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Abstract

AIM: To investigate the roles of toll-like receptor 4
(TLR4) and nuclear factor (NF)-kB on cystathionine
synthetase (CBS) expression and visceral hypersensitivity
in rats.

METHODS: This study used 1-7-wk-old male Sprague-
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Dawley rats. Western blot analysis was employed
to measure the expression of TLR4, NF-xB and the
endogenous hydrogen sulfide-producing enzyme CBS
in colon dorsal root ganglia (DRG) from control and
“irritable bowel syndrome” rats induced by neonatal
colonic inflammation (NCI). Colon-specific DRG
neurons were labeled with Dil and acutely dissociated
to measure excitability with patch-clamp techniques.
Immunofluorescence was employed to determine the
co-expression of TLR4, NF-xB and CBS in Dil-labeled
DRG neurons.

RESULTS: NCI significantly upregulated the expression
of TLR4 in colon-related DRGs (0.34 + 0.12 vs 0.72 £
0.02 for the control and NCI groups, respectively, P <
0.05). Intrathecal administration of the TLR4-selective
inhibitor CLI-095 significantly enhanced the colorectal
distention threshold of NCI rats. CLI-095 treatment
also markedly reversed the hyperexcitability of colon-
specific DRG neurons and reduced the expression of
CBS (1.7 £ 0.1 vs 1.1 £ 0.04, P < 0.05) and of the
NF-«B subunit p65 (0.8 £ 0.1 s 0.5 £ 0.1, 2 < 0.05).
Furthermore, the NF-xB-selective inhibitor pyrrolidine
dithiocarbamate (PDTC) significantly reduced the
upregulation of CBS (1.0 + 0.1 15 0.6 + 0.1, 2 < 0.05)
and attenuated visceral hypersensitivity in the NCI rats.
In vitro, incubation of cultured DRG neurons with the
TLR4 agonist lipopolysaccharide significantly enhanced
the expression of p65 (control vs 8 h: 0.9 £ 0.1 vs
1.3 £ 0.1; control vs 12 h: 0.9 £ 0.1 vs 1.3 £ 0.1, P
< 0.05; control vs 24 h: 09 £ 0.1 vs 1.6 £ 0.1, P <
0.01) and CBS (control vs 12 h: 1.0 £ 0.1 vs 2.2 %
0.4; control vs 24 h: 1.0 £ 0.1 vs 2.6 £ 0.1, Z < 0.05),
whereas the inhibition of p65 via pre-incubation with
PDTC significantly reversed the upregulation of CBS
expression (1.2 £ 0.1 15 0.6 £ 0.0, Z < 0.01).

CONCLUSION: Our results suggest that the activation
of TLR4 by NCI upregulates CBS expression, which
is mediated by the NF-«xB signaling pathway, thus
contributing to visceral hypersensitivity.

Key words: Irritable bowel syndrome; Dorsal root
ganglion; Visceral hypersensitivity; Hydrogen sulfide;
Toll-like receptors; Nuclear factor-kappa B

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: This study investigated the roles of toll-like
receptor 4 (TLR4) and its signaling pathway in the
pathogenesis of visceral hypersensitivity in a rat model
of irritable bowel syndrome (IBS). We demonstrated
that activation of TLR4 upregulates the expression
of the endogenous hydrogen sulfide-synthesizing
enzyme cystathionine B synthetase. This upregulation
was mediated by enhanced translocation of nuclear
factor-xB in dorsal root ganglion cells, through which
it contributed to the visceral hypersensitivity in IBS-
like rats. Our results suggest TLR4 plays a major role in
the development of functional visceral pain and hence
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suggest a novel mechanism and potential therapeutic
target for the treatment of chronic visceral pain in
patients with IBS.

Yuan B, Tang WH, Lu LJ, Zhou Y, Zhu HY, Zhou YL, Zhang
HH, Hu CY, Xu GY. TLR4 upregulates CBS expression through
NF-«B activation in a rat model of irritable bowel syndrome with
chronic visceral hypersensitivity. World J Gastroenterol 2015;
21(28): 8615-8628 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v21/i28/8615.htm DOI: http://dx.doi.
org/10.3748/wjg.v21.i28.8615

INTRODUCTION

Irritable bowel syndrome (IBS), a common functional
gastrointestinal disorder, is defined by recurrent
symptoms of abdominal pain or discomfort asso-
ciated with alterations in bowel movements'%.
The pathogenesis of pain in IBS patients is poorly
understood, and treatment remains difficult®>). Our
previous studies have shown that hydrogen sulfide
signaling and its endogenous synthesizing enzyme
cystathionine-p-synthetase (CBS) are involved in the
development and maintenance of chronic visceral
hypersensitivity (CVH) in rat models of IBS*®. In
particular, we have provided evidence that demonstrates
that neonatal colonic inflammation”®! or neonatal
maternal deprivation®” significantly upregulate CBS
expression in dorsal root ganglion (DRG) neurons
and that inhibition of CBS by O-(carboxymethyl)-
hydroxylamine hemihydrochloride (AOAA) or
aminooxyacetate attenuates CVH in the adult rats.
These data strongly suggest that CBS upregulation
plays an important role in the development of CVH.
However, the mechanism by which CBS expression is
upregulated remains largely unknown.

Toll-like receptors (TLRs) are pattern recognition
receptors that are key components of innate immu-
nity® ™. TLR4 activation leads to a pro-inflammatory
cascade!™!. The importance of TLR4 in pain has
been emphasized by recent evidence showing a role
of spinal TLR4 in the initiation of pathological pain
states, such as inflammatory and neuropathic pain, in
preclinical models'**®, Clinical studies have suggested
an involvement of peripheral TLR4 in patients suffering
from IBS!”'®l, However, there is no evidence that
indicates whether TLR4 activation contributes to the
upregulation of CBS expression. Furthermore, how
TLR4 activation enhances CBS expression remains
unknown.

As an extension of our previous work on the
peripheral sensitization of neonatal colonic inflammation
(NCI)-induced CVH"®, in this study, we investigated
the roles of TLR4 in CBS expression. We further
explored whether the TLR4-induced upregulation
of CBS expression was mediated by nuclear factor
(NF)-xB because NF-xB is considered an important
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Figure 1 Effect of neonatal acetic acid treatment on colons of adult rats. Photomicrographs of hematoxylin and eosin-stained sections from colons of P10 normal

saline-treated (A) and P10 acetic acid-treated rats (B).

transcription factor in the processing of inflammation
and pain™®?", Through the combination of patch-clamp
techniques and Western blot analysis, we showed that
NCI significantly upregulated TLR4 and p65 expression
in colon DRGs and that inhibiting p65 signaling reversed
the upregulation of CBS expression and attenuated
visceral hypersensitivity. Our findings suggest that
targeting the TLR4 signaling pathway may represent
a potential strategy for the treatment of chronic
visceral hypersensitivity in patients with functional
gastrointestinal disorders such as IBS.

MATERIALS AND METHODS

Induction of chronic visceral hypersensitivity
Experiments were performed on male Sprague-
Dawley rats. The care and handling of these animals
were approved by the Institutional Animal Care and
Use Committee of Soochow University and were in
accordance with the guidelines of the International
Association for the Study of Pain. Chronic visceral pain
was induced by NCI as described previously!**?, In
brief, 10-d-old pups received an infusion of 0.2 mL of
acetic acid solution (0.5% in normal saline) into the
colon, 2 cm from the anus. Control pups received an
equal volume of normal saline (NS). There were no
significant inflammatory responses in the colon of rats
at the age of 6-7 wk after colonic injection of acetic
acid (Figure 1). Experiments were performed in these
rats at the age of 6-7 wk. A total of 179 rats were used
in this study: 54 in the control group and 125 in the
NCI group.

Cell labeling

DRG neurons innervating the colon were labeled
by the injection of 1,1'-dioleoyl-3,3,3’,3-tetramethy-
lindocarbocyanine methanesulfonate (Dil; Invitrogen,
Carlsbad, CA, United States) into the colon wall as
described previously®?!, Briefly, 5-wk-old rats were
anesthetized with chloral hydrate (0.36 g/kg; ip).
After the colon was exposed, Dil (about 1 uL) was
injected at 10 sites in the exposed colon wall; these
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sites extended approximately 6 cm in an oral direction
from the level of the bladder. After the abdomen was
closed, the animals were returned to their housing and
given free access to drinking water and standard food
pellets.

Dissociation of DRG neurons and patch-clamp
recordings

Changes in neuronal excitability were determined
using whole-cell patch-clamp recording techniques
as described previously™?*?", Ten days after the
Dil injection, the rats were sacrificed by cervical
dislocation, followed by decapitation. DRGs (T13-L2)
were bilaterally dissected out and transferred to an ice-
old, oxygenated fresh dissecting solution containing
(in mmol/L): 130 NaCl, 5 KCl, 2 KH2PO4, 1.5 CaClz, 6
MgS0s, 10 glucose and 10 HEPES, pH 7.2; (osmolarity:
305 mOsm). The ganglia were transferred to 5 mL
of the dissecting solution containing collagenase D
(1.8-2.0 mg/mL; Roche, Indianapolis, IN, United
States) and trypsin (1.2-1.5 mg/mL; Sigma, St Louis,
MO, United States) and incubated for 1.5 h at 34.5C.
DRGs were then transferred to 2 mL of the dissecting
solution containing DNase (0.5 mg/mL; Sigma). A
single-cell suspension was subsequently obtained
by repeated trituration through flame-polished glass
pipettes. Cells were plated onto acid-cleaned glass
coverslips. Dil-labeled neurons were identified by
their fluorescence under a fluorescence microscope
(Olympus IX71, Japan). For the patch-clamp
recordings, cells were continuously superfused (1.5
mL/min) at room temperature with normal external
solution containing (in mmol/L): 130 NaCl, 5 KClI, 2
KH2PQ4, 2.5 CaClz, 1 MgCl2, 10 HEPES, 10 glucose,
with pH adjusted to 7.2 with NaOH; 295-300 mOsm.
Patch-clamp pipettes had a resistance of 4-7 MQ when
filled with the pipette solution containing (in mmol/L):
140 potassium gluconate, 10 NaCl, 10 HEPES, 10
glucose, 5 EGTA, and 1 CaClz, pH = 7.25 adjusted with
KOH; 292 mOsm. The resting membrane potential
(RP) and action potentials (APs) were recorded under
current-clamp configuration using an EPC10 patch-

July 28,2015 | Volume 21 | Issue 28 |



Yuan B et a/. TLR4 signaling and chronic visceral pain

A Bright field B

Tublin staining

Figure 2 Bright-field of acutely dissociated dorsal root ganglion cells (A), and image of the same dorsal root ganglion cells (B) in (A) stained with -tubulin

(red). Bar = 50 pum.

clamp amplifier (HEKA, Germany). Neurons with a
resting membrane potential more depolarized than -40
mV were excluded from the data analysis.

Immunofluorescence study

Ten days after the Dil injection, the rats were deeply
anesthetized and perfused transcardially with 150
mL PBS (Thermo, United States), followed by 400
mL ice-cold 4% paraformaldehyde (Sinopharm
Chemical Reagent Co. Ltd., China) in PBS. T13, L1
and L2 DRGs were removed and postfixed for 1 h in
paraformaldehyde and then cryoprotected overnight
in 20% sucrose (Sinopharm Chemical Reagent Co.
Ltd.) in PBS. Ten micrometer (10 um) sections were
simultaneously incubated with 2 of the following
antibodies: TLR4 (1:200; Santa Cruz), NF-«B (1:200;
Santa Cruz), or CBS (1:200; Abnova) and then
incubated with Alexa Fluor 355 and 488 (1:500, Life
Technologies Inc., Gaithersburg, MD, United States).
Negative control experiments were performed by
omitting the primary antibody. Sections were viewed
with filter cubes appropriate for Dil (rhodamine filter),
Alexa 488, and Alexa 355. Images were captured and
analyzed using Metaview software.

Cell Fractionation

Nuclear proteins were extracted by NE-PER nuclear
and cytoplasmic extraction reagent (Thermo) according
to the manufacturer’s instructions. Briefly, immediately
before use, 1% (v/v) protease inhibitors (Roche) were
homogenized with 200 uL of the indicated cytoplasmic
extraction reagent using a glass grinder and vortexed
vigorously for 15 s, then incubated on ice for 10 min.
Next, 11 uL of the second regent was added to the
suspension for 1 min. The suspension was centrifuged
at 16000 rpm for 5 min at 4 ‘C. The supernatant
(cytoplasmic fraction) was collected and stored at
-80 'C. Sedimented nuclei were gently resuspended in
100 pL of ice-cold nuclear extraction regent and 1%
(v/v) protease inhibitors, incubated on ice, and then
vortexed for 15 s every 10 min for a total of 40 min.
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The suspension was centrifuged at 16000 rpm for 5
min at 4 'C. The supernatant (nuclear fraction) was
transferred to a pre-chilled tube and stored at -80 'C
until use. Protein concentration was determined using
the Bradford method (Beyotime).

Culture of DRG neurons

Rats (7-10-d-old) were euthanized by cervical
dislocation, followed by decapitation. DRGs were
bilaterally dissected out and then transferred to DMEM
(Gibco, United States). DRGs were washed 3 times
with DMEM + 20% FBS (Gibco) and then washed
3 times with extracellular buffer. After DRGs were
digested with 1 mL collagenase D for 25 min and
with 1 mL trypsin for 15 min, the same volume of
fetal bovine serum was added to stop the digestion.
Single DRG cells were obtained. These cells were
mainly neuronal cells since they were stained with
BII-tubulin antibodies (Figure 2). These cells were
cultured in 6-well plates in neurobasal medium (Gibco)
containing penicillin (100 U/mL, Life Technologies
Inc.), streptomycin (100 U/mL, Life Technologies Inc.)
as well as N2 (100 x, Life Technologies Inc.) and
B27 (50 x, Life Technologies Inc.). Four hours later,
the supernatant was carefully discarded, and new
neurobasal medium was added. Cells were treated
with one of the following: (1) LPS for 8 h, 12 h, or
24 h at 37 °C; (2) pre-incubation with the NF-«xB
antagonist PDTC (25 pmol/L) for 1 h at 37 C followed
by treatment with LPS for 12 h; or (3) pre-incubation
with the CBS antagonist AOAA (250 umol/L) for 2 h at
37 C. Cells were collected and the proteins extracted.

Western blot analysis

The expression of TLR4, TLR3, TLR7, NF-«xB and CBS in
DRGs (T13-L2) from adult NCI and control rats (6-wk-
old) were determined using western blot analyses as
described previously™®. The primary antibodies used
are listed below: mouse anti-TLR4 (1:1000; Abcam,
United States), anti-NF-xB (1:200; Santa Cruz, United
States), anti-CBS (1:1000; Abnova, Taiwan, China)
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Figure 3 Neonatal colonic inflammation upregulates toll-like receptor 4 expression in dorsal root ganglia of rats with visceral hypersensitivity. Western
blotting analysis for TLR4 (A), TLR3 (B), TLR7 (C) and GAPDH (A, B, C) protein levels in T13-L2 DRGs from CON or NCI rats (n = 4 for each group); D: NCI
significantly reduced the distension threshold of rats at the age of 6 wk (n = 8 for each group); E: The TLR4 selective inhibitor CLI095 significantly increased the
distention threshold of NClI rats at doses of 50 and 150 pg/kg body weight. n = 8 for each group, Tukey's post hoc test following one-way ANOVA, compared with NS;
F: The time course of the effects of CLI095 at a dose of 50 pg/kg body weight, Tukey’s post hoc test following one-way repeated ANOVA. CON: Control; TLR: Toll-like

receptor; NCI: Neonatal colonic inflammation.

and anti-B-actin (1:1000; Multisciences, China);
and rabbit anti-TLR3 (1:200; Santa Cruz), anti-TLR7
(1:200; Santa Cruz, United States), anti-GAPDH
(1:1000; Goodhere, China) and anti-Hs (1:1000,
ImmunoWay, United States).

Drug application

CLI095, also known as TAK-242, a selective inhibitor
of TLR4, was purchased from InvivoGen and was
freshly prepared in DMSO (Sigma). At the age of 5
wk, CLI095 was administered intrathecally at 50 ug/kg
body weight, one time per day for 7 consecutive days.
PDTC, an antagonist of NF-xB, was purchased from
Sigma and was freshly prepared in 0.9% normal saline
(NS). At the age of 5 wk, PDTC was administered
intraperitoneally at 50 mg/kg body weight, once daily
for 7 consecutive days. Tissue from these animals
was used for patch-clamp recordings or for molecular
expression experiments. For the behavioral tests, a
single injection of different doses (15, 50 and 150 ng/
kg body weight, i.t.) of CLIO95 was used in the present
study.

Data analysis

All data are expressed as the mean + SE. Normality
of all data was checked before analysis. Statistical
significance was determined by the two-sample t-test,
Mann-Whitney U test, Tukey’s post hoc test following
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one-way analysis of variance (ANOVA) or one-way
repeated ANOVA, as appropriate. A P value < 0.05 was
considered statistically significant.

RESULTS

NCI upregulates TLR4 expression in DRGs

To determine whether NCI increased the expression of
TLR4 in colon-related DRGs, western blotting assays
were performed. The anti-TLR4 antibody labeled
a protein with a molecular mass of 96 kDa. The
expression level of TLR4 was significantly increased (P
< 0.05, two-sample t-test, Figure 3A). To investigate
whether NCI upregulated the expression of other TLRs,
we examined TLR3 and TLR7 protein levels in NCI rats
at the age of 6 wk. NCI did not alter TLR3 or TLR7
expression in the colon DRGs (Figure 3B and C).

We next determined whether TLR4 was involved in
CVH. CVH was determined by measuring the distention
threshold in response to colorectal distention at the
age of 6 wk. Consistent with our previous reports®,
the distention threshold was significantly lower in NCI-
treated rats than in age-matched control rats (P <
0.05, two-sample t-test, Figure 3D). More importantly,
the TLR4 inhibitor CLIO95 significantly increased the
distention threshold in NCI rats in a dose-dependent
fashion. The optimized dose of CLI095 that produced
the maximal effect was 50 ug/kg body weight in this
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study (P < 0.05, Tukey’s post hoc test following one-
way ANOVA, Figure 3E). We then determined the
time course of the effects of CLI095. The effect of
CLIO95 at a dose of 50 pg/kg body weight lasted for
approximately 12 h. Maximal inhibition occurred at 30
min (P < 0.05, Tukey’s post hoc test following one-
way repeat ANOVA, Figure 3F). These data indicate
that TLR4 is necessary for the NCI-induced visceral
hyperalgesia.

Inhibition of TLR4 reduces the hyperexcitability of
colon-specific DRG neurons

Colon-specific DRG neurons were labeled by the
injection of the fluorescent dye Dil into the colon wall.
Small- and medium-sized DRG neurons (Figure 4A)
were used in this study because they are the primary
sensory neurons responsible for pain sensation. We
observed a significant hyperpolarization of the RP in
DRG neurons from CLI095-treated rats (NS: -43.2
+ 0.59 mV, n = 18, CLI095: -46.7 £ 0.86 mV, n =
19, P < 0.01, two-sample t-test, Figure 4B). The AP
threshold was -35.1 £ 1.54 mV (n = 18) and -24.8 +
1.9 mV (n = 19) for NS- and CLI095-treated NCI rats,
respectively. CLI095 treatment notably depolarized the
AP threshold (P < 0.01, two-sample t-test, Figure 4C).
Rheobase was 25.0 £ 4.9 pA (n = 18) and 91.1 + 13.2
pA (n = 19) for colon-projecting DRG neurons isolated
from NS- and CLI095-treated rats, respectively. CLI095
treatment markedly increased rheobase (P < 0.01,
two-sample t-test, Figure 4D). The amplitude of the
overshoot was 40.7 £ 1.7 mV (n = 18) for NS-treated
rats and 45.9 £ 1.9 mV (n = 19) for CLI095-treated
rats. CLI095 treatment also significantly increased the
amplitude of the overshoot (P < 0.05, two-sample
t-test, Figure 4E). CLIO95 treatment significantly
increased the response latency to stimulation with 300
and 500 pA current ramps (Figure 4F). The latency to
a 300 pA current ramp was 56.4 £ 5.1 ms (n = 19)
and 146.18 £ 18.9 ms (n = 18) for NS- and CLI095-
treated rats, respectively. The latency to a 500 pA
current ramp was 41.00 £ 3.2 ms (n = 18) and 92.9
+ 12.2 ms (n = 17) for NS- and CLI095-treated rats,
respectively. CLI095 treatment greatly decreased the
number of APs evoked by 100, 300 and 500 pA current
ramps (Figure 4G and H). The number of APs evoked
by a 100 pA current ramp was 3.8 £ 0.4 (n = 18) and
1.4 £ 0.4 (n = 19) for NS- and CLI095-treated rats,
respectively. The number of APs evoked by a 300 pA
current ramp was 8.5+ 0.4 (n = 18)and 4.7 £ 0.7 (n
= 19) for NS- and CLI095-treated rats, respectively.
The number of APs evoked by 500 pA current ramp
was 10.65 £ 0.5 (n = 18) and 7.9 =+ 0.8 (n = 19) for
NS- and CLI095-treated rats, respectively (100 pA, P <
0.01, two-sample t-test; 300 pA, P < 0.01, two-sample
t-test; 500 pA, P < 0.05, two-sample t-test). CLI095
treatment significantly decreased the number of APs
evoked by current ramp stimulation.
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Inhibition of TLR4 reduces CBS expression

To determine the possible interaction between TLR4
and CBS, we first examined whether TLR4 was co-
expressed in CBS-positive DRG neurons innervating
the colon. Triple-labeling techniques showed that all
colon-specific DRG neurons that were immunoreactive
for TLR4 were also positive for CBS (Figure 5A). We
then used the TLR4 inhibitor CLI095 at a dose of 50
ug/kg body weight in this study. CLI0O95 treatment
significantly reduced the expression of CBS in colon
DRGs isolated from NCI rats (P < 0.05, two-sample
t-test, Figure 5B).

NCI upregulates nuclear NF-«xB expression via TLR4
activation

p65 is a major component in the activation of the NF-
kB complex and is predominantly expressed in small-
and medium-sized DRG neurons'®, To verify the role
of p65 in TLR4's involvement in visceral pain, we first
determined whether TLR4 was co-expressed in p65-
positive DRG neurons innervating the colon. Triple-
labeling techniques showed that all colon-specific DRG
neurons that were immunoreactive for TLR4 were
also positive for p65. Similarly, all colon-specific DRG
neurons that were immunoreactive for p65 were also
positive for TLR4 (Figure 6A).

As shown in Figure 6B, NCI dramatically increased
total p65 expression in T13-L2 DRGs at 6 wk (P < 0.05,
two-sample t-test, Figure 6B). Moreover, the relative
densitometry of the nuclear fraction of p65 was greater
in NCI rats than in controls (Figure 6C, P < 0.05, two-
sample t-test). NCI increased nuclear p65 expression
by 144%%, indicating the translocation of p65 from the
cytosol into the nucleus after NCI. We then determined
whether the upregulation of p65 was mediated by
TLR4. The TLR4 inhibitor CLIO95 was used in this
study as described above. CLI095 treatment markedly
reduced the expression of p65 (P < 0.05, two-sample
t-test, Figure 6D). In addition, nuclear p65 expression
was also measured. CLI095 treatment markedly
reduced the expression of nuclear p65 (P < 0.05, two-
sample t-test, Figure 6E). Thus, CLI0O95 treatment
reversed the upregulation of NF-«B expression in colon
DRGs isolated from NCI rats.

Inhibition of p65 reduces CBS expression and
attenuates visceral hypersensitivity

To determine the possible interaction between p65 and
CBS, we first examined whether p65 was co-expressed
in CBS-positive DRG neurons innervating the colon.
Triple-labeling techniques showed that all colon-
specific DRG neurons that were immunoreactive for
p65 were also positive for CBS (Figure 7A). To further
confirm the function of p65 in NCI rats, we found that
PDTC treatment significantly reduced CBS expression
in NCI rats (P < 0.05, two-sample t-test, Figure 7B).
In contrast, PDTC treatment did not significantly alter
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Figure 4 Toll-like receptor 4 inhibition reduces the hyperexcitability of dorsal root ganglion neurons innervating the colon. A: Dil fluorescence (left) and
bright-field (right), images of acutely dissociated DRG neurons. Colon-specific neurons are shown in red in the Dil-fluorescence image; B: The administration of
CLI095 significantly hyperpolarized the RP of colon-related neurons (°P < 0.01, vs NS); C: CLI095 treatment notably depolarized the AP threshold (°P < 0.01, vs NS);
D: CLI095 also markedly increased rheobase (°P < 0.01, vs NS); E: CLI095 also significantly increased overshoot (°P < 0.05, vs NS); F: CLI095 treatment significantly
increased the response latencies to stimulation with 300 and 500 pA current ramps (°P < 0.05, vs NS); G, H: CLI095 greatly decreased the number of APs evoked by
100, 300 and 500 pA current ramps (100 pA, °P < 0.01, vs NS, two-sample t-test; 300 pA, °P < 0.01 vs NS, two-sample t-test; 500 pA, °P < 0.05, vs NS, two-sample t-test).
Bar = 50 um. DRG: Dorsal root ganglion; NS: Normal saline; RP: Resting membrane potential; AP: Action potential.
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Figure 5 Inhibition of toll-like receptor 4 suppresses cystathionine 3 synthetase expression in neonatal colonic inflammation rats. A: Immunofluorescence
analysis of TLR4 expression in CBS-positive, colon-specific DRG neurons; B: Western blotting analysis for CBS after CLI095 treatment in NCI rats. Normal saline was
used as a control. n = 6 for each group, *P < 0.05, vs NS. Bar = 50 um. TLR4: Toll-like receptor 4; CBS: Cystathionine B synthetase.

TLR4 expression in NCI rats (P > 0.05, two-sample
t-test, Figure 7C). However, PDTC treatment markedly
increased the distention threshold (P < 0.05, two-
sample t-test, Figure 8A) and reduced the AWR scores
of NCI rats at 20, 40, 60 and 80 mmHg distention
pressures (P < 0.05, Mann-Whitney U test, Figure 8B).

Inhibition of p65 reverses TLR4-induced upregulation of
CBS expression in cultured DRG neurons

LPS, a TLR4 agonist, was incubated with the cultured
DRG neurons for 8, 12 and 24 h. At 8, 12 and 24 h,
LPS treatment significantly increased p65 expression
(P < 0.05, P < 0.01, Tukey's post hoc test following
one-way ANOVA, Figure 9A). Likewise, LPS treatment
markedly upregulated the expression of CBS (P <
0.05, Tukey'’s post hoc test following one-way ANOVA,
Figure 9B). Moreover, we also cultured primary DRG
neurons treated with NS for 8, 12 and 24 h. NS did

JBaishideng® W]G I WWW.ngnet.COm

not alter p65 or CBS expression at any of these time
points (data not shown). As shown in Figure 9C, PDTC
pre-incubation (25 pumol/L) significantly downregulated
CBS expression (P < 0.01, two-sample t-test).
However, AOAA pre-incubation (250 umol/L) did not
affect p65 expression (P > 0.05, two-sample t-test,
Figure 9D).

DISCUSSION

Our previous studies have shown that neonatal adverse
insults produce IBS-like visceral hypersensitivity by
the upregulation of CBS expression via mechanisms
that are not yet known®®., In the present study, we
provided evidence to support our hypothesis that
TLR4 and NF-kB signaling are involved in upregulated
CBS expression and visceral hypersensitivity in a
rat model of IBS. This conclusion was based on the
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Figure 6 Inhibition of toll-like receptor 4 reduces nuclear p65 expression in neonatal colonic inflammation rats. A: Immunofluorescence analysis of TLR4
expression in p65-positive, colon-specific DRG neurons; Total protein (n = 4) (B) and nuclear protein (n = 5) (C) were used for p65 western blotting in NCI rats (both
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Bar =50 um.
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Figure 7 Inhibition of nuclear factor-kB suppresses cystathionine 3 synthetase expression. A: Immunofluorescence analysis of p65 expression in CBS-
positive, colon-specific DRG neurons. Bar = 50 um; B: Western blotting analysis for CBS expression after PDTC treatment in NCI rats (n = 6 for each group, *P < 0.05,
vs NS); C: In contrast, PDTC treatment did not significantly alter TLR4 expression in NCl rats (n = 6 for NS, n = 7 for PDTC, two-sample t-test). PDTC: Pyrrolidine
dithiocarbamate.

following observations: First, the inhibition of TLR4 by attenuated the visceral hypersensitivity observed in
CLIO95 or the inhibition of p65 by PDTC significantly adult rats with NCI. Second, the inhibition of TLR4 by
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Figure 9 Inhibition of nuclear factor-xB reverses toll-like receptor 4-induced upregulation of cystathionine 8 synthetase expression in cultured dorsal root
ganglion cells. A: Western blotting analysis for p65 expression in DRG neurons incubated with LPS for 8 h, 12 h and 24 h (n = 3 for each group, °P < 0.05, P < 0.01,
vs CON; B: LPS notably upregulated CBS expression at 12 h and 24 h (n = 3 for each group, °P < 0.05, compared with CON); C: PDTC significantly downregulated
CBS expression (n = 4 for each group, 'P < 0.01, vs NS, two-sample t-test); D: AOAA did not alter the upregulation of p65 induced by LPS incubation for 12 h. AOAA:
O-(carboxymethyl)-hydroxylamine hemihydrochloride.

CLI095 reversed the hyperexcitability of DRG neurons of colon-innervating DRG neurons may underlie
innervating the colon. The reduction in the excitability the reduced visceromotor responses to colorectal
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distention. Third, NCI significantly upregulated both
TLR4 and p65 expression in rat colon DRGs. Fourth,
the inhibition of TLR4 by CLIO95 or the inhibition of
p65 by PDTC suppressed the expression of CBS in
NCI rats, indicating that TLR4 and NF-xB might be
upstream regulators of CBS expression. Finally, the
upregulation of CBS expression by TLR4 and p65
activation was confirmed by in vitro experiments
that showed that the inhibition of either TLR4 or p65
suppressed the expression of CBS induced by LPS
treatment. Collectively, these data suggest that TLR4
and NF-«xB play an important role in the upregulation
of CBS expression and visceral hypersensitivity in adult
rats with neonatal colonic inflammation.

The findings of the present study are significant
because they provide evidence to support the idea
that TLR4 activation may play a vital role in functional
visceral pain such as IBS, which is pain occurring in the
absence of significant tissue damage or inflammation.
To test this hypothesis, we used a previously validated
visceral pain model of IBS. This model was induced
by mild colonic irritation with diluted acetic acid at a
neonatal age. This approach does not produce robust
inflammation or damage to the colon; instead, it
results in visceral hypersensitivity at adulthood™®*,
TLR4 activation has been reported to participate in
inflammatory and neuropathic pain states®®*’). Here,
we showed that the administration of CLIO95 produced
a significant analgesic effect in IBS-like rats. The dose-
response and time course curves of CLI0O95 suggest
that this antinociceptive effect is specific rather than
a toxic or non-specific effect because CLI0O95 did
not produce any effect on healthy control rats (data
not shown). In addition, CLI095 treatment reversed
the hyperexcitability demonstrated by a significant
hyperpolarization of the resting membrane potential
and action membrane threshold and by an increase in
rheobase, the overshoot of the spike, and the number
of APs evoked by the injection of different sizes of
current ramps. The finding that NCI significantly
enhanced TLR4 expression without altering the
expression of TLR3 and TLR7 in rat DRGs further
suggests a receptor-subtype specific upregulation of
the TLR family in functional visceral pain. Therefore,
our studies add TLR4 to the list of key nociceptive
molecules that are involved in functional visceral
hypersensitivity*®*®! and underscore the fact that such
visceral hypersensitivity is accompanied by persistent
plasticity of primary sensory neurons®>*, Future
investigation is needed to explore the mechanisms by
which neonatal acetic acid treatment increased TLR4
expression in DRGs.

The mechanisms by which TLR4 upregulates CBS
expression remain largely unknown. In the present
study, we provided evidence to demonstrate that
the activation of p65 bridges the gap between TLR4
activation and CBS expression. The activation of TLR4
by NCI increased the expression and translocation of
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p65 into the nucleus, whereas the inhibition of TLR4
by CLI0O95 blocked the upregulation and nucleus
translocation of p65 in the DRGs of adult rats with
NCI. Once activated, p65 upregulated CBS expression.
This finding is supported by the results that PDTC
blocked CBS expression in NCI rats. It was further
confirmed by an in vitro study that showed that PDTC
blocked the upregulation of CBS expression induced
by LPS treatment. These data indicate that p65 is an
upstream regulator of CBS upregulation in this setting.
Because PDTC reverses CBS expression but did not
reverse TLR4 expression in vivo, these data further
indicate that TLR4 is an upstream regulator of p65
upregulation. It is unlikely that CBS is an upstream
regulator of p65 upregulation because the inhibition
of CBS by AOAA did not alter the upregulation of p65
expression induced by LPS treatment in vitro. NF-
kB regulates gene expression during development
and inflammation®**3*1, It has been reported that
p65 is involved in inflammatory and neuropathic
pain*7®, Recently, we reported that p65 plays a
role in gastric hypersensitivity in rats with diabetic
gastroparesis'*!l, Although we cannot exclude a role
of other transcriptional factors such as extracellular
signal-regulated protein kinase™*!, the present study
adds NF-«B to the list of key nociceptive genes that are
involved in functional visceral hypersensitivity™!.

In conclusion, to the best of our knowledge, we
provide the first demonstration that NCI-induced
upregulation of CBS expression is mediated by TLR4
activation. This signaling pathway requires upregulation
of the NF-xB p65 subunit and its translocation in DRG
neurons innervating the colon, which contribute to
the development of chronic visceral pain. The present
results and future studies might identify a potential
therapeutic target for the treatment of functional
gastrointestinal disorders such as IBS.

COMMENTS

Background

Abdominal pain or bloating is one of the primary symptoms of patents with
irritable bowel syndrome (IBS), although the underlying mechanisms are
currently largely unknown. The aim of this study was to investigate the roles of
toll-like receptor 4 (TLR4) and nuclear factor (NF)-kB in the upregulation of the
endogenous hydrogen sulfide-producing enzyme cystathionine B-synthetase
(CBS) and in visceral hypersensitivity in a rat model of IBS.

Research frontiers

Those previous studies have shown that hydrogen sulfide signaling and its
endogenous synthesizing enzyme CBS are involved in the development and
maintenance of chronic visceral hypersensitivity in rat models of IBS. The
importance of TLR4 in pain has been emphasized by recent evidence showing
a role of TLR4 in the initiation of pathological pain states, such as inflammatory
and neuropathic pain, in preclinical models.

Innovations and breakthroughs

This is the first study to indicate that the activation of TLR4 upregulates the
expression of CBS, which is mediated by the enhanced translocation of NF-xB
in DRG cells. These effects contribute to visceral hyperalgesia in a rat model of
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IBS induced by neonatal colonic injection of dilute acetic acid.

Applications

The present study demonstrated that TLR4 activation produces visceral
hypersensitivity in a rat model of IBS, suggesting a novel mechanism and
potential therapeutic target for the treatment of chronic visceral pain in patients
with IBS.

Terminology
IBS is a common functional gastrointestinal disorder characterized by chronic
visceral pain or bloating in association with altered bowel movements.

Peer-review

This paper tried to explain the upregulation of CBS expression in IBS-like rats
from the perspective of the TLR4/NF-«kB signaling pathway, which is quite a
novel angle to use to explore the mechanism of IBS. The paper is technically
sound and the findings are interesting.
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