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Abstract

Objectives Lipopolysaccharide (LPS) has been shown to alter intestinal contractility.
Toll-like receptor 4 (TLR4), K* channels and mitogen-activated protein kinases (MAPKs)
have been proposed to be involved in the mechanism of action of LPS. The aim of this study
was to determine the role of TLR4, K* channels and MAPKSs (p38, INK and MEK1/2) in the
local effect of LPS on the acetylcholine (ACh)-induced contractions in rabbit small intestine
in vitro.

Methods Segments of rabbit duodenum were suspended in the direction of longitudinal or
circular smooth muscle fibres in a thermostatically controlled organ bath.

Key findings LPS (0.3 ug/ml) reduced the contractions induced by ACh (100 um) in the
longitudinal and circular smooth muscle of the duodenum after 90 min of incubation.
Polymyxin (TLR4 inhibitor), SB203580 (p38 MAPK inhibitor), SP600125 (JNK1/2 inhibi-
tor) and UO0126 (MEK1/2 inhibitor) antagonized the effects of the LPS on ACh-induced
contractions in duodenal smooth muscle. Incubation with the blockers of K* channels, TEA,
apamin, charybdotoxin, iberiotoxin, glibenclamide or quinine, did not reverse the effect of
LPS on ACh-induced contractions.

Conclusions These results suggest that the effect of LPS on ACh-induced contractions in
the rabbit duodenum might be mediated by TLR4 and p38, INK1/2 and MEK1/2 MAPKs.
Keywords gastrointestinal motility; K* channels; LPS; MAPK; TLR4

Introduction

Lipopolysaccharide (LPS) is an endotoxin present in the cell wall of Gram-negative bacteria.
Many alterations associated with bacterial infections, such as fever, circulatory changes and
damage to numerous organs, including the central nervous system, heart, kidneys, lungs,
liver and gastrointestinal tract, are attributed to LPS." LPS causes alterations in gas-
trointestinal motility both in vivo and in vitro.”! Previous studies by our group™ have
reported an inhibitory effect of LPS on acetylcholine (ACh)-evoked contractions in intesti-
nal segments. Alterations in gastrointestinal motility have been widely reported in response
to the systemic administration of the endotoxin.!"™"! However, the mechanism by which
local treatment with LPS alters intestinal motility needs further investigation.

The principal mechanism by which LPS is sensed is via an LPS-binding protein (LBP)—
LPS complex and then signalling through the toll-like receptor 4 (TLR4)-MD-2 complex.
However, other cell surface molecules also sense LPS; these include the macrophage
scavenger receptor CD11b/CD18 and ion channels.!"”

Recognition and defence systems against bacterial infections are distributed throughout
multicellular organisms. The mediation of cellular activation in response to LPS is known to
occur through TLR4, a member of the toll receptor family."*! When LPS binds to TLR4,
multiple intracellular signalling pathways are activated, a process that is facilitated by two
adapter proteins (MD-2 and CD14) and activated by the mitogen-activated protein kinases
(MAPK).['Z'M‘IS]

Protein kinases are key regulators of cell function that constitute one of the largest and
most functionally diverse gene families. MAPKs are a family of Ser/Thr protein kinases
widely conserved among eukaryotes and involved in many cellular programs such as cell
proliferation, cell differentiation, cell movement and cell death.' The most extensively
studied groups of vertebrate MAPKSs to date are the extracellular signal-regulated kinase
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(ERK1/2), Jun-N-terminal kinase (JNKs) and p38 kinases. An
abnormal activation of MAPK has been observed in patho-
logical circumstances such as cancer,"”! inflammatory bowel
disease!"™"”! and sepsis.'” Recently our group has proposed
that the inhibition of the intestinal contractility induced by
LPS is mediated by p38 and ERK MAPKSs in rabbits treated
with endotoxin.!*!

Most excitable cells express several types of K* channels.
In fact, a number of different K* channels have been identified
in the smooth muscle cells of the gastrointestinal tract.”'! We
have previously described that Ca**-activated K* channels of
small and high conductance, HERG K* channels and inward
rectifier K* channels participate in the spontaneous contrac-
tion of rabbit small intestine.” However, it is unknown
whether potassium channels, Toll-like 4 receptors or MAPKs
participate in the local effects evoked by LPS in vitro on the
intestinal contractility.

The aims of this study were to determine whether the local
effects evoked by LPS in vitro on the ACh-induced contrac-
tions in rabbit small intestine are mediated: by (i) K* channels,
(i) Toll-like receptor 4 or (iii) MAPKSs.

Materials and Methods

Drugs and solutions

The composition of the normal Krebs solution in mm was
as follows: NaCl 120, KCI 4.7, CaCl, 2.4, MgSO, 1.2,
NaHCOs; 24.5, KH,PO,4 1.0 and glucose 5.6, pH 7.4. ACh,
LPS (from Escherichia coli serotype 0111 : B4), polymyxin B
sulfate, tetraetylammonium chloride (TEA), apamin (AP),
charybdotoxin (ChTX), iberiotoxin (IbTX), glibenclamide
and quinine were purchased from Sigma (Madrid, Spain).
4-[5-(4-Fluorophenyl)-2-[4-(methylsulphonyl)phenyl]-1H-
imidazol-4-yl]pyridine hydrochloride (SB-203580), anthra
[1-9-cd]pyrazol-6(2H)-one (SP-600125) and 1,4-diamino-
2,3-dicyano-1,4-bis[2-aminophenylthio] butadiene (U-0126)
were acquired from Tocris (Madrid, Spain). SB-203580,
SP-600125, U-0126 and glibenclamide were dissolved in
dimethyl sulfoxide (DMSO). The solutions were diluted such
that the final concentration of DMSO was <0.1% (v/v). This
concentration of DMSO did not have effect on intestinal con-
tractility. Apamin was dissolved in acetic acid. All of the other
drugs were prepared in distilled water.

Animals

The handling, equipment used and sacrifice of animals
complied with European Council legislation 86/609/EEC con-
cerning experimental animal protection. All experimental
protocols were approved by the Ethics Committee of the
University of Zaragoza (Spain). Male New Zealand rabbits,
2-2.5 kg, were kept with standard rabbit fodder and free
access to water.

Muscle contractility studies

After 24 h of fasting, the rabbits were humanely killed by a
blow to the head. Pieces of rabbit duodenum were removed,
washed, freed from mesenteric attachment and cut into
smaller segments. Whole-thickness segments (10 mm long
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and 5 mm wide) were suspended in the direction of the
longitudinal or circular smooth muscle fibres in a thermo-
statically controlled (37°C) organ bath (10 ml capacity) con-
taining Krebs solution and continuously gassed with 95%
0,-5% CO,. Each segment was connected to an isometric
force transducer (Pioden UF1; Graham Bell House, Canter-
bury, UK) and stretched passively to an initial tension of
20 mN. Signal output of the mechanical activity was ampli-
fied (The Mac Lab Bridge Amp; AD Instruments Inc.,
Milford, MA, USA) with a range of 2 mV, recorded on a
computer for later analysis using the Mac Lab System/8e
computer program (AD Instruments Inc., Milford, MA,
USA) and digitized at two samples per second per channel.
Before testing, segments were allowed to equilibrate in
Krebs solution for 45 min. During that time, the nutrient
solution was changed every 20 min.

Each experimental protocol was systematically performed
on eight segments of duodenum (4 longitudinal and 4 circular
muscle) taken from the same rabbit and repeated in three or
four different animals. Thus, each preparation served as its
own control. Segments that did not show spontaneous activity
were discarded.

After the equilibration period, we added ACh 100 um to
the bath, and the evoked contractile response was considered
the control. To investigate the local effect of LPS on the
longitudinal and circular smooth muscle of rabbit duodenum,
the duodenum segments were then incubated for 90 min with
Krebs or LPS (0.3 pg/ml) and, afterwards, ACh 100 um was
added to the bath. This second ACh response was compared
with the control and expressed as a percentage. We examined
the role of TLR4 and MAPKSs in the LPS-induced effects
by means of polymyxin (36 um, a TLR4 inhibitor) and
SB203580 (0.1 um, a selective p38 inhibitor), SP600125
(0.1 um, a selective JNK inhibitor) and U0126 (0.1 um, a
selective MEK1/2 inhibitor). These agents were added to the
bath 15 min before incubation for 90 min with Krebs or LPS
(0.3 ug/ml). The same protocol was performed with DMSO
(SB203580, SP600125 and U0126 vehicle) to check that it
had no effect per se.

To determine the participation of the different types of
K* channels in the LPS-induced effects on ACh-induced con-
tractions, we used different blockers of several K* channels:
tetraetylammonium (5000 um, a non-specific K* channel
blocker), apamin (1 um and 0.1 pum, a blocker of small-
conductance Ca**-activated K* channels), charybdotoxin
(0.01 um, a selective blocker of intermediate- and large-
conductance Ca**-activated K* channels), iberiotoxin (0.1 um,
a blocker of large-conductance Ca**-activated K* channels),
glibenclamide (0.1 pv, a blocker of ATP-sensitive K* chan-
nels) and quinine (10 um, a blocker of voltage-sensitive K*
channels). These substances were added to the bath 15 min
before the LPS (0.3 pg/ml) incubation for 90 min.

Data analysis and statistics

All of the intestinal segments included in the analyses showed
spontaneous contractions. The ACh motor responses (MR)
were measured as integrated mechanical activity (IMA) per
second, expressed as mN/s and normalized per square
millimetre of cross-sectional area (CSA, mm?) as follows:
MR = Al — A0, where A is the integrated area per second per
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mm? during either the first 3 min of response to ACh (Al) or
the spontaneous motility, 3 min before adding ACh (A0).®
The integrated area was calculated using a baseline of 0 mN.
CSA was determined for each muscle strip using the equation
CSA (mm?) = mass (mg) [length (mm)-density (mg/mm?)]™',
where rabbit intestinal muscle density was assumed to be
1.05 mg/mm?; the length and mass (wet weight) of each
segment were measured upon completion of experiments.*”!
The results were expressed as a percentage of the ACh control
values (100%).

Results are expressed as mean = SEM. Comparisons
between means were made using one-way analysis of vari-
ance tests, and P-values were determined using the Scheffé
F-test. P <0.05 was considered statistically significant.

Results

Effect of lipopolysaccharide on
acetylcholine-evoked contractions

ACh (100 um) evoked contractions in the longitudinal and
circular smooth muscle of the rabbit duodenum; contractions
were not significantly modified after incubation with Krebs
for 90 min (Figure 1a) or DMSO. The ACh-evoked contrac-
tions were inhibited in the presence of LPS (0.3 pg/ml,
90 min) compared with Krebs (90 min) in longitudinal and
circular muscles (Figure 1b), as previously has been shown in
our laboratory.

Effects of TLR4 inhibitor on
acetylcholine-evoked contractions

Polymyxin (36 um) added 15 min before endotoxin reversed
the inhibitory effect of LPS on the ACh contractions in both
longitudinal (Figures 1c and 2a) and circular muscle of rabbit
duodenum (Figure 2a). Some duodenum segments were incu-
bated with polymyxin, a TLR4 inhibitor, to check that it had no
effect per se on ACh-evoked contractions. The incubation with
polymyxin (36 um) did not modify significantly the ACh-
evoked contractions with respect to Krebs in both longitudinal
(Figure 2a) and circular (Figure 2b) muscle of duodenum.

Role of K* channels in the inhibitory effect
of lipopolysaccharide

The incubation with tetraetylammonium (5000 um), apamin
(1 um), charybdotoxin (0.01 pum), iberiotoxin (0.1 um), glib-
enclamide (0.1 uM) and quinine (10 um) did not reverse the
effect of LPS on ACh-induced contractions in both longitudi-
nal and circular muscle of the rabbit duodenum (Table 1).
Quinine does not produce per se effects on the ACh-induced
contractions in both longitudinal and circular muscle of the
duodenum (92 * 24, n=28; 102 = 28, n = 8). Previously we
have described that the other K* channels blockers do not
cause per se effects either.*

Role of MAPKs in the inhibitory effect
of lipopolysaccharide

SB203580 (0.1 um), SP600125 (0.1 um) and U0126 (0.1 um)
added 15 min before endotoxin reversed the inhibitory effect
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Figure 1 Effect of lipopolysaccharide (LPS) on duodenal contractility,
and influence of inhibitors of TLR4 or MAPKs. Effect of the incubation for
90 min with Krebs (control) or LPS (0.3 pg/ml) on contractions evoked by
acetylcholine (ACh, 100 um) in longitudinal smooth muscle of rabbit
duodenum. Influence of polymyxin B (PMX, 36 um), SB203580 (SB,
0.1 um), SP600125 (SP, 0.1 um) or U0126 (U, 0.1 um) added 15 min
before the LPS (0.3 ng/ml). Arrowheads indicate addition of acetylcholine.

of LPS on the ACh contractions in both longitudinal and
circular muscle (Figures 1 and 2) of rabbit duodenum. Some
duodenum segments were incubated with the p38, JNK and
MEKI1/2 inhibitors to check that they had no effect per se on
ACh-evoked contractions (protocol described in Materials
and Methods). The incubation with SB203580, SP600125 and
U0126 did not modify significantly the ACh-evoked contrac-
tions with respect to Krebs in both longitudinal (Figure 2a)
and circular (Figure 2b) muscle of the duodenum.

Discussion

Previous studies by our group™ have reported a local inhibi-
tory effect of LPS on the ACh-evoked contractions when
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Figure 2 Effect of lipopolysaccharide (LPS) and inhibitors of TLR4 or MAPKs on duodenal contractility. Effect of the incubation for 90 min with
Krebs (control) or LPS (0.3 pg/ml) on contractions evoked by acetylcholine (ACh, 100 um) in longitudinal (a) and circular (b) smooth muscle of rabbit
duodenum. Influence of polymyxin B (PMX, 36 um), SB203580 (SB, 0.1 um), SP600125 (SP, 0.1 um) or U0126 (U, 0.1 um) added 15 min before
Krebs or LPS (0.3 pg/ml). Data are expressed as a percentage of the response to ACh control values (100%). Columns are mean values, and vertical
bars indicate SEM. *P < 0.05, ***P < 0.001 vs Krebs. P < 0.05, #P < 0.01 vs LPS.

Table 1  Acetylcholine-induced contractions in longitudinal and circu-
lar smooth muscle of rabbit duodenum incubated for 90 min in Krebs
solution or lipopolysaccharide

Longitudinal muscle Circular muscle

KREBS 96.8 = 7.2 (11) 96.3 + 7.7 (10)
LPS 61.0 = 7.5 (9)* 64.6 + 5.7 (12)*
TEA +LPS 70.0 = 10.2 (8)* 65.6 = 12.9 (8)*
AP + LPS 31.6 + 10.9 (8)** 69.5 + 8.4 (8)*
ChTX +LPS 51.6 + 8.8 (12)%#* 61.3 + 6.0 (11)***
IbTX + LPS 26.5 * 6.5 (8)** 36.9 = 7.3 (9)**
GB +LPS 52.1 + 7.8 (9)** 60.0 = 10.6 (9)*
Qn+LPS 72.1 = 12.3 (12)** 76.0 = 8.3 (10)**

Effect of TEA (5000 um), apamin (AP, 1 um), charybdotoxin (ChTX,
0.01 um), iberiotoxin (IbTX, 0.1 um), glibenclamide (GB, 0.1 um) or
quinine (Qn, 10 um) added 15 min before lipopolysaccharide (LPS,
0.3 pg/ml). The values are the mean *= SE. Data are expressed as a
percentage of response of acetylcholine (% of controls). The number
of segments is in parentheses. *P < 0.05, **P < 0.01, ***P <0.001 vs.
Krebs.

rabbit intestinal segments were incubated with LPS in vitro.
The main finding of the present study is that TLR4 and
MAPKSs but no K* channels are involved in the local effect of
LPS on intestinal contractility.

LPS, as one of the most potent inducers of the immune
system, is recognized by a complex cascade of extracellular
‘pattern recognition receptors’, which chaperone the LPS
from the bacterial membrane to the transmembrane receptor
TLR4.”! We have studied the role of TLR4 in the local effect
of LPS using the specific inhibitor polymyxin B sulfate. Our
results show that TLR4 is involved in the mechanism of action
of LPS on intestinal contractility. These results agree with
another study in which TLR4 deletion significantly prevented
intestinal muscle dysfunction in postoperative ileus.”* TLR4-
deficient mice are hyporesponsive to LPS®” and smooth
muscle, and the myenteric plexus cells of murine intestine
have revealed expression of TLR4 in LPS-treated animals,
showing a possible role of TLR4 in LPS-induced motility
disturbances.””® However, less information about the role of
TLR4 in local treatment with LPS has been provided. The
study of different receptor antagonists represents an useful
tool for the treatment of gastrointestinal motility disorders.””

Various K* channels participate in intestinal spontaneous
motility,” and different K* channels have been involved in
LPS signalling.?**"! The inhibition of LPS-induced cytokine
production by the nonspecific K* channel blocker quinine
has been described, showing a role for K* channels in LPS
signal transduction.®? LPS treatment changes the density
of inwardly rectifying K* channels,™ and the activation of
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high-conductance Ca*-activated K* channels by LPS in artery
smooth muscle cells and in human alveolar macrophages®>**
has been proposed. An abnormal activation of K* channels
in vascular smooth muscle has been observed in animals
with endotoxic shock and it has been suggested that an
overproduction of nitric oxide causes the activation of large-
conductance Ca™-activated K* channels and ATP-sensitive
K* channels that contribute to endotoxin-mediated vascular
hyporeactivity.® Another study has shown that high-
conductance Ca*"-dependent and voltage-dependent K* chan-
nels are involved in transmembrane signal transduction in
macrophages as an early step and that the modulation of the
channel by endotoxin is strongly sensitive to the conformation
of lipid A. However apamin, a blocker of small-conductance
Ca'*-activated K* channels, does not inhibit cytokine produc-
tion.® Previously our group has described that K* channel
blockers do not produce effects per se on the ACh-induced
contractions and in this study quinine does not cause any
per se effect either. In the present work, we have observed that
the incubation with different blockers of K* channels did not
reverse the effect of LPS on ACh-induced contractions. These
results suggest that the effects of LPS are not mediated by K*
channels.

One pathway of intracellular activation induced by LPS is
MAPKs.'>»! In general, distinct stimuli activate mitogen-
activated and stress-activated kinase subgroups with distinct
cellular effects. Certain stimuli, such as LPS and TNF-c,
activate multiple MAPKs in their target cells.” ! With the
availability of specific kinase inhibitors, the importance of
individual pathways to cellular responses can be determined.
We used selective inhibitors of p38, JNK and MEKI1/2 to
determine which of these pathways contributed to LPS-
induced intestinal disturbances. It has been reported that LPS
activates all three MAPKs.™ We have previously described
that the inhibition of p38 MAPK improves intestinal distur-
bances induced in a rabbit endotoxaemia model"” by intrave-
nous LPS, but further investigation of the role of MAPK in the
local effect of LPS is needed. In this study, the treatment with
specific MAPK inhibitors reversed the effect of LPS on intes-
tinal motility. This is in good agreement with other studies
where MAPK inhibitors restored altered intestinal transit in
burned rats™*”! or the beneficial effect of antioxidants in the
LPS-induced motility disorders associated with a reduction in
MAPK activation.""! In fact, antioxidants are being exten-
sively used to restore the altered muscle response although
sometimes they have effects per se on contractility.*'' MAPKSs
seem to be an important focus for the therapy of various
diseases involving intestinal motility disorders such as inflam-
matory bowel disease!" or postoperative ileus."*?!

We have previously studied the expression of some proin-
flammatory enzymes such as inducible nitric oxide synthase
(AINOS) and cyclooxygenase-2 (COX-2) in segments of
duodenum incubated with LPS, and we found that their
expression was not modified by LPS.™ Nevertheless, COX-2
expression was modified in the duodenum of rabbits intrave-
nously treated with LPS." According to these data, the LPS-
effects and the pathways involved change depending on
whether the administration of LPS is local or systemic. It has
been suggested that the K* channels are activated by an LPS-
induced overproduction of nitric oxide (i.e. as a secondary or
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even tertiary step of LPS signalling) and that they contribute
to the endotoxin-mediated damage.* We have observed that
iNOS and, consequently, nitric oxide production was not
increased in our model of local treatment with LPS™* and
therefore these data agree with our results such that the K*
channels are not involved in the local effect of LPS.

Conclusions

In conclusion, our results show that the effect of LPS admin-
istered locally on ACh-induced contractions in the rabbit
duodenum might be mediated by TLR4 and p38, INK1/2 and
MEK1/2 MAPKs. This study showed no evidence of a role of
K* channels in the effect of LPS in the intestinal contractility
in vitro.

Declarations

Conflict of interest

The Author(s) declare(s) that they have no conflicts of interest
to disclose.

Funding

This work was funded by the Ministerio de Ciencia y Tec-
nologia, Espaiia (DGI AGL2006-04317 and ERDF) and the
Gobierno de Aragon (B61/2006, 2007, 2008). An individual
grant, to Sergio Gonzalo, was provided by the Ministerio de
Educacion y Ciencia, Spain (BES-2007-15646).

References

1. Hewett JA, Roth RA. Hepatic and extrahepatic pathobiology of
bacterial lipopolysaccharides. Pharmacol Rev 1993; 45: 382—
411.

2. Akashil et al. Protective effects of coffee-derived compounds on
lipopolysaccharide/d-galactosamine induced acute liver injury in
rats. J Pharm Pharmacol 2009; 61: 473-478.

3. Oshima S et al. Penetration of oseltamivir and its active metabo-
lite into the brain after lipopolysaccharide-induced inflammation
in mice. J Pharm Pharmacol 2009; 61: 1397-1400.

4. LiJ et al. Penehyclidine prevents nuclear factor-kappaB activa-
tion in acute lung injury induced by lipopolysaccharide. J Pharm
Pharmacol 2008; 60: 1197-1205.

5. Weisbrodt NW et al. Decreased ileal muscle contractility and
increased NOS II expression induced by lipopolysaccharide. Am
J Physiol 1996; 271: G454-G460.

6. Plaza MA et al. Role of central interleukin-1 beta in gastrointes-
tinal motor disturbances induced by lipopolysaccharide in sheep.
Dig Dis Sci 1997; 42: 242-250.

7. Eskandari MK efal. LPS-induced muscularis macrophage
nitric oxide suppresses rat jejunal circular muscle activity. Am J
Physiol 1999; 277: G478-G486.

8. Rebollar E er al. Effect of lipopolysaccharide on rabbit small
intestine muscle contractility in vitro: role of prostaglandins.
Neurogastroenterol Motil 2002; 14: 633-642.

9. Hussain S, Delovitch TL. Dysregulated B7-1 and B7-2 expres-
sion on nonobese diabetic mouse B cells is associated with
increased T cell costimulation and the development of insulitis. J
Immunol 2005; 174: 680—687.

10. Gonzalo S et al. Inhibition of p38 MAPK improves intestinal
disturbances and oxidative stress induced in a rabbit endotox-
emia model. Neurogastroenterol Motil 2010; 22: 564-572, e123.



662

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

217.

28.

. De Filippis D eral. Melatonin reverses lipopolysaccharide-

induced gastro-intestinal motility disturbances through the inhi-
bition of oxidative stress. J Pineal Res 2008; 44: 45-51.

Cohen J. The immunopathogenesis of sepsis. Nature 2002; 420:
885-891.

Tapping RI et al. Toll-like receptor 4, but not toll-like receptor 2,
is a signaling receptor for Escherichia and Salmonella
lipopolysaccharides. J Immunol 2000; 165: 5780-5787.

Shin KM et al. Bis-(3-hydroxyphenyl) diselenide inhibits LPS-
stimulated iNOS and COX-2 expression in RAW 264.7 mac-
rophage cells through the NF-kappaB inactivation. J Pharm
Pharmacol 2009; 61: 479-486.

Schmid D et al. Inhibition of inducible nitric oxide synthesis by
Cimicifuga racemosa (Actaea racemosa, black cohosh) extracts
in LPS-stimulated RAW 264.7 macrophages. J Pharm Pharma-
col 2009; 61: 1089-1096.

Pearson G et al. Mitogen-activated protein (MAP) kinase path-
ways: regulation and physiological functions. Endocr Rev 2001;
22: 153-183.

Bradham C, McClay DR. p38 MAPK in development and
cancer. Cell Cycle 2006; 5: 824-828.

Waetzig GH et al. p38 mitogen-activated protein kinase is acti-
vated and linked to TNF-alpha signaling in inflammatory bowel
disease. J Immunol 2002; 168: 5342-5351.

Scaldaferri F et al. The role of MAPK in governing lymphocyte
adhesion to and migration across the microvasculature in inflam-
matory bowel disease. Eur J Immunol 2009; 39: 290-300.
Gonzalo S et al. Extracellular signal-regulated kinase (ERK) is
involved in LPS-induced disturbances in intestinal motility. Neu-
rogastroenterol Motil 2011; 23: e80-e90.

Vogalis F. Potassium channels in gastrointestinal smooth muscle.
J Auton Pharmacol 2000; 20: 207-219.

Lamarca V et al. K+ channels involved in contractility of rabbit
small intestine. J Physiol Biochem 2006; 62: 227-236.

Grasa L et al. The role of tyrosine kinase in prostaglandin E2
and vanadate-evoked contractions in rabbit duodenum in vitro. J
Physiol Pharmacol 2006; 57: 279-289.

Fagundes DS et al. Ca2+-activated K+ channels involved in
duodenal dismotility induced by ethanol. Alcohol Alcohol 2007,
42:291-295.

Jerala R. Structural biology of the LPS recognition. Int J Med
Microbiol 2007; 297: 353-363.

Turler A et al. Endogenous endotoxin participates in causing a
panenteric inflammatory ileus after colonic surgery. Ann Surg
2007; 245: 734-744.

Hoshino K ez al. Cutting edge: toll-like receptor 4 (TLR4)-
deficient mice are hyporesponsive to lipopolysaccharide: evi-
dence for TLR4 as the Lps gene product. J Immunol 1999; 162:
3749-3752.

Rumio C et al. Activation of smooth muscle and myenteric
plexus cells of jejunum via Toll-like receptor 4. J Cell Physiol
2006; 208: 47-54.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Journal of Pharmacy and Pharmacology 2011; 63: 657-662

Venkova K er al. Effect of TZP-201, a novel motilin receptor
antagonist, in the colon of the musk shrew (Suncus murinus).
J Pharm Pharmacol 2009; 61: 367-373.

Seydel U etal. A K+ channel is involved in LPS signaling.
J Endotoxin Res 2001; 7: 243-247.

Guo L et al. [Influence of lipopolysaccharide and burn sera on
ion channels in smooth muscle cells of colon of guinea pig].
Zhonghua Shao Shang Za Zhi 2006; 22: 184—186.

Maruyama N et al. Quinine inhibits production of tumor necrosis
factor-alpha from human alveolar macrophages. Am J Respir
Cell Mol Biol 1994; 10: 514-520.

McKinney LC, Gallin EK. Effect of adherence, cell morphology,
and lipopolysaccharide on potassium conductance and passive
membrane properties of murine macrophage J774.1 cells.
J Membr Biol 1990; 116: 47-56.

Hoang LM et al. Lipopolysaccharide rapidly activates K+ chan-
nels at the intracellular membrane face of rat cerebral artery
smooth muscle cells. Neurosci Lett 1997; 231: 25-28.

Chen SJ et al. Abnormal activation of K(+) channels in aortic
smooth muscle of rats with endotoxic shock: electrophysiologi-
cal and functional evidence. Br J Pharmacol 2000; 131: 213—
222.

Blunck R et al. New insights into endotoxin-induced activation
of macrophages: involvement of a K+ channel in transmembrane
signaling. J Immunol 2001; 166: 1009-1015.

Shen KP  etal. Eugenosedin-A  amelioration  of
lipopolysaccharide-induced up-regulation of p38 MAPK,
inducible nitric oxide synthase and cyclooxygenase-2. J Pharm
Pharmacol 2007; 59: 879-889.

Lee HJ et al. Eutigoside C inhibits the production of inflamma-
tory mediators (NO, PGE(2), IL-6) by down-regulating
NF-kappaB and MAP kinase activity in LPS-stimulated RAW
264.7 cells. J Pharm Pharmacol 2008; 60: 917-924.

Kyriakis JM, Avruch J. Mammalian mitogen-activated protein
kinase signal transduction pathways activated by stress and
inflammation. Physiol Rev 2001; 81: 807-869.

Gan HT et al. Blockade of p38 mitogen-activated protein kinase
pathway ameliorates delayed intestinal transit in burned rats. Am
J Surg 2007; 193: 530-537.

Capasso R et al. Inhibitory effect of quercetin on rat trachea
contractility in vitro. J Pharm Pharmacol 2009; 61: 115-
119.

Wehner S et al. Inhibition of p38 mitogen-activated protein
kinase pathway as prophylaxis of postoperative ileus in mice.
Gastroenterology 2009; 136: 619-629.

Grasa L et al. A downregulation of nNOS is associated to dys-
motility evoked by lipopolysaccharide in rabbit duodenum.
J Physiol Pharmacol 2008; 59: 511-524.

Gonzalo S etal. Intestinal effects of lipopolysaccharide in
rabbit are mediated by cyclooxygenase-2 through p38 mito-
gen activated protein kinase. Eur J Pharmacol 2010; 648:
171-178.



