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Objective: Irritable bowel syndrome (IBS) is characterized by abdominal pain, bloating,
and stool irregularity. However, its pathophysiological mechanisms, which trigger intestinal
motility disorders and diarrhea leading to diarrhea-predominant IBS (D-IBS), remain largely
unknown.
Methods: In the present study, we established a D-IBS rat model by mother–infant separa-
tion combined with restraint stress. Then we exposed the modelled rats to suberoylanilide
hydroxamic acid (SAHA) treatment, followed by determination of their visceral sensitivity.
Toluidine blue staining served to reveal the effects of SAHA treatment on mast cells of
D-IBS model rats. Then we measured the expression of serotonin (5-hydroxytryptamine;
5-HT) and its receptors by ELISA.
Results: Construction of short hairpin RNA (sh)-serotonin transporter (SERT) lentivirus vectors
verified the regulation of the 5-HTsignaling pathway by phosphorylated (p)-STAT/SERT. SAHA
treatment of D-IBS model rats reduced the fecal water content, electromyography integral
change rate, abdominal withdrawal reflex score, and number of mast cells, as well as the
expression of 5-HT type 3A (5-HT3AR), 3B receptor (5-HT3BR), and 4 receptor (5-HT4R)
receptors. The treatment also elevated the expression of signal transducer and activator for
transcription 3 (STAT3) and SERT. Activation of p-STAT3 may reverse the inhibitory effect of
SAHA on the elevated visceral sensitivity of D-IBS model rats. Moreover, SAHA promoted the
transcription of SERT through repression of the p-STAT3/5-HT signaling, thereby inhibiting the
visceral sensitivity of D-IBS model rats.
Conclusion: This study highlights that SAHA treatment can alleviate D-IBS through
regulation of the p-STAT3/SERT/5-HT signaling pathway.
Keywords: diarrhea type irritable bowel syndrome, SAHA, p-STAT3, SERT, 5-HT

Introduction
Irritable bowel syndrome (IBS) is a functional bowel disorder characterized by
abdominal pain, bloating, and stool irregularity.1,2 As one of the most common
gastrointestinal disorders, IBS has a prevalence rate of 10–15% worldwide, bring-
ing a great negative impact on quality of life and work efficiency of affected
individuals.3,4 An abnormal increase in visceral sensitivity is hypothesized to be
one of the key pathophysiological mechanisms of IBS, which triggers intestinal
motility disorders and diarrhea leading to diarrhea-predominant IBS (D-IBS).5 To
date, there is an incomplete understanding of the mechanistic pathways leading to
D-IBS, which has hindered the development of specific and effective therapies.6
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Thus, identifying the underlying mechanism of visceral
sensitivity should open new avenues for therapeutics tar-
geting D-IBS.

The intestinal neurotransmitter serotonin (5-hydroxy-
tryptamine, 5-HT) has demonstrated multiple effects on
IBS, including stimulating intestinal secretion and colonic
motility.7 Of note, 5-HT is mainly synthesized in enteric
neurons of the gastrointestinal tract, where the serotonin
transporter (SERT) mediates its reuptake, as in the central
nervous system. Besides, postprandial increases in 5-HT
are reported in D-IBS patients8 5-HT antagonists (such as
the 5HT3 antagonist Alosetron) have approval for women
with severe D-IBS, despite the risk of causing severe
constipation.9

Accumulating evidence has suggested that histone dea-
cetylase (HDAC) inhibitors play causative roles in multi-
ple clinical disorders.10 While there are few studies on
HDAC inhibitors in IBS, Moloney et al have demonstrated
that the HDAC inhibitor suberoylanilide hydroxamic acid
(SAHA) can normalize the visceral hypersensitivity
caused by early life stress.11 This finding provides evi-
dence justifying further efforts to develop HDAC inhibitor
for treating IBS. Besides, there is prior evidence for the
involvement of signal transducer and activator of tran-
scription 3 (STAT3) in the pathophysiology of IBS.12

Moreover, SERT expression is related to the phosphoryla-
tion level of STAT3.13 Importantly, there is a report of
reduced SERT mRNA expression in the intestinal mucosa
of patients with D-IBS.14 Yang et al demonstrated that
treatment with SAHA could decrease the expression of
the non-coding mRNA miR-17-92 cluster through inhibi-
tion of tyrosine phosphorylation of STAT3 in patients with
hepatoma.15 Based on the above-mentioned research, we
set about to study the underlying mechanism concerning
the role of SAHA in treating a D-IBS rat model, focusing
on the involvement of SERT, STAT3 and 5-HT receptors.

Methods
Animal Modeling
One hundred and twenty-six healthy rats (female; 250–300 g;
Hunan SJA Laboratory Animal Co., Ltd., Human, China)
aged 6–8 weeks were raised in the SPF animal laboratory in
separate cages with humidity set and 60–65%, and the tem-
perature at 22–25°C. The rats had free access to food and
water under a 12-hour light/dark cycle. The rats were accli-
mated for one week before experiments, and were observed
for their health status before commencement of the

experiment. The animal experiments were approved by the
Animal Ethics Committee of Shuguang Hospital Affiliated to
Shanghai Traditional Chinese Medical University (approval
number: 2019–054) and conducted in accordance with the
Guide for the Care and Use of Laboratory Animals published
by the USNational Institutes of Health. Extensive efforts were
made to ensure minimal suffering of the included animals.

The D-IBS model was established by the method of
mother infant separation combined with restraint stress. In
brief, rat pups of postnatal age 2–21 days were separated
from their Dams for three hours every day. The young rats
in the control and stressed groups were weaned at the age
of 22 days, and their mothers were killed while under
anesthesia. After mother–infant separation, rats in each
group were raised normally to an age of 49, and in the
interval of 50–59 days were subjected to restraint stress for
two hours every day. Here, the young rats’ front upper
limbs, front shoulders, and lower limbs were restrained
such that they could not scratch their heads and faces; rats
were able move forward and backward a little. The control
group had no interventions until the age of 60 days.

After the model establishment, the rats were treated with
different dosages of SAHA (Vorinostat, MK-0683, Zolinza®;
high dose: 90 mg/kg, medium dose: 45.5 mg/kg, low dose:
22.8 mg/kg). Pinaverium bromide (Dicetel, Abbott) is recom-
mended at a dose of 300–350 g/day for the treatment of IBS.
Furthermore, Garcinone D (a natural xanthone from mangos-
teen; Shanghai FuSheng Industrial Co., Ltd., Shanghai, China;
10 μM) can increase phosphorylation signal transduction and
transcriptional activation of phosphorylated (p)-STAT3.

The rats in the model group were further divided into
low (22.8 mg/kg), medium (45.5 mg/kg), and high SAHA
dose (90 mg/kg) groups, a pinaverium bromide group
(serving as a positive control), a Garcinone D group,
a SAHA + Garcinone D group, a short hairpin RNA
against negative control (sh-NC) group (lentivirus carrying
sh-NC) and a SAHA + sh-SERT group. There were six
rats for each treatment group.

Construction of sh-SERT Lentiviral
Vector
In this experiment, lentivirus carrying shRNAs against
SERT (sh-SERT) and empty vector (sh-NC) were con-
structed. After 48 hours of transduction, quantitative
reverse transcription-polymerase chain reaction (qRT-
PCR) was used to detect the efficiency of sh-SERT. The
lentivirus was purchased from Shanghai GenePharma Co.,

https://doi.org/10.2147/JIR.S331303

DovePress

Journal of Inflammation Research 2022:151746

Shen et al Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Ltd (Shanghai, China) and supplied at a concentration of
50 ng/mL. The successfully modeled rats were injected
with the lentivirus carrying sh-NC and sh-SERT. In this
procedure, the rats were weighed, and injected with a virus
stock solution with an initial titer of 109 TU/mL diluted to
107 TU/mL at a dose of 20 μL/100 g through a tail vein.
This procedure was performed once a day for three days.

Visceral Sensitivity Test
After the model establishment, we tested the visceral
sensitivity of rats in each group. The rats were fasted
with water only for 24 hours before the test, whereupon
a F700 Small Animal Anesthesia Machine (EZ, USA)
was used to obtain isoflurane anesthesia. Next, electrodes
were implanted into the obliquus abdominis lateralis at
a position 1.5 cm above the inguinal ligament. A liquid
paraffin-coated gasbag and catheter were inserted care-
fully into the end of the balloon through the anus,
extending about 2 cm from the anal edge. The external
part of the anal canal was fixed to the tail root with
medical tape. The gasbag was then inflated with 2 mL
air using a syringe to ensure that the air bag could
expand smoothly in the colon. The rats were then placed
in a small cage, allowing little room for movement back
and forth, without turning around. The gasbag was con-
nected to an electronic constant pressure device through
a catheter, the electrode was connected with an electro-
physiological recorder through a wire, and the electro-
myographic (EMG) activity of the rat abdominal external
oblique muscle was recorded on a computer.

The experimental recordings were made when the rats
had woken up and acclimated for 30 minutes. First, we
obtained a stable 30 second baseline EMG recording of
the abdominal external oblique muscle and calculated the
mean baseline score. The gasbags in the colons of the rats
were then pressurized in stages to 20, 40, 60, and 80
mmHg, with each stage lasting 30 seconds and spaced in
intervals of 180 seconds. The behavior changes of rats were
observed, and the abdominal withdrawal reflex (AWR)
score and EMG activity of the rat abdominal external obli-
que muscle were monitored and recorded. Visceral sensitiv-
ity was evaluated using the AWR score and the EMG score
relative to the baseline.

Determination of Fecal Water Content
After the model establishment, the rats in each group were
placed in a metabolism cage (CLAMS Small Animal
Metabolism System, Columbus, USA) for 24 hours. The

rat feces were then collected and weighed quickly while
wet. Next, the feces were dried and reweighed, and the
fecal water content was calculated as (fecal wet weight –
fecal dry weight)/fecal wet weight × 100%.

Specimen Preparation
After indicated administration, the rats were fasted for 24
hours before sample collection. The rats were anesthetized
by intraperitoneal injection with 0.3% pentobarbital sodium.
The abdominal cavity was opened surgically, and the distal
colon about 1 cm from the anal margin was quickly resected.
One section was fixed in 4% paraformaldehyde solution, and
the other section was cut into two parts longitudinally,
washed with normal saline, and frozen in liquid nitrogen.
The lumbosacral spinal cord (L5-S2 segment) of rats was
quickly removed after spraying the spine with ice-cold saline
and then frozen in liquid nitrogen for later analysis.

Quantitative Measurement of 5-HT in
Colon and Spinal Cord
The content of 5-HT in colon and spinal cord of rats was
determined by enzyme-linked immunosorbent assay
(ELISA) following methods in the ELISA kit and calcu-
lated in relation to tissue protein content measured using
a bicinchoninic acid (BCA) assay kit.

Hematoxylin and Eosin (H&E) Staining
HE Staining Kit (PT001, Shanghai Bogoo Biological
Technology Co., Ltd., Shanghai, China) was used for
tissue staining. In brief, a 2–3 segment or rat colon was
removed, washed with normal saline, fixed in 4% paraf-
ormaldehyde for 30–50 minutes, dehydrated, cleared,
soaked in wax, embedded, and sliced into 5-μm-thick
sections. The tissue sections were dried in a 45°C incuba-
tor, dewaxed, and washed for 5 minutes with distilled
water. Afterwards, the sections were stained with hema-
toxylin for 5 minutes, washed under running water for 3
seconds, differentiated by 1% hydrochloric acid ethanol
for 3 seconds, stained by 5% eosin for about 3 minutes,
dehydrated, cleared, sealed and observed under an inverted
microscope (Olympus Optical Co., Ltd., Tokyo, Japan).

Detection of Colonic Mast Cells
Toluidine blue (Shanghai Yuanye Biological Technology
Co., Ltd., Shanghai, China) staining was used to detect
mast cells in connective tissue of the colon of rats. Under
a light microscope, the mast cells cytoplasm was purple
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red, the nucleus was blue, and the cell shape was round or
oval or irregular. Smaller cells had less cytoplasm and
clear borders; larger cells had more cytoplasm, with
unclear borders, and purple-red particles were scattered
around the nucleus. Under the guidance of experienced
pathologists, mast cells were counted in three randomly
selected visual fields.

Immunohistochemistry
Paraffin sections were dewaxed, hydrated with gradient
alcohol and washed under tap water for 2 minutes. Next,
the sections were treated with methanolic H2O2 for 20
minutes and subjected to antigen retrieval. Afterwards,
the sections were sealed with normal goat serum sealing
solution (c-0005, Shanghai Haoran Biotechnology Co.,
Ltd., Shanghai, China) at room temperature for 20 minutes
and incubated with rabbit monoclonal antibody tryptase-β
(xy-D781Mu01, 1:200; Peprotech, Rocky Hill, NJ, USA)
overnight at 4°C. After three washes in phosphate-buffered
saline (PBS), the sections were incubated with goat anti-
rabbit IgG (ab6785, 1:1000, Abcam, Cambridge, UK) at
37°C for 20 minutes and with the streptomycin-ovalbumin
working solution labeled with horseradish peroxidase
(0343–10000u, Imunbio Biotechnology Co., Ltd.,
Beijing, China) at 37°C for 20 minutes. The sections
were developed with the addition of 3,3ʹ-
diaminobenzidine tetrahydrochloride (DAB; ST033,
Guangzhou WeiJia Technology Co., Ltd., Guangzhou,
China), counterstained with hematoxylin (PT001, Bogoo)
for 1 minute, blued in 1% ammonia, dehydrated with
alcohol, cleared in xylene, and sealed with neutral resin.
Subsequently, the sections were observed and photo-
graphed under a microscope. One hundred cells were
counted in each of five randomly selected high-power
fields of view from each section, and the IHC positive
rate was calculated.

qRT-PCR
TRIzol reagent (Invitrogen, Calsbad, CA, USA) was
used to extract total RNA from the colon tissues of
rats. The Nanodrop2000 micro-ultraviolet spectrophot-
ometer (1011U, Nanodrop, USA) was used to detect
the concentration and purity of total RNA. According
to the instructions of the TaqMan MicroRNA Assay
reverse transcription primer (4,427,975, Applied
Biosystems, Foster City, CA, USA) PrimeScript RT
Regent Kit (RR047A, Takara, Japan), the extracted
RNA was reversely transcribed to complementary DNA

(cDNA). The primers of 5-hydroxytryptamine type 3A
receptor (5-HT3AR), 5-hydroxytryptamine type 3B
receptor (5-HT3BR), 5-hydroxytryptamine 4 receptor
(5-HT4R), SERT and STAT3 were designed and synthe-
sized by TaKaRa (Table S1). The ABI 7500 quantitative
PCR instrument (Applied Biosystems) was used for real-
time fluorescent quantitative PCR detection of these
genes. The relative transcription level of the target gene
was calculated by the relative quantitative method
(2−ΔΔCT method) with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as the internal reference primer.

Western Blot Analysis
Total protein was extracted from colon tissues and spinal
cord tissues using enhanced radioimmunoprecipitation
assay (RIPA) lysis buffer (Wuhan Boster Biological
Technology, LTD, Wuhan, Hubei, China) containing pro-
tease inhibitor. A BCA protein quantitative Kit (Boster)
was used to determine the protein concentration in con-
junction with a fluorescence microplate reader (Molecular
Devices Corporation, USA). The protein was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride
(PVDF) membrane. The membrane was sealed with 5%
bovine serum albumin (BSA) at room temperature for 2
hours to block non-specific binding and then incubated
overnight at 4°C with the diluted primary rabbit antibodies
(5-HT3AR, ab13897, 1:2000; 5-HT3BR, ab115023,
1:2000; 5-HT4R, ab101910, 1:2000; STAT3, ab68153,
1:1000; p-STAT3, phosphorylation site: tyr-705, ab76315,
1:1000; SERT, ab130130, 1:2000). After washing with
phosphate-buffered saline-Tween-20 (PBST) at room tem-
perature, the membrane was incubated with goat anti-
rabbit IgG (1:1000, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) labeled with horseradish peroxidase
(HRP) at room temperature for 1 hour. The membrane
was developed by enhanced chemiluminescence (ECL;
Thermo Fisher Scientific Inc., Waltham, MA, USA) and
observed using the Bio-Rad ChemiDoc™ Gamma
Imaging system. Image J analysis software was used to
quantify the gray level of each band in Western blot image,
and GAPDH (Rabbit, ab181602, 1:1000) was used as the
internal control.

Statistical Analysis
SPSS 19.0 statistical software (IBM Corp. Armonk, NY,
USA) was used for data processing. The measurement data
are represented as mean ± standard deviation. The
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independent sample t-test was used to compare data
between two groups, while one-way analysis of variance
with Tukey’s post-hoc test was used to compare data
among multiple groups. Bonferroni-corrected repeated
measures analysis of variance was used for comparison
of data of different concentrations (doses). A value of p <
0.05 was considered to be indicative of statistical
significance.

Results
Successful Establishment of D-IBS Rat
Models
Mother–infant separation is a severe life stress event in
early life, which can lead to the occurrence of visceral
hypersensitivity in rats after reaching adulthood. Since the
mother–infant separation can better simulate the chronic
hyperesthesia state of IBS, we combined this stress with
subsequent restraint stress to induce the D-IBS model.
Stress rats showed a significantly lower body weight,
compared with the control group, but there were no sig-
nificant differences in weight of the two groups of rats
before and after the mother–infant separation (p > 0.05,
Figure 1A). The fecal water content of the D-IBS model
group was significantly higher than that of the control
group. In addition, when the pressure of the gasbag was
40, 60 and 80 mmHg, the AWR and EMG scores in the
model group was significantly higher than those in the
control group (Figure 1B–D). After modeling, the rats
were euthanized and the colon tissues were removed and
colored by H&E staining to analyze the histopathological
changes. The results showed no obvious pathological mor-
phological changes of the colon mucosa of rats in the
control and model groups (Figure 1E), which is in line
with the disease characteristics of D-IBS. The aforemen-
tioned results demonstrated the successful establishment of
the D-IBS rat model.

SAHA Reduces the Visceral Sensitivity of
D-IBS Rats
HDACs can participate in epigenetic regulation of tran-
scription, cell cycle and cell metabolism by catalyzing
post-translational modifications of histones.16 HDAC inhi-
bitors may potentially provide a way to alleviate visceral
hypersensitivity related to irritable bowel syndrome.17

Compared with the control group, the fecal water content
of the model group was significantly increased, but was
significantly reduced after SAHA administration

(Figure 2A). Compared with the control group, the AWR
and EMG scores of the model group increased signifi-
cantly at pressures of 40, 60, and 80 mmHg, but SAHA
administration significantly decreased the rate of change of
AWR score and EMG score (Figure 2B and C). The high
and middle dose of SAHA exerted a better effect in redu-
cing the increase in fecal water content, AWR score and
EMG score of D-IBS rats, compared to the low dose of
SAHA and the pinaverium bromide treatment.

SAHA Alleviates the Visceral Sensitivity in
D-IBS Rats by Inhibiting 5-HT Signaling
Pathway
The enteric 5-HT signaling pathway plays an important
role in IBS clinical symptoms.18 5-HT is one of the main
active mediators for the activation and degranulation of
mast cells, and degranulation of mast cells can itself reg-
ulate the local concentration of 5-HT.19 Here, upon com-
bining the previous results, we selected a medium dose of
SAHA (45.5 mg/kg) to treat D-IBS rats, and then per-
formed toluidine blue staining to detect the number of
mast cells in the colon tissues. Compared with the control
group, the number of mast cells was significantly
increased in the model group, which was negated after
SAHA intervention (Figures 3A and S1A). ELISA data
exhibited that, compared with the control group, the 5-HT
content was significantly increased in the colon and spinal
cord of the model group but was significantly reduced
after the SAHA treatment (Figure 3B and C).

Among the many subtypes of 5-HT receptor, 5-HT3R
and 5-HT4R are most closely related to the pathogenesis
of D-IBS.20 Meanwhile, the 5-HT signaling pathway is
regulated by SERT, making it a potential pharmacological
target for the treatment of gastrointestinal diseases.21 In
addition, phosphorylation of STAT3 can regulate the
expression of SERT.13 Thus, we measured the expression
of 5-HT3AR, 5-HT3BR, 5-HT4R, SERT and STAT by
qRT-PCR and Western blot analysis in the rat colon tis-
sues. Compared with the control group, the expression of
5-HT3AR, 5-HT3BR and 5-HT4R in the colon tissues of
rats in the model group was significantly increased, but
that of SERT was decreased, while the expression of
STAT3 was unchanged. However, the expression of
5-HT3AR, 5-HT3BR and 5-HT4R was significantly
reduced, SERT expression was elevated, and STAT3
expression did not change significantly after SAHA treat-
ment (Figure 3D). Moreover, Western blot analysis results
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suggested that, compared with the control group, the phos-
phorylation level of STAT3 was increased in the model
group, which was reversed following SAHA treatment.
The Western blot findings of protein expression of
5-HT3AR, 5-HT3BR, 5-HT4R, SERT and STAT3 were
consistent with those of qRT-PCR (Figures 3E and S2A).
Furthermore, the protein expression of 5-HT3AR and
5-HT3BR was significantly increased in the spinal cord
tissues of rats in the model group, but was significantly
reduced after SAHA treatment (Figures 3F and S2B). In
summary, the beneficial effect of SAHA on D-IBS model
rats may occur via a reduction in the number of mast cells
in the colon, inhibition of STAT3 phosphorylation, and the
altered expression of several subtypes of 5-HT receptors.

SAHA Suppresses the 5-HT Signaling
Pathway Activation by Regulating STAT3
Phosphorylation
To further verify whether SAHA affects the visceral sen-
sitivity of D-IBS model rats by regulating STAT3 phos-
phorylation, we treated rats with Garcinone D and then
observed histopathological changes of the rat colon tissues
by toluidine blue staining. Compared with the model
group, there were significantly mast cells in the SAHA
group, but mast cells numbers were significantly increased
in the Garcinone D group relative to the model group. In
addition, in comparison to the SAHA group, significantly
more mast cells were observed in the SAHA + Garcinone
D group (Figures 4A and S1B). Moreover, the results of

Figure 1 Evaluation of the D-IBS rat model. (A) Body weight of rats after model establishment at various time points; rats were aged 1 day at the start of mother–infant
separation, 22 days at the end mother–infant separation, 49 days at onset of restraint stress stimulation, and 59 days upon conclusion of restraint stress; (B) Comparison of
fecal water content of rats after model establishment; (C) Comparison of AWR scores of rats after model establishment; (D) Comparison of EMG scores of rats in each
group for different intracolonic pressures; (E) HE staining of colonic histopathology of rats. The measurement data is represented as mean ± standard deviation. Independent
sample t-test was used to compare data between two groups while one-way analysis of variance with Tukey’s post-hoc test was used to compare data among multiple groups.
Bonferroni-corrected repeated measures analysis of variance was used for comparison of data of different concentrations (doses). *p < 0.05, compared with the control
group. N = 6 for rats in each group.
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Western blot analysis showed that, compared with the
model group, 5-HT3AR, 5-HT3BR, 5-HT4R expression,
along with the phosphorylation level of STAT3, was
reduced, while SERT expression was elevated in the

colon tissues of rats in the SAHA treatment group. In
contrast, 5-HT3AR, 5-HT3BR, 5-HT4R expression,
along with the phosphorylation level of STAT3, was sig-
nificantly elevated, but SERT expression was decreased in

Figure 2 SAHA reduces the visceral sensitivity of D-IBS rats. (A) Comparison of fecal water content of rats after drug intervention; (B) Comparison of AWR scores of rats
after drug intervention; (C) Comparison of EMG scores of rats in each group after drug intervention with different doses. The measurement data is represented as mean ±
standard deviation. Independent sample t-test was used to compare data between two groups while one-way analysis of variance with Tukey’s post-hoc test was used to
compare data among multiple groups. Bonferroni-corrected repeated measures analysis of variance was used for comparison of data of different concentrations (doses). *p <
0.05 compared with the control group. #p < 0.05 compared with the model group. N = 6 for rats in each group.

Figure 3 Effect of SAHA on the number of mast colonic cells and the expression of 5-HT signaling pathway-related markers in D-IBS model rats. (A) The number of mast
cells in the colon tissues of rats detected by toluidine blue staining; (B) Determination of 5-HT content in the colon tissues of rats in each group by ELISA; (C)
Determination of 5-HT content in the spinal cord tissues of rats in each group by ELISA; (D) mRNA expression of 5-HT3AR, 5-HT3BR, 5-HT4R, SERT and STAT3 in the
colon tissues of rats in each group detected by qRT-PCR; (E) Expression of 5-HT3AR, 5-HT3BR, 5-HT4R, SERT, and STAT3, along with the phosphorylation level of STAT3 in
the colon tissues of rats in each group detected by Western blot analysis; (F) Expression of 5-HT3AR and 5-HT3BR in the spinal cord tissues of rats in each group detected
by Western blot analysis. The measurement data is represented as mean ± standard deviation. One-way analysis of variance with Tukey’s post-hoc test was used to compare
data among multiple groups. *p < 0.05 compared with the control group; #p < 0.05 compared with the model group. N = 6 for rats in each group.
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the Garcinone D group relative to the model group.
Compared with the SAHA group, 5-HT3AR, 5-HT3BR,
5-HT4R expression, along with the phosphorylation level
of STAT3, was significantly increased, whereas SERT
expression was diminished in the SAHA + Garcinone
D group (Figure 4B). The above data indicate that the
activation of p-STAT3 can reverse the inhibitory effect of
SAHA on the visceral sensitivity of D-IBS model rats and
that SAHA can disrupt the 5-HT signaling pathway by
regulating STAT3 phosphorylation.

SAHA Reduces the Visceral Sensitivity in
D-IBS Rats by Regulating the STAT3/
SERT/5-HT Signaling
Through the construction of sh-SERT lentivirus vector inter-
vention system, we further verified that SAHA affects the
5-HT signaling system by regulating p-STAT/SERT. The
intervention efficiency of sh-SERT was confirmed by qRT-
PCR, as shown by the decreased expression of SERT fol-
lowing SERT silencing (Figure 5A). Previous literature has
indicated that the 5-HT3R plays a regulatory role in colonic
secretion induced by acute stress.20 Western blot analysis
results showed increased expression of SERT, reduced
5-HT3AR and 5-HT3BR expression, along with reduced
phosphorylation level of STAT3, and no alterations in
STAT3 expression in the colon tissues of rats in the SAHA
group as compared with the sh-NC group. Compared with
the SAHA group, the SAHA + sh-SERT group showed
reduced expression of SERT, elevated 5-HT3AR and

5-HT3BR expression, yet unaltered expression of STAT3
and STAT3 phosphorylation levels (Figure 5B).

Toluidine blue staining results showed that, compared
with the sh-NC group, the number of mast cells was
significantly reduced in the SAHA group. Compared with
the SAHA group, there were significantly more mast cells
in the SAHA + sh-SERT group (Figures 5C and S1C).
Moreover, immunohistochemistry showed significantly
reduced expression of tryptase-β in the SAHA group, but
an increased expression of tryptase-β in the SAHA + sh-
SERT group compared with the sh-NC group (Figure 5D).
In conclusion, SAHA can promote the transcription of
SERT by inhibiting the phosphorylation of STAT3 and
thus inhibit the 5-HT signaling pathway, thereby reducing
the visceral sensitivity of D-IBS model rats.

Discussion
Previous evidence has shown that HDAC inhibitor SAHA
could normalize visceral hypersensitivity induced by early
life stress.11 Overall, we demonstrated that SAHA could
promote the transcription of SERT by inhibiting STAT3
phosphorylation and the 5-HT signaling pathway, thereby
reducing the visceral sensitivity of D-IBS rats and the
resultant D-IBS progression (Figure 6). Thus, we feel
encouraged that SAHA has the potential to serve as
a new strategy for the treatment of D-IBS.

First, we found that SAHA could relieve diarrhea and
improve the visceral hypersensitivity in D-IBS rats.
Moreover, the efficacy SAHA was comparable to that of
pinaverium bromide in improving visceral

Figure 4 Activation of p-STAT3 reverses the inhibitory effect of SAHA on the visceral sensitivity in D-IBS model rats. (A) Mast cells in the colon tissues of rats in each group
measured by toluidine blue staining; (B) Expression of 5-HT3AR, 5-HT3BR, 5-HT4R, STAT3 and SERTalong with the phosphorylation level of STAT3 determined by Western
blot analysis in the colon tissues of rats in each group. The measurement data is represented as mean ± standard deviation. One-way analysis of variance with Tukey’s post-
hoc test was used to compare data among multiple groups. *p < 0.05 compared with the model group; #p < 0.05 compared with the SAHA group. N = 6 for rats in each
group.
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hypersensitivity, but might be superior to pinaverium bro-
mide in relieving diarrhea. There is a report that gut
microbiota changes are associated with the pathogenesis
of IBS.22 Specifically, Fellows et al revealed that micro-
bial-derived short-chain fatty acids (SCFA) are dominant
determinants in intestinal microbiota-host crosstalk, and
that inhibition of HDACs by SCFA is the key mechanism
of this effect.23 We now speculate that the HDAC is

SAHA may improve D-IBS, especially in relieving diar-
rhea, via effects on gut microbiota; testing this conjecture
calls for further studies of gut fauna. Furthermore, stressful
life events, anxiety and depression may contribute to IBS
in children and adults.24 Of note, other work has shown
that SAHA treatment can not only normalize visceral
hypersensitivity but may also ameliorate anxiety
reactions.11 This latter finding further provides us with
a new potential mechanism for SAHA to improve D-IBS
via central actions.

Further mechanistic investigations showed that SAHA
administration significantly reduced the number of mast
cells in the colon of D-IBS rats. A previous study showed
a 75% increase in mast cell numbers in IBS patients, and
biopsy lysates showed increased tryptase levels along with
a more activated morphological/ultrastructural mast cell
phenotype.25 Importantly, mast cells lying close to sensory
nerve fibers exerted crucial effects on the development of
visceral hypersensitivity in IBS through the local release
of prostaglandin E2.26 In the current study, we also
demonstrated that SAHA administration significantly
reduced the expression of 5-HT, 5-HT3AR, and
5-HT3BR in colon. As reported by a recent study, 5-HT
is an important mediator of all aspects of intestinal func-
tion, and has a particular role in IBS by stimulating intest-
inal secretion and colonic motility.7 Additionally, 5-HT
affects various gut functions by interacting with its specific
receptors, whereas SERT regulates these effects.27 Among
the 5-HT related receptors, 5-HT3R and 5-HT4R are the
most closely related to the pathophysiological develop-
ment of D-IBS. 5-HT3R in intestinal tissue mainly acts
to promote intestinal contraction, intestinal fluid secretion,

Figure 5 SAHA attenuates the visceral sensitivity of D-IBS rats through the STAT3/SERT/5-HT signaling pathway. (A) The transduction efficiency of sh-SERTwas confirmed
by qRT-PCR; (B) The expression of 5-HT3AR, 5-HT3BR, STAT3 and SERT along with the phosphorylation level of STAT3 in the colon tissues of rats in each group detected
by Western blot analysis; (C) The number of mast cells in the colon tissues of rats in each group measured by toluidine blue staining; (D) Expression of tryptase-β in the
colon mucosa by immunohistochemistry. The measurement data is represented as mean ± standard deviation. Independent sample t-test was used to compare data between
two groups while one-way analysis of variance with Tukey’s post-hoc test was used to compare data among multiple groups. *p < 0.05 compared with the sh-NC group; #p <
0.05 compared with the SAHA group. N = 6 for rats in each group.

Figure 6 Schematic diagram of the mechanism by which SAHA affects the D-IBS via
the STAT3/SERT/5-HT signaling axis. SAHA could promote the transcription of
SERT by inhibiting STAT3 phosphorylation and the 5-HT signaling pathway, thereby
repressing visceral sensitivity of D-IBS rats and consequently alleviating D-IBS.
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peristalsis, and content transportation.28 5-HT4R mainly
acts on the periphery of the gastrointestinal tract to alle-
viate indigestion, gastroesophageal reflux disease, gastro-
paresis, or IBS.29 Gunn et al also demonstrated that D-IBS
patients have significant abnormalities in their 5-HT meta-
bolism and signaling in the gut,7 thus providing some
substantiation of our findings.

Our results also demonstrated that SAHA administration
led to reduced phosphorylation level of STAT3 but increased
transcription of SERT. Furthermore, SAHA could regulate
5-HT signaling system through p-STAT3/SERT in D-IBS.
The duration and spatial extent of 5-HT signaling is regu-
lated by the SERT, which removes 5-HT from the interstitial
space.18 Chen et al indicated that 5-HT and the N-methyl-
D-aspartate receptor subunit NR2B in the brain-gut axis may
play important roles in the development of IBS, where
NR2B can participate in the formation and development of
chronic visceral hyperalgesia.30 Additionally, a previous
study has illustrated that the mRNA expression of SERT is
significantly reduced in the rectal mucosa of IBS patients,
irrespective of the presence of diarrhea or constipation.31

Pharmacologically targeting the expression of SERT in the
gut may emerge as a therapeutic option for IBS.32 More
importantly, the present findings of an interaction between
SERT and the phosphorylation level of STAT3 confirmed
a previous literature report.33

To conclude, we report that the HDAC inhibitor SAHA
could enhance the transcription of SERT by inhibiting
STAT3 phosphorylation and the 5-HT signaling system,
thereby alleviating D-IBS in a rat model. We found that
SAHA treatment not only relieved diarrhea but also ame-
liorated visceral sensitivity. However, we cannot exclude
the possibility that SAGA may evoke adverse reactions or
have differing efficiency in subtypes of IBS. We see a need
to explore the mechanisms of SAHA extending beyond the
5-HT system. Finally, further research is still required to
prove the translational feasibility of SAHA as
a therapeutic strategy for IBS.
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