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Carbachol is a cholinergic agonist that protects the intestines after trauma or burn injury. The present
study determines the beneficial effects of carbachol and the mechanisms by which it ameliorates the
lipopolysaccharide (LPS)-induced intestinal barrier breakdown. Rats were injected intraperitoneally with
10 mg/kg LPS. Results showed that the gut barrier permeability was reduced, the ultrastructural disrup-
tion of tight junctions (TJs) was prevented, the redistribution of zonula occludens-1 and claudin-2 pro-
teins was partially reversed, and the nuclear factor-kappa beta (NF-xB) and myosin light-chain kinase
(MLCK) activation in the intestinal epithelium were suppressed after carbachol administration in LPS-
exposed rats. Pretreatment with the o7 nicotinic acetylcholine receptor (7nAchR) antagonist a-bunga-
rotoxin blocked the protective action of carbachol. These results suggested that carbachol treatment can
protect LPS-induced intestinal barrier dysfunction. Carbachol exerts its beneficial effect on the ameliora-
tion of the TJ damage by inhibiting the NF-kf and MLCK pathways in an a7nAchR-dependent manner.
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1. Introduction

Sepsis is one of the primary causes of patient death in the inten-
sive care units, and mainly occurs in response to lipopolysaccha-
ride (LPS). Over the past three decades, new strategies for sepsis
treatment have been developed. However, its morbidity and mor-
tality in critically ill patients remain significantly high [1]. The ex-
act mechanisms behind sepsis development remain unclear.
Meanwhile, gut dysfunction has been identified in sepsis, and in-
creased intestinal permeability has been found associated with
the development of multiple organ dysfunction [2,3]. Thus, an in-
tact and functional mucosal barrier, maintained by the intestinal
epithelium, is crucial in preventing the translocation of enteric
bacteria and microbial pathogens, both paracellularly and transcel-
lularly [4]. Therefore, the protection of the gut barrier function is
critical during sepsis treatment.

The tight junctions (TJs), such as the zonula occludens (Z0)-1
[5] and the claudin family members [6], are critical in the paracel-
lular characteization of the intestinal barrier. Previous studies have
indicated that the TJ architecture and the protein redistribution in
the T] membrane microdomains are altered during polymicrobial
sepsis [7]. In addition, the TJ opening is driven by myosin light-
chain (MLC) phosphorylation, which is dependent on MLC kinase
(MLCK) activation [8]. Moriez et al. [9] have reported that the inhi-
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bition of MLCK prevents the harmful effects of the LPS-induced
sepsis on the TJ barrier. Moreover, the nuclear factor-kappa beta
(NF-kB) signaling pathway mediates the increased MLCK expres-
sion after LPS induction, resulting in TJ barrier breakdown [10].
Therefore, the inhibitors of NF-xp and MLCK functions may atten-
uate T] disruption [11,12].

Carbachol has been widely applied clinical applications because
of its muscarinic effect, which promotes intestinal peristalsis and
increases glandular secretion. Recent studies have found various
pharmacologic and biologic activities associated with carbachol,
including anti-inflammatory [13], antioxidative [14], and anti-
apoptotic [15] effects. In vivo studies have indicated that the
anti-inflammatory activities displayed by carbachol may be partly
mediated by suppressing the NF-kf activation pathway [16]. Car-
bachol can also attenuate intestinal dysfunction after trauma or
burn injury [17]. However, the protective potential of carbachol
for intestinal barrier function in endotoxemia has not been re-
ported. Therefore, we hypothesize that carbachol ameliorates the
LPS-induced intestinal epithelial TJ] damage.

2. Materials and methods
2.1. Experimental animals
Male Sprague-Dawley rats (Wuhan Universtity Experiment

Animals Center) weighing 200-250 g were used for the experi-
ment. All animals were maintained in a sterile, standard laboratory
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supplied with food and water as needed. The rats were placed in
individual ventilated cages under specific pathogen-free conditions
in the animal facility of Wuhan University. All protocols were ap-
proved by the Wuhan University of Science and Technology Animal
Care and Use Commiittee. In addition, the animals received humane
care in compliance with the Principles of Laboratory Animal Care.

2.2. Reagents

The LPS from the Escherichia coli serotype 055:B7, a-bungaro-
toxin (o-BGT), 4 KDa fluorescein isothiocyanate-dextran (FITC-
Dextran), carbachol, and MLCK antibody were purchased from Sig-
ma Chemical Co. (St.Louis, MO, USA). The antibodies for ZO-1, clau-
din-2, and NF-kp p65 were purchased from Invitrogen. The FITC-
conjugated affinipure goat anti-rabbit immunoglobulin G (IgG)
were purchased from Molecular Probes.

2.3. Experiment protocols

The rats were divided randomly into four groups, namely, con-
trol (CON group), LPS, carbachol (CAR group), and o-BGT groups,
with eight rats in each group. In the LPS group, rats were injected
intraperitoneally with 10 mg/kg LPS dissolved in 1 ml sterile saline.
In the CON group, rats were treated in the same manner as that of
the LPS group, but they received saline instead of LPS. In the CAR
group, rats were injected intraperitoneally with 0.1 mg/kg carba-
chol at 15 min after LPS injection. In the o-BGT group, rats were
first exposed to LPS, and then injected with 1.0 pg/kg o-BGT at
5 min prior to carbachol injection. The samples were collected after
3 h of LPS treatment.

2.4. Histopathological evaluation

The distal ileum (5 cm) was harvested immediately after the
rats were sacrificed, and then the specimens were embedded in
paraffin. The ileac tissues were deparaffinized, rehydrated, and
stained with hematoxylin and eosin (H&E). Histologic scoring of
the depth of tissue injury was performed according to the method
by Chiu et al. [18], with modifications on the score as follows: 0, no
damage; 1, subepithelial space at the villous tip; 2, loss of mucosal
lining of the villous tip; 3, loss of less than half of the villous struc-
ture; 4, loss of more than half of the villous structure; and 5, trans-
mural necrosis. The tissues were evaluated blindly without prior
knowledge of the animal background.

2.5. Quantification of intestinal permeability

Three hours after LPS induction, 5 cm of the terminal ileum and
the right side colon were removed. The intestinal lumen was gently
washed, and one side of the intestine was ligated. A 200 pl of
40 mg/ml 4-KDa FITC-Dextran was applied onto the intestinal lu-
men, and then its other side was ligated. The intestinal pouch
was immersed gently in 10 ml of saline at 37 °C for 60 min. The
intestinal wall permeability was evaluated ex vivo by measuring
the leaked amount of FITC-dextran outside the intestinal pouch.

2.6. Transmission electron microscopy of TJ

The 2-mm sections of the ileum were washed and fixed with 4%
glutaraldehyde for 2 h, post-fixed with 1% osmium tetroxide,
embedded in Epon 812, and then thinly sliced. The thinly sliced tis-
sues were cut, stained with uranyl acetate and lead citrate, and
then examined in an H-600 (Hitachi, Japan) transmission electron
microscope (TEM) operated at 75 kV.

2.7. Immunofluorescence microscopy

The small intestine tissue samples in rats were frozen using li-
quid nitrogen, and then the frozen sections (15 pm) were cut with-
in a cryostat. The resulting tissue samples were incubated with the
first antibodies anti-ZO-1 and anti-claudin-2 overnight at 4 °C, and
then with FITC-conjugated goat anti-rabbit IgG antibodies. The
sample images were obtained using an LSM 410 confocal laser
scanning microscope (Leica Microsystems; Heidelberg).

2.8. Immunohistochemistry microscopy

The tissues were stained with H&E, and then incubated with anti-
MLCK for 24 h at 4 °C, secondary antibody-biotinylated anti-rabbit
IgG for 30 min, and peroxidase-conjugated streptavidin for 30 min.
Phosphate buffer saline was used to rinse the slides following each
incubation. The color was developed using 0.025% 3,3’-diam-
inobenzidine tetrahydrochloride in tris buffered saline combined
with hydrogen peroxide. The specimens were counterstained, dehy-
drated, mounted, observed by light microscopy (ECLIPSE E600; Ni-
kon, Tokyo, Japan), and then photographed (DXM1200; Nikon).

2.9. Tissue nuclear protein extraction

The nuclear extracts were prepared following a previous proto-
col [19]. The homogenates were centrifuged at 14,000 rpm for
5 min, and the supernatant nuclear extracts were then harvested
and stored at —70 °C. The extracted proteins were quantified by
Lowry-Kalckar assays [20].

2.10. Western blot analysis

Western blot analysis was carried out to measure the protein
expressions of ZO-1, claudin-2, NF-x, and MLCK. Equal amounts
of each extract were electrophoresed in 6% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, electrotransferred onto
polyvinylidene difluoride membranes (Bio-Rad), and then incu-
bated with the primary antibody overnight at 4 °C and with the
secondary antibodies for 90 min at room temperature. The bands
were detected by enhanced chemiluminescence, and the band
intensities were quantified by densitometry and expressed as
mean area density using the accompanied software. Mean area
density was expressed for all protein blots relative to glyceralde-
hyde-phosphate dehydrogenase(GAPDH) expression.

2.11. Statistical analysis

Data were presented as mean = SEM, and compared through
one-way analysis of variance(ANOVA). The Student-Newman-Keuls
q test was used for statistical analysis to compare the data among
all groups. A significant difference was presumed when P < 0.05.

3. Results
3.1. Effect of carbachol on LPS-induced intestinal barrier breakdown

The histologic changes and injury score after carbachol treat-
ment in LPS-exposed rats were determined to evaluate the effects
of carbachol on intestinal injury. The histological examination for
the LPS group revealed significantly damaged intestinal tissues,
with villus necrosis, inflammatory cell infiltration, and hemor-
rhage. However, these histologic changes were less pronounced
in the CAR group. The appearance of the o-BGT group resembled
that of the LPS group (Fig. 1A). The intestinal histological score
for the LPS group was significantly increased compared with the
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CON group (“P < 0.05). Carbachol treatment remarkably decreased
the mucosal damage in the LPS group (*P < 0.05). -BGT adminis-
tration reversed the effect of carbachol (*P < 0.05, Fig. 1B).

Three hours after LPS induction, we evaluated the gut mucosal
permeability ex vivo by measuring the leakage of FITC-Dextran
from the intestinal pouch. The amount of FITC-Dextran signifi-
cantly increased after LPS administration (“P < 0.05). However, this
increased amount was significantly reduced after carbachol
administration (*P<0.05). Increased amounts of FITC-Dextran
were observed after o-BGT pretreatment compared with the CAR
group (¥P < 0.05, Fig. 1C).

3.2. Effect of carbachol on the LPS-induced intestinal T] disruption

The ultrastructure of TJ in the ileum was observed by TEM to
determine the influence of carbachol on the LPS-induced intestinal
TJ disruption. The TJs were damaged and the electron-dense mate-
rials were diminished in the LPS group. The pathologic changes in-
duced by LPS were significantly attenuated by carbachol, whereas
o-BGT pretreatment diminished the beneficial effect of carbachol
(Fig. 2A).
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Three hours after LPS administration, the localization and
expression of ZO-1 and claudin-2 proteins were determined by
immunofluorescence and Western blotting. ZO-1 and claudin-2
staining at the areas of cell-cell contact were significantly lost in
the LPS group. These local losses were improved by carbachol
treatment, with continuous staining observed at the periphery of
the intestinal epithelial cells. The ZO-1 and claudin-2 expressions
were highly attenuated in the o-BGT group than those in the
CAR group (Fig. 2B). Fig. 2C shows that the ZO-1 and claudin-2 pro-
tein expressions from the intestinal tissues of the LPS and CON
groups were significantly different (“P< 0.05). Carbachol treat-
ment significantly increased the ZO-1 and claudin-2 protein
expressions in the lieum of the LPS group (*P < 0.05), whereas o-
BGT diminished the effect of carbachol (*P < 0.05).

3.3. Effect of carbachol on the NF-k 8 and MLCK pathways in the
intestinal tissues of LPS-treated rats

We examined the effect of carbachol on NF-kf and MLCK acti-
vation to investigate the mechanisms behind the attenuation of
intestinal epithelial T] damage by carbachol. Fig. 3A shows that
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Fig. 1. Effect of carbachol on LPS-induced intestinal barrier breakdown. Carbachol was injected intraperitoneally at 15 min after LPS injection. (A) Effects of carbachol on LPS-
mediated ileum histopathologic changes. Ilea (n = 3) from each experimental group were processed for histological evaluation at 3 h after LPS induction: ileum section of the
(a) CON group; (b) LPS group; (c) CAR group; and (d) a-BGT group. The representative histologic sections of the ilea were stained by H&E at 200x magnification. (B) Effects of
carbachol on intestinal injury score. The intestinal injury score was determined at 3 h after LPS administration. The values were presented as means + SEM (n = 8). P < 0.05
vs. CON group. *P < 0.05 vs. LPS group. *P < 0.05 vs. CAR group. (C) Effects of carbachol on LPS-induced increased ileal mucosal permeability. The leakage of FITC-Dextran from
the intestinal pouch was measured at 3 h after LPS administration. The values were presented as means + SEM (n = 8). “P < 0.05 vs. CON group. *P < 0.05 vs. LPS group.

#P < 0.05 vs. CAR group.
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Fig. 2. Effect of carbachol on LPS-induced intestinal T] disruption. Carbachol was injected intraperitoneally at 15 min after LPS administration. Ilea (n=3) from each
experimental group were processed for morphological evaluation at 3 h after LPS administration:ileum section from the (a) CON group; (b) LPS group; (c) CAR group; (d) o~
BGT group. (A) Effect of carbachol on intestinal TJ ultrastructure after LPS induction. Arrows indicate the location of the TJs (Scale bar = 1000 nm). (B) Effect of carbachol on the
localization of intestinal T] proteins, ZO-1 and claudin-2, at 3 h after LPS exposure (scale bar = 30um). (C) Effect of carbachol on the expression of intestinal TJ proteins ZO-1
and claudin-2 3 h after LPS induction. Protein samples were analyzed by Western blotting, and GAPDH was used as an internal control. Similar results were obtained among
three independent experiments. The result of one of the experiments is shown. P < 0.05 vs. CON group. *P < 0.05 vs. LPS group. *P < 0.05 vs. CAR group.

the nuclear expressions of NF-kB and MLCK increased in the LPS
group (“P<0.05). Carbachol significantly attenuated the NF-xp
and MLCK expressions (*P < 0.05). o-BGT administration reversed
the inhibitory effect of carbachol (¥P < 0.05).

Three hours after LPS administration, we evaluated the MLCK
activation using immunohistochemistry. MLCK was expressed at
the periphery of the intestinal epithelial cells, as reflected by the
brown staining images under the light microscope. Increased
MLCK staining was observed in the LPS group compared with the
CON group. Carbachol treatment decreased MLCK staining,
whereas o-BGT administration diminished the inhibitory effect of
carbachol (Fig. 3B).

4. Discussion

To the best of our knowledge, the current study was the first to
demonstrate that carbachol protects rats against LPS-induced

intestinal barrier breakdown. The protective effects of carbachol
were associated with the down-regulation of the NF-xf and MLCK
pathways.

The intestinal epithelial barrier is important in the systemic
inflammatory response after LPS induction. Its breakdown is char-
acterized by high gut permeability, decreased mucosal weight, and
typical histologic changes, such as villus necrosis, inflammatory
cell infiltration, and decreased villus height [21]. In the present
study, carbachol treatment decreased the ileal mucosal permeabil-
ity to FITC-Dextran, and significantly attenuated intestinal tissue
injury.

The intestinal T] proteins ZO-1 [5] and claudin-2 [6] are key reg-
ulators of intestinal permeability; thus, they characterize the intes-
tinal barrier. In vitro studies demonstrated that LPS decreases ZO-1
expression in nontumorgenic epithelial monolayers [22], signifi-
cantly disrupting barrier function. Several studies have shown that
decreased ZO-1 protein expression is correlated with increased
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Fig. 3. Effect of carbachol on NF-x and MLCK activation in ilea 3 h after LPS induction. Carbachol was injected intraperitoneally at 15 min after LPS injection. (A) Effect of
carbachol on NF-xp and MLCK expressions in ilea at 3 h after LPS induction. Protein samples were analyzed by Western blotting, and GAPDH was used as an internal control.
Similar results were obtained among three independent experiments. The result of one of the experiments is shown. P < 0.05 vs. CON group. *P < 0.05 vs. LPS group. #P < 0.05
vs. CAR group. (B) Immunohistochemical staining of intestinal sections for MLCK. Ilea (n = 3) from each experimental group were processed for histologic evaluation at 3 h
after LPS induction: the ileum section from the (a) CON group; (b) LPS group; (c) CAR group; (d) o-BGT group. The brown staining images indicate the location of MLCK at
200x magnification. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article)

paracellular permeability in endotoxemic [11] and thermal [23]
animals. The modulation of intestinal claudin-2 expression has
been implicated as the cause of inflammatory bowel diseases
[24] and collagenous collitis [25]. The results of our study demon-
strated that LPS induction caused varying degrees of displacement
and down-regulated the expressions of ZO-1 and claudin-2 pro-
teins, thereby resulting in increased intestinal permeability. How-
ever, carbachol treatment partially reversed the redistribution and
increased permeability of these T] proteins. Thus, carbachol may
effectively prevent the endotoxin-induced TJ disruption.

The NF-xB and MLCK signaling pathways were investigated
after LPS induction to explore the mechanisms behind the
beneficial effects of carbachol. MLCK is vital in the regulation of

the intestinal barrier function because it modulates the actin-myo-
sin ring. The MLCK-mediated MLC phosphorylation contracted the
actin-myosin filaments, thereby altering T] protein localization
and expression as well as T] barrier functional opening [26]. MLCK
activation increases permeability and modulates other important
TJs, such as occludin and ZO-1 [27]. The NF-xB signaling cascade
is a common pathway involved in the inflammatory response to di-
verse stimuli. During endotoxemia, the inhibitory factor kB in
intestinal mucosa is degraded, resulting in cytoplasmic-to-nuclear
translocation of NF-kfB p65 [28]. Thereafter, the activated NF-kf
p65 binds to the MLCK promoter region and increases MLCK mRNA
expression [29,30]. The results of our study demonstrated that car-
bachol treatment significantly diminished the activation of NF-kp
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in the intestinal tissue, resulting in the changes in MLCK activation.
These results implied that the beneficial effect of carbachol on TJ
may be partially mediated by the down-regulating the NF-x8 and
MLCK pathways.

Studies have shown that o7 nicotinic acetylcholine receptor
(a7nAchR) is an essential inflammatory regulator [31]. Previous
studies have reported that o-BGT is a specific antagonist of
a7nAchR, which inhibits the effect of acetylcholine in the choliner-
gic anti-inflammatory pathway by binding o7nAchR. In the present
study, the pretreatment with o-BGT blocked the beneficial effect of
carbachol on intestinal TJ. This result implied that the protective
effect of carbachol on intestinal barrier function depends on the
o7nAchR subunit.

In summary, we have provided the first evidence that carbachol
treatment protects the LPS-induced intestinal barrier dysfunction
by ameliorating T] damage. The mechanisms behind the beneficial
effects of carbachol are correlated with the inhibition of the NF-kf
and MLCK signaling pathways in an a7nAchR-dependent manner.
These findings may provide a new therapeutic strategy for the
treatment of intestinal barrier breakdown in sepsis.
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