [9]. Therefore, we measured time-dependent changes
in mRNA expression of both genes by LPS stimulation (Fig.
1B-1D). Expression of COX-2 mRNA was increased at 1 hr
after treatment with LPS and then maintained steady level.
On the other hand, iNOS gene tended to increase at 1-2 hr
after treatment with LPS, but was insignificant; however,
after 4 hr treatment with LPS, iNOS gene was significantly
upregulated. Thus, iNOS expression was preceded by a ris-
ing of COX-2 gene.

Effects of 1400W and CAY10404 on LPS-induced inhibi-
tory action against the CCh-induced contraction in isolated
rat ileum: Results of Fig. 1 indicated that COX-2-mediated
PGs and iNOS-mediated NO may be related to inhibitory
action of LPS on smooth muscle contraction. So, we next
examined the effects of iNOS inhibitor, 1400 W, and COX-2
inhibitor, CAY 10404, on the LPS-induced inhibitory action
at 1, 2 and 4 hr after the LPS treatment (Fig. 2). In this study,
we selected maximum concentration of CAY10404 and
1400 W to obtain maximum inhibitory action as previously
reported [18, 26]. At 1 hr after the LPS (100 M) treatment,
CCh-mediated contraction was inhibited about 35% of
control (control; 77.0 + 3.8%, LPS 1 hr; 50.8 + 3.9, n=8,
respectively). 1400 W (10 M) did not recover the inhibitory
action. The inhibitory action of LPS was increased to 50% 2
hr after the LPS treatment (control; 67.8 + 3.5%, LPS 2 hr;
34.8 +4.1,n=6 or §, respectively). 1400 W tended to recover
the LPS-induced inhibitory action against CCh-mediated
contraction, but it is not significantly different. At 4 hr after
the LPS treatment, the LPS-induced inhibitory action was
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Effects of LPS on CCh-induced contraction and time-dependent changes in COX-2 and iNOS gene expression

by LPS. A: Inhibitory action of LPS on CCh-induced contraction. The sustained contraction 10 min after application of
CCh (1 uM) was quantified. LPS (100 xzg/m/) was pre-treated 0 to 4 hr before application of CCh. B-D: Effects of LPS
on mRNA expression of COX-2 and iNOS. Typical results were shown in B from 4-8 experiments. Quantified results
for COX-2 (C) and iNOS (D) were shown. Each symbol showed mean + SEM. * or **P<0.05 or P<0.01, significantly
different from control, respectively (n=5-9). Control means non-treated ileal tissue. The ileal tissue was incubated in

the modified physiological salt solution (PSS) for 1-4 hr.
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Fig. 2.

Effects of iNOS inhibitor, 1400 W, and COX-2 inhibitor, CAY 10404, on the LPS-induced inhibition of CCh-

induced contraction. 1400 W (10 M) or CAY 10404 (10 xM) was simultaneously added with LPS (100 xM). Each
column showed mean + SEM. ##P<0.01 significantly different from control. *P<0.05 significantly different from LPS

(n=4-10). N.S.; not significantly different.

further increased to 70% of control (control; 55.7 £ 9.2%,
LPS 4 hr; 18.0 + 1.7, n=6 or 5, respectively). 1400 W almost
completely reduced the inhibitory action of LPS. On the oth-
er hand, COX-2 inhibitor, CAY-10404 (10 uM), completely

abolished the LPS-induced inhibition of CCh-mediated
contraction in all exposure time of LPS. Similar results were
also obtained by non-selective COX inhibitor, indomethacin
(10 uM) (n=6-8, data not shown).
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Expression of EPs in intestinal smooth muscle in rat and effects of PGE, and EPs agonists on the CCh-

induced contraction. A showed mRNA expression of EPs in intestinal smooth muscle of rat. B: Inhibitory
effect of PGE, on the CCh (1 uM)-induced contraction. Each symbol showed mean + SEM (n=8 each). C:
Inhibitory effects of EPs agonists on the CCh-induced contraction. Each symbol showed mean + SEM (n=10-14).
* or ¥*P<0.05 or P<0.01, significantly different from control, respectively. 17-pt PGE,; 17-phenyl trinor PGE,

Expression of EPs and effects of PGE, and EPs agonists
on CCh-induced contraction in isolated rat ileum: Figure 3A
showed mRNA expression of EPs in rat ileal smooth muscle
tissue. All EPs were expressed at mRNA level, but expres-
sion level of EP4 was lower than other EPs. We next ex-
amined effect of PGE, on CCh-mediated contraction. PGE,
(0.01-10 M) inhibited the CCh-mediated contraction in a
concentration-dependent manner as shown in Fig. 3B. PGE,
did not show any contractile response when it was applied to
sustained phase of the CCh-induced contraction. We further
investigated effects of several EPs agonists on the CCh-
induced contraction (Fig. 3C). Relatively selective agonist
for EP2, butaprost (0.1 and 1 uM), significantly inhibited
the contraction (1 M butaprost; 3.4 + 3.5%). EP4 selec-
tive agonist, CAY10580 (1 uM), also induced a weak in-
hibitory action against the CCh-mediated contraction (1 uM
CAY10580; 51.7 + 16.9%). On the other hand, relatively
selective agonist for EP1 and EP3, 17-phenyl trinor PGE,
(17-pt PGE,; 1 uM) and sulprostone (1 M), had no effects
on the CCh-mediated contraction (Fig. 3C). In all control
experiments, administration of only vehicle (0.01% DMSO)
had no effect.

Changes in CCh-mediated contraction, and mRNA
expression of COX-2 and iNOS in ileal smooth muscles
isolated from peritonitis model rat: Finally, we investigated
changes in CCh-mediated contraction in ileal smooth muscle
tissue isolated from peritonitis model rat induced by LPS
treatment. We isolated ileum from the model rat 1 or 4 hr
after intraperitoneal administration of LPS (15 mg/kg) and
made the preparations. CCh-mediated contraction was sig-
nificantly inhibited at all concentrations of CCh as shown in
Fig. 4A. Absolute force induced by CCh was decreased by

approximately 35% of control (control CCh 1 uM; 0.30 +
0.09 mN/mg and peritonitis 1 hr CCh 1 uM; 0.19+0.06 mN/
mg, n=5 and 8, respectively) at | hr after LPS treatment. The
absolute force was further decreased by approximately 60%
of control 4 hr after intraperitoneal administration of LPS
(control CCh 1 uM; 0.34 £ 0.16 mN/mg and peritonitis 1
hr CCh 1 uM; 0.14 + 0.06 mN/mg, n=5 and 8, respectively,
Fig. 4C).

We further investigated changes in mRNA expression of
both COX-2 and iNOS in the ileal tissues prepared from
the peritonitis model rat. COX-2 mRNA was significantly
increased 1 hr after intraperitoneal administration of LPS
(Fig. 4B), and the expression level was maintained at 4 hr
after the administration (Fig. 4D). In contrast, mRNA ex-
pression of iNOS was not increased at 1hr, but significantly
upregulated at 4 hr after the administration (Fig. 4B and 4D).

DISCUSSION

Intestinal resident macrophages and monocyte derived
infiltrated macrophages have been known to play an im-
portant role in intestinal dysmotility in postoperative ileus
[11, 29, 31] and peritonitis [6, 7]. Series of experiments by
using iNOS null mice revealed that motility disorder is caused
by NO through iNOS induction in postoperative ileus [29].
In a similar fashion, inflammatory events in postoperative
ileus are reduced in COX-2 null mice, indicating pathogenic
importance of PGs through COX-2 activation in postopera-
tive ileus [23]. We previously elucidated interaction between
COX-2 and iNOS in small intestine [9, 26, 27]. LPS directly
activates resident macrophages to produce PGE, that sub-
sequently stimulates EP2/EP4 on resident macrophages in
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Changes in CCh-induced contraction and mRNA expression of COX-2 and iNOS in

the ileum isolated from wild type or peritonitis model of rat treated with LPS. LPS (15 mg/
kg) was intraperitoneally injected. Each muscle strip was made 1 or 4 hr after the LPS ad-
ministration. A and C showed change in CCh-induced contraction in the ileum isolated from
control (open circle) or peritonitis model (closed circle) of rat. Each symbol showed mean +
SEM (n=5-9). B and D indicated changes in mRNA expression of COX-2 and iNOS in the
ileum isolated from wild type or peritonitis model of rat. Each column showed mean + SEM.
* or ¥*P<0.05 or P<0.01, significantly different from control, respectively.

an autocrine and/or paracrine manner. The activated macro-
phages by PGE, induce iNOS gene to produce NO, resulting
in impaired intestinal motility through guanylate cyclase
(GC)/cGMP signaling [12] (Fig. 5; Late phase pathway).
The induction of iNOS by PGE, may be regulated through
adenylate cyclase (AC)/cAMP signaling and ERK activation
[26]. In this study, COX-2 inhibitor, CAY 10404, completely
reversed LPS-induced inhibition of CCh-mediated contrac-
tion 4 hr after the LPS treatment. As ileal muscle tissues
were simultaneously treated with CAY 10404 and LPS, the
result may reflect regulation of iNOS gene by COX-2/PGE,
signaling as described previously [9, 26].

On the other hand, it is still unclear whether produced
PGE, by LPS could directly affect smooth muscle cells to
inhibit contraction in the ileum. There are several reports
about effects of PGE, on intestinal motility. PGE, induced
contraction and relaxation of the longitudinal and the cir-
cular muscle layers, respectively [2, 3], whereas PGE, was
observed to contract the circular muscles in some reports
[2, 15]. In this study, PGE, inhibited CCh-mediated contrac-
tion of'ileal tissues, supporting an idea that PGE, may induce
muscle relaxation at least in longitudinal smooth muscle tis-
sues without mucosa in rat ileum. In addition, several reports
support that LPS decreases contractility via PGE, produc-
tion in small intestine [9, 19, 20, 26].

It has been reported that intestinal motility is also de-

creased by PGI, in addition to PGE, [13]. PGI, content is
increased in the rat ileal tissue stimulated with LPS [9],
indicating a possibility that PGI, may also induce dysmotil-
ity in the LPS-treated ileum. However, as half-life (t;;,) of
PGI, is much faster than PGE, (t;, of PGI,; 4 min and t;,,
of PGE,; 26 hr) [8], and produced content of PGI, was much
less than PGE, [9], suggesting the less involvement of PGI,
for the LPS-induced intestinal motility disorder. Taken to-
gether, this study proposes that LPS can induce COX-2 gene
to produce PGE,, which in turn inhibited intestinal motility.

We further examined effects of EPs agonists on the CCh-
mediated contraction to identify EPs subtype to induce
muscle relaxation. Results indicated that relatively selective
agonist for EP2, butaprost, significantly inhibited the CCh-
mediated contraction. EP4 agonist, CAY 10580, also induced
a weak inhibitory action, indicating that stimulation of EP2
and/or EP4 may inhibit the CCh-induced contraction. As
shown in Fig. 3A, mRNA expression of EP4 was less than
that of EP2, leading to possibility that activation of EP2 may
mainly induce muscle relaxation rather than that of EP4. In
fact, it has been reported that EP4 is mainly expressed in mu-
cosal layer of rat intestine to regulate mucus secretion and so-
dium absorption [5, 16]. Here, we showed that LPS-induced
inhibition of contraction by CCh may be mediated through
activation of EP2 and/or EP4 in smooth muscle cells 1-2 hr
after the LPS-treatment, because selective iNOS inhibitor,
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Fig. 5. Possible hypothesis; two signaling pathways of LPS to in-
duce motility disorder in intestinal smooth muscles. LPS stimulates
TLR4 receptor to induce COX-2. Released PGE, stimulates EP2/
EP4 on smooth muscle cells via AC/cAMP signaling to lead motil-
ity disorder (Early phase pathway). In addition, prolonged release
of PGE, stimulates EP2/EP4 receptors on intestinal macrophages
to induce iNOS via AC/cAMP/ERK signal. Inducible NOS pro-
duces NO, resulting in the inhibition of intestinal motility via GC/
cGMP signaling (Late phase pathway) [9, 26]. In small intestinal
muscle layer, direct induction of iNOS gene via activation of TLR4
may be minor pathway. TLR4; Toll-like receptor 4. To confirm this
hypothesis, it will be required to measure time-dependent changes
in NO and PGE, when LPS is applied to rat ileum.

1400 W, did not reduce the inhibitory action. Whereas, 1400
W significantly reduced the LPS-induced inhibitory action
at 4 hr after the treatment with LPS, indicating NO-mediated
action via iNOS expression. In accordance with these results,
mRNA expression of iNOS was significantly upregulated at
4 hr after the LPS treatment. It is well known that EP2 and
EP4 coupled with Gs stimulate AC/cAMP signaling [4, 16],
indicating that accumulated cAMP may induce motility
disorder in intestinal smooth muscle cells [12]. Thus, LPS
exposure initially induced intestinal motility disorder via di-
rect activation of EP2/EP4 on smooth muscle cells indicated
as “early phase pathway” in Fig. 5. The early phase pathway
via direct activation of EP2/EP4 on smooth muscle cells may
disappear at the late phase of LPS exposure, because the
inhibitory action of CAY-10404 was the same with that of
1400 W at 4 hr after treatment with LPS as shown in Fig. 2.
We could not clarify the reason why PGE2/cAMP signaling
in smooth muscle cells disappears at the late phase of LPS
exposure in rat ileum. Further examination will be required
to clarify this point.

In the isolated ileal tissues from peritonitis model rat
induced by LPS, CCh-induced contraction was inhibited
in a time-dependent manner as shown in Fig. 4A and 4C.
One hour after intraperitoneal administration of LPS, the
expression of COX-2 but not iNOS gene was significantly
upregulated in the ileal smooth muscle tissue. On the other

hand, 4 hr after the administration of LPS, both genes were
upregulated. These results indicate that similar early and late
phase pathways obtained in ex vivo experiments as shown in
Fig. 5 may induce intestinal muscle relaxation in peritonitis.
Further investigation will be necessary to clarify it.

In conclusion, LPS induces relaxation of intestinal smooth
muscles via early and late phase signaling pathways. COX-
2-mediated PGE, directly causes the relaxation via EP2/EP4
on smooth muscle cells as early phase pathway. Prolonged
production of PGE, further stimulates macrophages to in-
duce iNOS gene, which in turn inhibits muscle contraction
via NO as late phase pathway. These signalings will occur in
disorder of intestinal motility in peritonitis in vivo.
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