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Abstract. The gut‑brain interaction is associated with 
impaired duodenal mucosal integrity and low‑grade 
inflammation, which have been proven to be important 
pathological mechanisms of functional dyspepsia (FD). Sini 
San (SNS) is a classical Chinese medicine used to treat FD, 
but its underlying mechanisms are poorly understood. The 
aim of the present study was to evaluate the effects of SNS on 
duodenal mucosal barrier injury and low‑grade inflammation 
with FD, and to assess its potential molecular mechanisms 
on the brain‑gut axis. FD rats were established using the 
iodoacetamide and tail‑squeezed methods. The expression 
of corticotropin‑releasing factor  (CRF), CRF receptor  1 
(CRF‑R1) and CRF‑R2, were determined by western blot 
analysis and/or immunohistochemistry (IHC). In addition, 
mast cell (MC) migration was assessed by IHC with an 
anti‑tryptase antibody, and histamine concentration was quan-
tified using ELISA. The mRNA expression levels of tryptase 
and protease‑activated receptor 2 (PAR‑2) were quantified 
using reverse transcription‑quantitative PCR, and the protein 
expression levels of zona occludens protein 1 (ZO‑1), junctional 
adhesion molecule 1 (JAM‑1), β‑catenin and E‑cadherin were 
determined via western blot analysis. It was demonstrated that 
the expression level of CRF was downregulated in the central 
nervous system and duodenum following SNS treatment, 

and that SNS modulated the expression of both CRF‑R1 and 
CRF‑R2. In addition, SNS suppressed MC infiltration and 
the activity of the tryptase/PAR‑2 pathway in the duodenum. 
Furthermore, treatment with SNS restored the normal expres-
sion levels of ZO‑1, JAM‑1 and β‑catenin in FD rats. These 
findings suggested that the therapeutic effects of SNS on FD 
were achieved by restoring mucosal barrier integrity and 
suppressing low‑grade inflammation in the duodenum, which 
was at least partially mediated via the CRF signaling pathway.

Introduction

Functional dyspepsia (FD) is a common functional gastroin-
testinal disorder marked chiefly by postprandial fullness, early 
satiation, epigastric pain and epigastric burning (1). The patho-
genic mechanisms of FD are complex, and include gastric 
emptying, impaired gastric accommodation, duodenal inflam-
mation, mucosal permeability and psychosocial factors (2). The 
role of the duodenum in the pathogenesis of FD is well known, 
and the integrity of the duodenal mucosal barrier is significant 
to the maintenance of normal duodenal function (3). Previous 
findings have shown that impaired intestinal barrier function 
and low‑grade inflammation are apparent in the duodenum of 
patients with FD (4,5).

Interactions between the brain and the gut serve an 
important role in functional gastrointestinal diseases (FGIDs), 
including FD, and there is evidence to suggest that the 
central nervous system and gut interact bi‑directionally in 
FD patients (6). Corticotropin‑releasing factor (CRF) is one 
of the brain peptides that co‑ordinates the behavioral, endo-
crine, autonomic and visceral responses to stress (7). Research 
indicates that the binding of CRF to its receptors, primarily 
CRF receptor 1 (CRF‑R1) and CRF‑R2, results in mast cell 
(MC) degranulation, which contributes to the characteristic 
low‑grade inflammation observed in FD patients (8). MCs are 
one of the key contributing factors to duodenal micro‑inflam-
mation, which can further influence epithelial barrier 
integrity via the tryptase/proteinase‑activated receptor  2 
(PAR‑2) pathway (9,10).

Sini San (SNS) is a traditional Chinese medicine that 
has been used for thousands of years. In the clinic, SNS is 
widely used to treat FGIDs, particularly FD (11,12). SNS is 
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composed of an equal ratio of four different herbs: i) Chaihu 
(Radix Bupleuri Chinensis); ii)  Baishao (Radix Paeoniae 
Alba); iii) Zhishi (Fructus Aurantii Immaturus); and iv) and 
Gancao (Radix Glycyrrhizae). It has been confirmed that SNS 
can improve depression by regulating the expression of central 
neurotransmitters (13), and improve duodenal tight junction 
integrity in FD rats (14). However, the protective mechanism 
of SNS on low‑grade inflammation and duodenal mucosal 
barrier integrity have not been extensively researched.

The aim of the present study was to determine whether SNS 
restores mucosal barrier integrity and suppresses low‑grade 
inflammation in the duodenum via the CRF signaling pathway.

Materials and methods

SNS preparation. SNS, which consisted of Chaihu (Radix 
Bupleuri Chinensis), Baishao (Radix Paeoniae Alba), 
Zhishi (Fructus Aurantii Immaturus) and Gancao (Radix 
Glycyrrhizae) was purchased from Beijing Xinglin 
Pharmaceutical Industry Co., Ltd., and identified as eligible 
medicinal material according to the Pharmacopoeia of the 
People's Republic of China (2015  edition)  (15). SNS was 
decocted by the Beijing Hospital of Traditional Chinese 
Medicine, Capital Medical University (Beijing, China). 
Briefly, the raw herbs were combined to a total weight of 
200 g and impregnated in 1,000 ml distilled water for 30 min 
at room temperature. After boiling for 30 min, 200 ml SNS 
was harvested and set aside. Another 200‑ml distilled water 
was added to the original herb mixture, which was boiled for a 
further 30 min, and both decoctions were combined to generate 
a 400‑ml SNS preparation at a concentration of 0.5 g/ml. The 
preparation was filtered through a 100‑mesh sieve to remove 
particulate material.

Animals. A total of 36, 7‑day‑old (12‑15  g), male 
Sprague Dawley rats were purchased from SPF (Beijing) 
Biotechnology Co., Ltd. The rats were housed in a stan-
dardized environment with a 12‑h light/dark cycle, at a 
temperature of 20‑26˚C (humidity, 50±5%) and free access 
to food and water. In the present study, the iodoacetamide 
(IA)‑treated and tail‑squeezed methods were combined 
to generate a modified rat model of functional dyspepsia 
that better simulated pathogenesis of FD patients. Previous 
findings revealed that the combined model rats exhibited 
obvious symptoms of FD, such as the reduction of gastric 
accommodation and gastric emptying (16). After acclima-
tion for 3  days prior to the experiment, 10‑day‑old rats 
were randomly divided into 3 groups of 12 rats each: The 
control, model and SNS groups. The FD model rats received 
0.2 ml 0.1% IA in 2% sucrose by oral gavage, every day 
for 6 days, and the control group received an equal volume 
of 2%  sucrose only. At 7  weeks old, tail‑clamping was 
conducted on the FD rats for a further 7 days, and surgical 
forceps were used to clamp the distal third of the tail, every 
4 h for 30 min, 3  times per day. Then, the FD rats were 
randomly divided into two groups that received intragastric 
administration of SNS (1 ml/100 g) or an equal volume of 
water as a vehicle control, for 7 consecutive days. The rats 
received euthanasia by intraperitoneal injection of sodium 
pentobarbital (100 mg/kg of body weight).

The present study was performed in accordance with the 
Guide for the Care and Use of Laboratory Animals published 
by the National Institutes of Health, and was approved by 
the Animal Care and Use Committee of Beijing Institute of 
Traditional Chinese Medicine (no. 2018030101).

Western blot analysis. Rats were decapitated for hypothalamus 
and duodenum tissues after euthanasia, and samples were fixed 
immediately in liquid nitrogen, and stored at ‑80˚C in ultra‑low 
temperature freezer. The hypothalamus and duodenum tissues 
were homogenized with an appropriate volume of RIPA buffer 
with protease inhibitor cocktail and 1 mM PMSF (Beijing 
Solarbio Science & Technology Co., Ltd.). The protein concen-
tration was determined using a bicinchoninic acid  (BCA) 
assay kit and the protein samples were mixed with 5X loading 
buffer. Denatured protein (80 µg/lane) was separated using 
10% SDSPAGE and transferred to PVDF membranes. After 
blocking with nonfat milk in TBST (10 mmol/l Tris‑HCl, 
0.5 ml/l Tween‑20 and 0.15 mol/l NaCl, pH 7.2) for 1 h at 
the room temperature, the membranes were incubated at 4˚C 
overnight (about 16 h) with the following primary antibodies: 
Anti‑CRF (1:500; 10944‑1‑AP, ProteinTech Group, Inc.), 
anti‑CRF‑R1 (1:1,000; 20967‑1‑AP, ProteinTech Group, Inc.), 
anti‑CRF‑R2 (1:1,000; CSB‑PA623797LA01HU, Cusabio 
Technology LLC), anti‑ZO‑1 (1:1,000; 21773‑1‑AP, ProteinTech 
Group, Inc.), anti‑JAM‑1 (1:500; BS‑3651R, BIOSS), 
anti‑β‑catenin (1:1,000; 51067‑2‑AP, ProteinTech Group, Inc.), 
anti‑E‑cadherin (1:1,000; 20874‑1‑AP, ProteinTech Group, 
Inc.) and anti‑β‑actin (1:10,000; GB12001, Wuhan Servicebio 
Technology Co., Ltd.). After washing three times with TBST, 
the membranes were incubated with the following secondary 
antibodies: Goat anti‑rabbit or goat anti‑mouse IgG (1:10,000; 
072‑06‑15‑06 and 072‑07‑18‑06, KPL, Inc.). The protein 
levels were quantified as relative grey value using ImageJ 
software v1.51 (National Institutes of Health).

ELISA. The duodenal tissues were homogenized and the 
supernatants were collected. After quantifying the total protein 
concentration using a BCA assay kit, the concentrations 
of histamine were determined with a histamine ELISA kit 
(E‑EL‑0032c, Elabscience Biotechnology Co., Ltd.) according 
to the manufacturer's instructions.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from the duodenal tissue using TRIzol® reagent 
(Thermo Fisher Scientific, Inc.), and 5 µg total RNA was 
reverse‑transcribed into cDNA. The gene expression levels 
of tryptase and PAR‑2 were determined using the SYBR® 

Master Mix (Promega Corporation) and the CFX 96 Real‑time 
PCR System (Bio‑Rad Laboratories, Inc.), and individual 
gene expression levels were normalized to those of β‑actin. 
The thermocycling conditions were as follows: An initial 
step at 95˚C for 2 min, 40 cycles of denaturation at 95˚C for 
15 sec, and annealing/extension at 60˚C for 1 min. The primer 
sequences used were: Tryptase forward, 5'‑GCT​TCC​ATC​
CAG​TAC​CGC‑3', and reverse, 5'‑ACC​TTT​GCA​GAT​CAA​
AGG‑3'; PAR‑2 forward, 5'‑TTG​GCA​GAC​CTC​CTC​TCT​GT‑3', 
and reverse, 5'‑GAG​GCA​GGT​CAT​GAA​AAG​GA‑3'; β‑actin 
forward, 5'‑AGT​TGC​GTT​ACA​CCC​TTT​C‑3', and reverse, 
5'‑CAC​CTT​CAC​CGT​TCC​AGT‑3'.
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Immunohistochemistry (IHC). Duodenal and spinal cord 
(T8‑T10) sections were fixed in 4% paraformaldehyde at room 
temperature, embedded in paraffin, cut into sections (4‑µm), 
and mounted on glass slides. The sections were heated to 60˚C 
for 20 min, deparaffinized in xylene and dehydrated in alcohol. 
Antigen retrieval was performed in a pressure cooker using 
sodium citrate buffer (pH 6.0). The sections were then soaked 
in 3% H2O2/methanol solution to inhibit endogenous peroxidase 
activity, and then blocked with 3% BSA. The sections were 
incubated overnight at 4˚C with anti‑CRF (1:100; 10944‑1‑AP, 
ProteinTech Group, Inc.), and anti‑tryptase (1:100; ab2378, 
Abcam) primary antibodies. After washing in PBS (pH 7.4), 
the sections were incubated with the following secondary 
antibodies: Horseradish peroxidase‑labeled goat anti‑rabbit or 
goat anti‑mouse IgG (1:200; GB2301 and GB23303, Wuhan 
Servicebio Technology Co., Ltd.). The tissues were then incu-
bated with  0.05% 3,3'‑diaminobenzidine tetrachloride for 
colorimetric development, and subsequently counterstained 
with hematoxylin prior to dehydration with ethanol and xylene. 
Images were obtained using a light microscope of 100‑200 times 
multiplication (Carl Zeiss AG), and the immunoreactivity of CRF 
and MC tryptase was determined using the Image Pro Plus 6.0 
image analysis software system (Media Cybernetics, Inc.).

Statistical analysis. Statistical analyses were performed using 
SPSS 20.0 software (IBM Corp). Data are expressed as the 
mean ± SEM. One‑way analysis of variance (ANOVA) followed 
by the least significant difference post hoc test was used to deter-
mine the statistical significance among the groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

SNS reduces the expression levels of CRF in the duodenum 
and central nervous system. The CRF signaling pathway 
is an important component of the brain‑gut interaction, 
coordinating visceral responses to stress (17). We aimed to 
determine whether a CRF‑related pathway was involved in the 
response to SNS treatment in FD. The central and peripheral 
CRF expression levels were determined using western blot-
ting (Fig. 1A) and/or IHC (Fig. 2). The results showed that 
the protein expression level of CRF was markedly increased 
in the hypothalamus (Fig. 1B) and duodenum (Fig. 1C) of 
FD rats, compared with the control group (hypothalamus: 
0.38±0.01 vs. 0.09±0.01; P<0.01) (duodenum: 0.27±0.02 vs. 
0.11±0.02, P<0.01). SNS treatment ameliorated the expression 
levels of CRF in both the hypothalamus and the duodenum 
(hypothalamus: 0.18±0.02 vs. 0.38±0.01, P<0.01) (duodenum: 
0.19±0.02 vs. 0.27±0.02, P<0.01). A similar expression trend 
was observed in spinal cord tissues. The protein expression 
levels of CRF in spinal cord (T8‑T10) (Fig. 2A) and duodenal 
tissues (Fig. 2B) were also detected, using IHC. The average 
optical density value (IOD/area) increased in spinal cord and 
duodenum of model group (both P<0.01), but was decreased 
following SNS treatment (both P<0.01).

SNS regulates the expression of CRF‑R1 and CRF‑R2 in the 
duodenum. CRF activity is initiated via the activation of CRF 
receptors, primarily CRF‑R1 and CRF‑R2, within the gut 
wall (18). Therefore, the expression of CRF‑R1 and CRF‑R2 

was detected in duodenal tissues (Fig. 3A). The expression 
levels of CRF‑R1 (Fig. 3B) increased markedly in the FD group 
compared with the control group (0.17±0.02 vs. 0.08±0.01; 
P<0.01), but were reduced in the SNS group (0.08±0.01 vs. 
0.17±0.02; P<0.01). However, the expression level of CRF‑R2 
(Fig. 3C) was the opposite of that of CRF‑R1 (FD group vs. 
control group, 0.12±0.02 vs. 0.17±0.02 P<0.01; SNS group vs. 
FD group, 0.14±0.01 vs. 0.12±0.02; P<0.05). These findings 
suggested that SNS downregulated the expression level of CRF 
in the duodenum and central nervous system, and modulated 
the expression of both CRF‑R1 and CRF‑R2.

SNS modulates MC infiltration. MCs are an important 
contributor to the mucosal micro‑inflammation observed in 
FD (19), and the fact that MC activation negatively impacts 
intestinal permeability is well known (4,20,21). Histamine 
and tryptase are important indicators of MC activation, 
thus the influence of SNS on MC infiltration was assessed 
by IHC staining of tryptase (Fig.  4A) and the histamine 
concentration quantified using ELISA (Fig. 4B). The results 
indicated a prominent increase in the average optical density 
of tryptase‑positive cells in FD rats, compared with that of 
the control rats [(6.27±0.54) x103 vs. (1.57±0.26) x103; P<0.01]. 
Furthermore, the average optical density of tryptase‑positive 
cells was decreased following SNS treatment [(2.30±0.32) x103 
vs. (6.27±0.54) x103; P<0.01]. The ELISA results showed that 
the concentration of histamine was significantly higher in 
the FD rats, compared with the control group (3.54±0.33 vs. 
1.42±0.24; P<0.01), which was suppressed in response to 
SNS treatment (2.06±0.25 vs. 3.54±0.33; P<0.01). These data 
demonstrate that SNS suppressed low‑grade inflammation by 
alleviating MC infiltration.

SNS decreases the mRNA expression level of tryptase and 
PAR‑2. PAR‑2 regulates gastrointestinal motility and epithelial 
barrier function (22), and is activated by proteases (principally 
MC tryptase) in the intestine (23). The potential effects of SNS 
on MC‑associated tryptase/PAR‑2 in the duodenum of FD 
rats were therefore determined. Tryptase (Fig. 5A) and PAR‑2 
(Fig. 5B) mRNA expression levels were significantly higher 
in the duodenum of FD rats than in the control group (PAR‑2: 
2.22±0.36 vs. 1.00±0.15, P<0.01; tryptase: 3.66±0.46 vs. 
1.15±0.14, P<0.01). Following SNS treatment in the FD group, 
the mRNA expression levels of PAR‑2 (1.11±0.18 vs. 2.22±0.36; 
P<0.01) and tryptase (1.30±0.17 vs. 3.66±0.46; P<0.01) were 
significantly reduced. These findings suggest that the MC 
tryptase/PAR‑2 signaling pathway can be regulated by SNS.

SNS restores duodenal mucosal barrier function in FD rats. 
Impaired duodenal mucosal integrity is apparent in patients with 
FD, and the symptoms of FD are attributable to this phenom-
enon. Thus the present study also aimed to determine whether 
SNS restores the duodenal mucosal barrier by regulating the 
expression of tight junction (TJ) and adherens junction (AJ) 
proteins (Fig. 6A and D). The protein expression levels of ZO‑1 
(Fig. 6B; 0.22±0.02 vs. 0.51±0.02; P<0.01), JAM‑1 (Fig. 6C; 
0.16±0.02 vs. 0.24±0.03; P<0.01) and β‑catenin (Fig.  6E; 
0.21±0.04 vs. 0.39±0.05; P<0.01) were significantly reduced 
in the duodenal tissues of FD rats, compared with those of 
the control group. Furthermore, SNS treatment enhanced the 
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expression levels of these proteins in FD rats (ZO‑1: 0.47±0.01 
vs. 0.22±0.02, P<0.01; JAM‑1: 0.19±0.03 vs. 0.16±0.02, P<0.05; 
and β‑catenin: 0.37±0.04 vs. 0.21±0.04, P<0.01). However, there 
were no marked abnormalities in the protein expression levels 
of E‑cadherin among the three groups (Fig. 6F; control group 
vs. FD group: P=0.868; FD group vs. SNS group: P=0.624). 
These results indicated that SNS upregulated the expression of 
ZO‑1, JAM‑1 and β‑catenin, and that it may potentially be used 
to restore the duodenal mucosal barrier.

Discussion

The present study demonstrated that SNS treatment restored 
duodenal mucosal barrier integrity and ameliorated low‑grade 
inflammation by modulating the gut‑brain interaction in a rat 
model of FD. The underlying therapeutic mechanisms of SNS 
are the regulation of the CRF pathway and suppressed infiltra-
tion of MCs in the duodenum, and a subsequent increase the 
expression levels of ZO‑1, JAM‑1 and β‑catenin.

The integrity of the duodenal mucosal barrier is of great 
significance to keep the intestinal homeostasis (24). Changes 
in mucosal permeability and tight junction protein expression 
have been reported in numerous gastrointestinal diseases, 
including ulcerative colitis, Crohn's disease and irritable bowel 

syndrome (25‑27). Previous studies have found that intestinal 
permeability is increased in patients with FD (4,20), and that the 
intestinal epithelium between the enterocytes is sealed by tight 
and adherens junctions, and desmosomes (28). As important 
components of the epithelial mechanical barrier, TJ proteins 
protect the intestinal mucosa from foreign antigens, toxins 
and invasion by environmental microorganisms (29). ZO‑1 is 
a scaffolding protein that plays a key role in the formation of 
TJs (30), while JAM‑1 is localized to the TJs of epithelial and 
endothelial cells and is closely associated with the regulation 
of junctional integrity and permeability  (31). Research has 
suggested that acute stress reduces the expression of TJ proteins 
in the duodenal mucosa (32). β‑catenin and E‑cadherin are 
important components of cell‑to‑cell adhesion proteins, which 
maintain cell and tissue polarity and integrity (33). Previous 
research demonstrated that SNS reduced duodenum mucosal 
permeability and restored the expression levels of claudin‑1 
and occluding  (14), but it remained unclear whether SNS 
could regulate AJ proteins, or indeed, other TJ proteins. In the 
present study, decreased expression levels of ZO‑1, JAM‑1 and 
β‑catenin were evident in FD rats, compared with the control 
group, and SNS treatment restored these expression levels to a 
significant degree. Another key finding of the present study was 
that SNS treatment also restored duodenal epithelial barrier 

Figure 2. Immunohistochemical staining of CRF in the spinal cord and duodenum. Expression levels of CRF were increased in the (A) spinal cord and (B) the 
duodenum. SNS reduced the expression level of CRF in these tissues. Magnification, x200; N=4. CRF, corticotropin‑releasing factor; SNS, Sini San.

Figure 1. (A) Western blot analysis of CRF in the hypothalamus and duodenum. The relative grey value of CRF in tissues of the (B) hypothalamus and 
(C) duodenum. Expression levels of CRF were elevated in the hypothalamus and duodenum. SNS reduced the expression level of CRF in these two tissues. 
N=6; **P<0.01 compared with the control group; ##P<0.01 compared with the model group. CRF, corticotropin‑releasing factor; SNS, Sini San.
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integrity, which may be the underlying therapeutic mechanism 
of SNS in the treatment of FD.

The importance of low‑grade inflammation in FD has been 
reported and confirmed in recent years (4). Systemic responses 
including an increased number of circulating lymphocytes, 
elevated expression levels of pro‑inflammatory cytokines, 
and low‑grade inflammation in the duodenum may promote 
the symptoms of FD  (19). MCs are one of the dominant 
factors within the inflammatory infiltrate of the duodenum 
in FD, which has been previously confirmed  (34,35). In 
the present study, significant increases in the number of 
tryptase‑positive MCs and the concentration of histamine 
were observed, suggesting that MC‑associated pathways are 
activated in FD model rats. Findings of a previous study have 

suggested that there are interactive relationships between 
the gut epithelial barrier and intestinal inflammation (29). 
Degranulated MCs release MC tryptase that activates PAR‑2 
in the intestine, increasing paracellular permeability  (10). 
The present study revealed that the mRNA expression levels 
of tryptase and PAR‑2 were significantly increased in the FD 
group, indicating that the tryptase/PAR‑2 pathway had been 
activated. Of note, it was also demonstrated for the first time 
that SNS suppressed the infiltration of MCs and inhibited the 
tryptase/PAR‑2 pathway. Specifically, the influence of SNS 
on MC infiltration was assessed by IHC staining of tryptase. 
Results showed that the number of tryptase‑positive MCs 
was elevated in the model group, and reduced following SNS 
treatment. The trend of histamine expression was the same, 

Figure 4. (A) Immunohistochemical staining of mast cells in the duodenum with an anti‑tryptase antibody. Magnification, x100. (B) Concentration of hista-
mine, as determined by ELISA. The expression of mast cell tryptase was elevated in the model group, and reduced following SNS treatment. The concentration 
of histamine was markedly higher in FD rats, and was decreased in the SNS group. N=4 (A); N=6 (B); **P<0.01 compared with the control group; ##P<0.01 
compared with the model group. SNS, Sini San; FD, functional dyspepsia.

Figure 3. (A) Western blot analysis of CRF‑R1 and CRF‑R2 in the duodenum. Relative grey value of (B) CRF‑R1 and (C) CRF‑R2 expression levels in 
duodenal tissues. Expression levels of CRF‑R1 were elevated in FD rats and reduced in the SNS group. Expression patterns of CRF‑R2 were the reverse of 
those for CRF‑R1. N=6. **P<0.01 compared with the control group; #P<0.05 and ##P<0.01 compared with the model group. CRF, corticotropin‑releasing factor; 
CRF‑R1, corticotropin‑releasing factor receptor 1; CRF‑R2, corticotropin‑releasing factor receptor 2; SNS, Sini San; FD, functional dyspepsia.
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whereas tryptase and PAR‑2 mRNA expression levels were 
significantly reduced in the SNS group. These findings suggest 
that the MC tryptase/PAR‑2 signaling pathway can be regu-
lated by SNS. However, it remains unclear whether the central 
nervous system is involved in these pathological alterations.

It is widely acknowledged that pathological responses to 
gut‑brain disorders are associated with FD (36). Anxiety and 
depression exist in a considerable proportion of patients with 
FD, and these individuals are prone to FD symptoms when 
exposed to stress (37). CRF is a key regulator of the brain‑gut 
axis in response to stress, and is widely expressed in the central 
nervous system and the gastrointestinal tract. Various studies 
have shown that CRF signaling pathways affect inflammation 
and epithelial permeability in the intestine (9,38), but as yet, it 
is not known whether CRF is an important regulatory factor 
in low‑grade inflammation and mucus barrier integrity in the 
duodenum of FD patients. Another key finding of the present 
study was the identification of differences in the expression 
levels of CRF between the control and the FD groups, and 
that SNS significantly reduced these expression levels in 

both the central nervous system and the duodenum. It has 
also been reported that CRF regulates mucosal permeability 
via MCs (39). CRF in the brain and its periphery acts via 
its engagement with CRF‑R1 and CRF‑R2. Novel research 
suggests that CRF‑R1 and CRF‑R2 signaling is dynamic, but 
reaches a state of equilibrium in healthy individuals, thus can 
be utilized to determine functional changes in the gastroin-
testinal tract induced by stress (40). In the acute responses to 
immunologic and psychologic stress, CRF‑R1 expressed on 
MCs as positive, global modulators of MC degranulation (41), 
while CRF‑R2 plays a negative role in modulating the 
degranulation of MCs (42). In the present study, SNS treatment 
restored the balance of CRF1 and CRF2 signaling, suggesting 
that SNS is involved in the gut‑brain interaction by regulating 
the CRF signaling pathway.

To conclude, the present study confirmed that decreased 
expression levels of AJ and TJ proteins, increased infiltration of 
MCs, and differential expression of CRF pathway components 
are associated with FD. Moreover, it was elucidated for the first 
time that the therapeutic effect of SNS on FD was achieved by 

Figure 6. (A and D) Western blot analysis of ZO‑1, JAM‑1, β‑catenin and E‑cadherin expression in duodenal tissues. Relative grey values of ZO‑1, JAM‑1, 
β‑catenin and E‑cadherin expression levels. (B, C, E and F) Compared with the control group, the protein expression level of ZO‑1, JAM‑1 and β‑catenin 
was markedly reduced in the model rats, and SNS treatment increased the expression levels of these three proteins. There was no significant difference in the 
protein expression level of E‑cadherin between groups. N=6 for each group. **P<0.01 compared with the control group; #P<0.05 and ##P<0.01 compared with 
the model group. ZO‑1, zona occludens protein‑1; JAM‑1, junctional adhesion molecule‑1; SNS, Sini San; FD, functional dyspepsia.

Figure 5. Relative mRNA expression levels of (A) tryptase and (B) PAR‑2. mRNA expression levels of tryptase and PAR‑2 were increased in the FD group, 
and SNS treatment reduced the expression of tryptase and PAR‑2. N=6 for each group. **P<0.01 compared with the control group; ##P<0.01 compared with the 
model group. PAR‑2, protease‑activated receptor 2; FD, functional dyspepsia; SNS, Sini‑san.
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restoring mucosal barrier integrity and suppressing low‑grade 
inflammation in the duodenum, which was mediated via the 
CRF signaling pathway.
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